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Abstract

:

We studied charcoal from several types of natural soil archives, including cultural layers of archaeological sites (hillforts), surrounding forest and arable soils, and sediments in lower parts of the slopes associated with hillforts and moraine hills. The stratigraphy of the charcoals was described, and 41 samples were radiocarbon-dated. Analysis of 2277 charcoals showed the presence of 13 taxa of woody species; Pinus and Picea charcoals dominated. Charcoals older than 300 BC were found only in sediment and in several pits formed after treefalls with uprooting. The greatest diversity of woody species was found in the hillforts’ cultural layers composed of Anthropogenic Dark Earth soils formed between 300 BC and 300 cal. AD (Early Iron Age). All charcoals from ancient arable soils were younger than charcoals from the hillforts. Charcoals indicated that burning for arable farming started in the study region in the 6th century AD. Woody taxa exhibited a decrease in number of species and a decrease in the proportion of nemoral (broadleaved) species from the Early Iron Age to the Middle Ages and to the present. Quercus, Tilia, and Corylus have become relatively rare, although they still occur in the study region. Ulmus and Acer are now rare in the Upper Volga region and were not found in the vicinity of the study sites.
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1. Introduction


The composition of plant communities has been influenced by anthropogenic activities for many thousands of years. Both the development of the economy and its impact on forest landscapes have not been uniform over time and space. To identify periods critical for changes in the composition and structure of forest landscapes, historical reconstructions that are based on natural archives such as soil or peat are needed. Pedoanthracology, which studies charcoal from soils and sediments, is an indispensable tool in such reconstructions [1,2].



The methods of pedoanthracology allow us to reconstruct the history of specific sites, regimes of natural and anthropogenic disturbances in ecosystems and landscapes of different types, and reveal the dynamics of the taxonomic composition and distribution of woody species based on the analysis of soil charcoals and their dating [3,4,5,6,7,8]. An important advantage of this method is the ability to reconstruct the history of specific areas, which is especially valuable when archaeological sites are investigated [9,10,11,12,13].



The territory we studied is located in the Tver Region, Peno district, in the northwest of the Valdai Upland. It belongs to the chronicle Okovskiy Forest, which harbors the sources of the three great rivers: Volga, Dnieper, and Western Dvina (Daugava). Mentions of this area in historical records combine the conflicting characteristics of an old-growth impenetrable forest with actively developed transport routes and the constant export of ship timber from these places [14]. In general, there is a large number of archaeological sites in the Tver region. The archaeological map of the Peno district, for instance, includes more than 300 archeological sites of various periods since the Final Paleolithic [15]. There are, however, local areas that are both ecologically and historically poorly studied. One such white spot on the archaeological map is the local area between the Runa and Kud Rivers. In recent years, a network of hillforts of the Early Iron Age (500 BC to 500 AD [15]) and possibly Early Middle Ages, as well as a significant number of barrows (mounds), has been discovered here [14]. The history of the natural environment in this region was assessed via multiproxy analysis of deposits of the Krivetskiy Mokh bog [16].



In the current study, we intended to combine the study of archaeological sites and background soils to analyze the dynamics of taxonomic diversity of woody plant species to reveal the relationship of the stratigraphy, concentration, and taxonomic composition of charcoals of different times with human activity.




2. Materials and Methods


2.1. Study Area


The study area is bounded from the west and southwest by the watershed of the Western Dvina and Volkhov Rivers and from the east by the chain of Upper Volga Lakes, which are part of the Volga River (Figure 1).



The climate is temperate and moderately continental with a relatively cold winter (average temperature in January: −5.9 °C) and warm summer (average temperature in July: 18.3 °C) (data source: Toropets weather station, 80 km southwest from the study area, 1988–2019; http://www.meteo.ru). The average annual temperature is 5.6 °C, and the average annual precipitation is about 760 mm.



The area belongs to the hemiboreal forest region [17] located to the south of the taiga forest region. Landscapes include hilly plains (150–250 m a.s.l. with a maximum elevation of 275 m) moderately dissected by valleys of small streams and depressions. Moraine materials and fluvioglacial sands form Quaternary deposits. Moraine ridges and hills are 6 to 20 m high and 100 to 1500 m long; they are mostly oriented from northwest to southeast. There are a large number of lakes and mires developed in depressions between moraine hills. Sandy soils prevail in the region: Podzols dominate, Arenosols also occur; Stagnic Podzols and Histosols are common in depressions bordering the bogs [18].



At present, the region is sparsely populated. Significant areas of agricultural lands were abandoned 15–30 years ago, and now, the area of cultivated arable land and meadows is very small; forests predominate.




2.2. Site Characteristics


Four local areas (sites) (Figure 1) were investigated. Depending on the local conditions, we studied soil charcoal in all or some of the six types of land: (1) hillforts, (2) sediments below hillforts, (3) forest soils on flat areas, (4) sediments below slopes in the forests, (5) modern arable lands, and (6) modern vegetable gardens.



The Zaborovka-Likhusha site (ZL) is located to the southeast of the village Zaborovka (57.09° N, 32.43° E). The site included a moraine hill, on which Zaborovka-Likhusha hillfort is located, and the surrounding undulating plain. The hillfort is bounded to the north by the right bank of the Zaborovka River (right tributary of the Runa River, a tributary of the Sterzh Lake, Verkhnevolzhskoye water reservoir); to the west and north, it is bounded by a stream, and to the east, by a marsh [14,19]. On the moraine hill, there is also a group of barrows (second half of the 1st millennium AD). The hill is located inside a large forested area. To the west are arable lands, the village of Pustoshka, and the abandoned village of Otonets, where the soils of vegetable gardens were studied.



The Runa-Zaborovka site (RZ) is located to the north-northeast of the village Zaborovka, on the right bank of the Runa River, 0.7 km from the riverbed (57.11° N, 32.43° E). The site included a small moraine hill on which Runa-Zaborovka hillfort is located [19] and a drained flat area surrounded by marshy lowlands. The entire area of the site is covered by forest.



The Voroshilovo site (V) is located east of the village Voroshilovo on the right bank of the Kud River, about 500 m from the shoreline (56.97° N, 32.24° E). The site included a forested moraine hill, on top of which was Voroshilovo hillfort [19], a small forest area between the hill and the river, and modern cultivated and abandoned arable lands surrounding the hill from other sides.



The Krasnyi Bor site (KB) (57.10° N, 32.39° E) included several moraine hills with damp depressions between them. On the hills, there were several groups of mounds (second half of the 1st millennium AD). The site was located within a large forested area.



In all the sites, including the hillforts, Pinus sylvestris L. (Scots pine) and Picea abies (L.) H. Karst (European spruce) dominated the forest canopy. The age of Pinus sylvestris ranged from 80 to 110 years, according to the tree coring. Picea abies dominated in the undergrowth. Betula pubescens Ehrh. (downy birch), B. pendula Roth (silver birch), and Populus tremula L. (European aspen) often occurred in the overstorey, but rarely in the understorey. Alnus incana (L.) Moench (grey alder) was rarely found in the sites, but it is generally common in damp depressions and abandoned arable lands in the region. Salix spp. (willow) was common in damp places: on the banks of rivers, streams, lakes, abandoned damp meadows, and arable lands. Quercus robur L. (pedunculate oak) was rare in the canopy but occurred in the understorey. Tilia cordata Mill. (small-leaved lime) was rare but was found in all the sites, usually in depressions as vegetatively regenerating young trees. Acer platanoides L. (Norway maple) and Ulmus glabra Huds. (Scots elm) were absent at the sites studied, but they were found several tens of kilometers northwest of the study sites. In the understorey, Sorbus aucuparia L. and Frangula alnus Mill. often occurred; Corylus avellana (L.) H. Karst., Euonymus verrucosus Scop., Lonicera xylosteum L., Daphne mezereum L., and Juniperus communis L. were rarely found. Forest floor vegetation in the hillforts differed from the surrounding forests by low participation of boreal dwarf-shrubs, such as Vaccinium myrtillus L. and V. vitis-idaea L., and green mosses: nemoral herbs, such as Galeobdolon luteum Huds., Asarum europaeum L., Stellaria holostea L., Pulmonaria obscura Dumort., and Aegopodium podagraria L., etc. were common together with Hepatica nobilis Mill. and Urtica dioica L.




2.3. Charcoal Sampling and Analysis


To reconstruct the historical dynamic of woody taxa, we analyzed the concentration, taxonomical composition, and radiocarbon dates of charcoals found in soil samples taken in 2019 in six land types in four study sites. The Zaborovka-Likhusha site was the main object of our study, because all the land types were present there.



For hillforts, soil samples were taken from the cultural layer using a soil auger (5 cm in diameter) with a 15 cm increment to a depth of about 150 cm. Four cores were taken in the Zaborovka-Likhusha hillfort and three cores each in Runa-Zaborovka and Voroshilovo hillforts. All the soil cores taken in one hillfort we analyzed here as one “combined soil profile”, whereas a detailed analysis of the distribution of charcoal by depth and among the cores was performed by Bobrovsky et al. [19]. In the other land types, 38 full-scale soil profiles were excavated to a depth of 90 to 120 cm (Table 1). For full-scale profiles, we described morphological patterns associated with the history of human exploration of the territory (the ancient arable horizon, pits from treefalls with uprooting, and ancient root channels; see below) and performed soil sampling.



To estimate charcoal concentration, we used soil samples (about 500 g) taken by the soil auger in the hillforts (three combined soil profiles) and samples taken randomly in three replications from each soil horizon from 19 full-scale soil profiles (22 soil profiles in total). Soil samples were dried on air and gently sieved wet through 2 mm mesh [20]. Charcoal fragments were extracted by hand from the sieved samples and weighed to calculate charcoal concentration (or anthracomass, g of charcoal per kg of dry soil). Extracted charcoals were further used for charcoal taxonomic analysis. For the latter analysis, 50 additional soil samples were collected from the other 19 full-scale soil profiles; the samples were taken at locations with visible charcoal fragments in recognizable morphological patterns. Taxonomic identification of charcoals was performed using a reflected light microscope (40–400×) using wood anatomy atlas [21]. The transverse, radial, and tangential anatomic planes of each charcoal were observed to identify charcoals at the genus taxonomic level. A total of 41 soil profiles were analyzed, and 241 and 300 soil samples were used for analyses of charcoal concentration and taxonomic composition, respectively; 2277 charcoal specimens were identified. Taxonomic richness was estimated, and the Shannon diversity index was calculated by standard equation [22], wherein the number of charcoal fragments encountered in a soil sample was considered as taxa abundance.



Overall, 41 charcoal fragments were radiocarbon-dated: 13 specimens from cultural layers of hillforts, 3 from sediments below Zaborovka-Likhusha hillfort, 6 from sediments in forest soil, and 19 from forest soils (9 from ancient arable horizon, 4 from ancient root channels, 5 from treefall pits, and 1 from under-forest litter).



The 14C dates for the 35 samples were obtained by liquid scintillation counting methods (LSC) at the Radiocarbon Laboratory of the Institute of Geography, Russian Academy of Sciences (IGAN lab code) and by accelerator mass spectrometry (AMS) at the Center for Applied Isotope Studies, University of Georgia. The latter were marked by the IGANAMS index, because the sample preparation for AMS (i.e., graphitization, pressing on a target) was performed in the Radiocarbon Laboratory of the Institute of Geography using an AGE-3 graphitization system (Ionplus). Six large charcoal specimens were radiocarbon-dated in the Institute of Geochemistry and Geophysics of the National Academy of Sciences of Belarus (IGSB). The radiocarbon dates were calibrated with the IntCal20 [23] using OxCal [24]. To estimate the calendar age distribution, the kernel density estimation (KDE) method implemented in OxCal [25] was used.



To analyze the dynamics of woody taxa, we used 39 dated charcoal specimens (from 39 soil samples), where 881 charcoal fragments were taxonomically identified. We considered charcoals within a soil sample as charcoals of the same age, although it has been shown that charcoals of different ages often occur adjacent to each other in the same sample [26]. This is especially true when the pedoturbations are multiple and factors of their origin are mixed. In forest soils with slight bioturbations, as Lertzman et al. [27] and Gavin et al. [28] showed, charcoals within the soil sample are often of the same age. Based on the morphological structure of the studied soil profiles, we assumed negligible bioturbations in our case, and therefore, we assumed same charcoal ages within the sample.




2.4. Morphological Patterns Registered in Soil Profiles


Soil morphological methods were used to highlight various patterns in soil profiles. The following forms of ancient pedoturbations were registered: ancient arable layers, root channels, and pits formed after treefalls with uprooting. The methods used were previously described [29]. Briefly, the main sign of agricultural cultivation of soil is an arable horizon (a specific upper layer of the soil), which often occurs with a distinct bottom line (“plow sole”) in the profile (see, for example, [30]). Features of the arable horizon structure depend on a type of the applied soil cultivation tool and are mostly determined by the system of agriculture (slash-and-burn, shifting, or three-field system), which can be identified by morphological signs in the soil profile. However, it is difficult to distinguish patterns that were formed by different tools after repeated impacts within approximately the same soil thickness.



Ancient root channels can be distinguished in the soil profile when trees either die and do not fall with uprooting or were cut. In these cases, roots remain in the soil and gradually decompose. Morphological features, to some extent, help to determine the species of tree and to distinguish between cases where the roots decomposed inside the soil and when they were pulled out of the soil artificially (during grubbing). Ancient root channels appear to be filled with soil material from the upper soil horizon and charcoals if they were on the soil surface at the time of grubbing.



Treefall pits (cauldrons) in the soil profile are a consequence of previous windfalls; features of their formation and recognition in the soil profile are well-enough described [31,32,33,34,35]. It is important for pedoanthracological studies that the charcoal that fell into the pit after treefall with uprooting was most likely on the soil surface; once in the pit, it can be stored for a long time [36,37,38,39].





3. Results


3.1. Soil Description; Charcoals Stratigraphy and Concentration


Charcoal pieces were found in 20 of 22 profiles sampled for the anthracomass determination, in 69 of 94 horizons, and in 180 of 266 samples.



The cultural layer (Axp, topsoil) of all investigated hillforts had a dark coloring due to the abundance of dust and small particles of charcoal. Sometimes, inclusions of burnt stones were found in the cultural layer. The thickness of the cultural layer varied from 50 to 75 cm and from 50 to 80 cm in Zaborovka-Likhusha and Voroshilovo hillforts, respectively, and was about 50 cm in Runa-Zaborovka. The cultural layer was relatively homogeneous in structure and in color to a depth of 50 cm at the inner sites of Zaborovka-Likhusha and Voroshilovo (Figure 2a), and to 30–40 cm in Runa-Zaborovka. According to morphological features, the cultural layers of the hillforts can be classified as Anthropogenic Dark Earth (ADE). ADE is weakly stratified dark-colored soil, usually rich in charcoal and other anthropogenic inclusions [40,41]. The concentration of charcoal fragments larger than 2 mm in size was about 0.5 g kg−1 of dry soil (Figure 3, Table 2). The highest values of maximum (10 g kg−1) and average (1.24 ± 0.55 g kg−1) concentrations of charcoals in the cultural layer were observed in the Zaborovka-Likhusha hillfort. In Voroshilovo, these values were 1.84 and 0.47 ± 0.12 g kg−1, respectively. In the Runa-Zaborovka hillfort, these values were 1.06 and 0.40 ± 0.10 g kg−1. In all the hillforts, charcoals were also found deeper than the ADE layer.



We described two profiles in sediments below hillforts. Sediment profile ZL19 was in the ditch of the Zaborovka-Likhushi hillfort, on its western slope; it was grey-brown sand with charcoal inclusions and consisted of three layers differing in shade: the upper 8–16 cm (M1), the middle 16–35 cm (M2), and the lower 35–49 cm (M3). Sediment profile in the ravine below the Voroshilovo hillfort V29 (Figure 2e) had two layers: the upper 6–20 cm (M1) was dark grey, consisting mainly of charcoals; the lower 25–35 cm (M2) was light grey, with a small number of charcoals. The maximum charcoal concentration (27.3 g kg−1) among all sediment layers was observed in the upper layer below the Voroshilovo hillfort.



Soils under forests located on watersheds and gentle slopes were Albic and Entic Podzols. Twenty-four soil profiles were inspected. Most soil profiles contained an ancient arable horizon with variable color, structure, and thickness. The predominant thickness of the arable horizon was 7–10 cm (Figure 2b,c). Ancient root channels were found in many soil profiles. The number of root channels was relatively small; they were often filled with soil material from the arable horizon, often together with charcoal. According to morphological features, root channels most often were formed by grubbing up relatively small trees with roots up to 30–50 cm deep (e.g., in profiles ZL1, ZL13, ZL18, and ZL31). Patterns of pits from ancient tree uprooting were found in soil profiles ZL1, ZL13, and ZL21; the depth of the pits was mostly 40–80 cm, rarely more than 100 cm. Pits filled with material from E, Bhs, and Bs horizons, almost always with inclusions of charcoals. In profile ZL21, buried humus-type material (hh) with charcoals was found at a depth of 80–100 cm. Charcoal concentration was highest in the ancient arable horizon (often in its lower part), and it was often higher than charcoal concentration in cultural layers of the hillforts (Figure 3, Table 2). Charcoals deeper than the ancient arable horizon were distributed unevenly. Up to a depth of 35–45 cm, charcoals were mainly concentrated in the ancient root channels, less often in small pits from tree uprooting. Deeper charcoals were located in treefall pits. For example, in profile ZL21, three pits of different depths were described on different walls; in the deepest pit (about 100 cm), charcoals were in buried humus material.



We have described six soil profiles in sediments located below slopes in the forest. Sediment profiles mainly consisted of 2 or 3 layers (M) with a total depth of 23–30 cm. Two sediment profiles in the lower part of the moraine hill in the Zaborovka-Likhushi site had 5 layers with a total thickness of 60 cm (ZL20) and 120 cm (ZL14). Layers were formed by different materials. The most common material was colored brown, reddish, and yellow (Bhs, Bs, and C). In profiles ZL12 and KB23 (Figure 2f), layers had dark grey and grey coloration (A material). All layers had charcoal fragments including the lowest 80–120 cm layer in profile ZL14. In three profiles, there were treefall pits under the sediment layers. Charcoal concentration in two layers in sediment profile KB23 (Krasnyi Bor site) was low (Table 2).



In soils of modern arable lands and vegetable gardens, the thickness of the arable layer (Ap) was 22–30 cm; the horizon was homogeneous, brown-grey and brown-dark-grey (Figure 2g,h). The soils were Entic Podzols and Arenosols. In soils of modern arable lands, charcoal was absent in two profiles and in other two, charcoal concentration was the lowest among all the profiles studied (Table 2). In two soil profiles of vegetable gardens, concentration of charcoal was small, but higher than in soils of modern arable lands.



Soil texture was similar in all profiles: sandy fraction content was 91–96%, while the coarse (1–0.25 mm) and medium (0.25–0.05 mm) factions were 60–70% and 18–30%, respectively. Small pebbles often occurred.




3.2. Taxonomic Composition of Charcoal Record


We extracted 3621 charcoal fragments from 197 soil samples; 119 soil samples were without charcoal. A total of 2277 charcoal fragments were identified; they belonged to 13 woody genera. Charcoal of coniferous taxa dominated: Pinus and Picea accounted for 55 and 26% of all charcoal fragments, respectively. They were followed by Alnus (5.4%), Corylus (3.4%), Quercus (3.2%), Betula (2.2%), Populus (1.8%), and Ulmus (1.3%). Acer, Tilia, Sorbus, Salix, and Euonimus charcoals accounted for less than 1%.



Taking into account the modern and historical distribution areas of tree species [17], the indicated taxa correspond to Pinus—Pinus sylvestris, Picea—Picea abies, Corylus—Corylus avellana, Quercus—Quercus robur, Populus—Populus tremula, Acer—Acer platanoides, Tilia—Tilia cordata, Sorbus—Sorbus aucuparia, and Euonimus—Euonimus verrucosus. Alnus may correspond to A. incana or A. glutinosa (L.) Gaertn. (black alder), with the latter species now rare in the region; Betula—B. pubescens or B. pendula; Ulmus—U. glabra or U. laevis Pall. (European white elm), both now present in the region, with U. glabra being more common. The genus Salix includes a large number of species.



The total taxonomic richness between the sites varied slightly: in Zaborovka-Likhusha and Voroshilovo, we found 11 taxa each, in Runa-Zaborovka and Krasnyi Bor, 9 taxa each. Shannon diversity index, considering taxa abundance, was less than 1 for all sites, but decreased from Runa-Zaborovka (0.755) to Krasnyi Bor (0.566), Voroshilovo (0.383), and Zaborovka-Likhusha (0.305). At Zaborovka-Likhusha, Voroshilovo, and Krasnyi Bor, Pinus charcoal dominated (68, 46, and 40%, respectively), followed by Picea (20, 25, and 38%) (Figure 4). The proportion of charcoals of “pioneer” deciduous taxa (Betula, Populus, Alnus) was 12% in the Voroshilovo site and about 7% in the Zaborovka-Likhusha and Krasnyi Bor sites. The proportion of charcoals of nemoral (broad-leaved) taxa (Quercus, Ulmus, Acer, Tilia, and Corylus) was 5% in Zaborovka-Likhusha and about 15% in Voroshilovo and Krasnyi Bor. In the Runa-Zaborovka site, Picea charcoals dominated (45%), followed by Alnus (22%), Quercus (14%), and Pinus (13%).



The total taxonomic richness was highest in the cultural layers of hillforts (13 taxa), then in sediments below slopes in the forest (11 taxa). In sediments below hillforts and in forest soils, 7 taxa each were found: in the soil of vegetable gardens and modern arable lands, 5 and 2 taxa were found, respectively (Figure 5). Shanon’s diversity index was highest for sediments below slopes in the forest (0.586), similar for hillforts and sediments below hillforts (0.492 and 0.491), and lowest for forest soils (0.328). Pinus charcoals dominated everywhere, except in sediments below the slopes in the forest where Picea charcoals prevailed.



The proportions of “pioneer” deciduous taxa were very similar in all types of lands (9–11%) except for sediments below hillforts (5%) and in modern arable soils (25%). The proportion of nemoral broad-leaved taxa was greatest in the cultural layer of hillforts (19%), followed by sediments below slopes in the forests (10%). In sediments below hillforts, their proportion was 6%, and in forest soils, 5%. Among nemoral taxa, only Corylus charcoals were found in the soils of vegetable gardens (2.3%). Charcoals of nemoral taxa were absent in modern arable soils.




3.3. Radiocarbon Dating of Soil Charcoal Samples


The oldest date, 10,379 ± 170 cal. BC, was determined for charcoal found in the bottom layer at a depth of 120 cm of the sediment profile ZL14 located under the moraine hill in the Zaborovka-Likhusha site. All other charcoals before 500 BC, i.e., before the Early Iron Age (4 samples) were found in treefall pits in forest soils (Table 3, Figure 6 and Figure 7a).



In the Zaborovka-Likhusha hillfort, the oldest date was obtained for charcoal from the burnt wooden structure from the lower part of the cultural layer (at a depth of 55 cm), about 300 cal. BC. The second date (around 160 cal. BC) was obtained from the bottom of the ditch under this hillfort. The third date, belonging to the Early Iron Age (around 10 cal. BC), was obtained here for charcoal at the depth of 15–30 cm. Thus, for the Zaborovka-Likhusha hillfort, the dates within the Early Iron Age were in the interval from the 3rd c. BC to the 1st c. AD. Three more dates fell on the early Middle Ages, 7th–8th cc. AD: two samples from the cultural layer and charcoal from the second (16–35 cm) sediment layer in the ditch. Charcoal from the upper sediment layer in the ditch was dated (cal.) to 16th–17th cc. AD (Table 3, Figure 6).



For the Voroshilovo hillfort, all three radiocarbon dates of charcoals from the cultural layer fell within the interval of the Early Iron Age: around 280 cal. BC, 70 cal. BC, 30 cal. AD. For the Runa-Zaborovka hillfort, the sample with calibrated age from 1st c. BC up to 1st c. AD was collected at 60–75 cm depth below the cultural layer. The calibrated dates of charcoals from the cultural layer at a depth of 15–30 cm corresponded to ca. 11th c. AD, at a depth of 0–15 cm to 15th–16th cc. AD.



Thus, all the charcoals of the Early Iron Age (9 samples) were found in the cultural layer of the hillforts and in the ditch under the Zaborovka-Likhusha hillfort (Table 3, Figure 6).



Charcoals of the 6th century AD were found in the upper layer of sediment profile ZL14 and in root channels with signs of grabbing under ancient arable horizons in forest soils (profiles ZL1 and ZL13). Charcoals of the 8th and 10th centuries were found in sediment profiles ZL14 and ZL20. The 10th–11th century charcoals were found in ancient arable horizons (with very clear signs of ancient plowing) of forest soils (ZL36 and ZL40). All these profiles with charcoal from 6th to 11th centuries were located in forest soils near the moraine hill where the Zaborovka-Likhusha hillfort is situated.



Charcoals of the 13th and 14th centuries were also found in the Zaborovka-Likhusha site: in sediment profile ZL12 and in ancient arable horizons of forest soils (profiles ZL1, ZL31, and ZL49). Profile ZL31 is located on a moraine hill on flattened areas in the upper part of the hill slope.



Charcoals of the 15th and 16th centuries were found in sediment profiles KB4, ZL6, and KB23 and in ancient arable horizons of forest soils (ZL21) at the Zaborovka-Likhusha and Krasnyi Bor sites. Charcoals of the 17th–19th centuries were found at the same sites: in the treefall pit (profile ZL13), in ancient arable horizons of forest soils (profiles KB3, KB5, ZL10, and ZL11), and in the soil of vegetable garden (ZL34). The charcoal under the litter in Krasnyi Bor site (profile KB18) was of recent past.



The modeled age distribution of charcoals for the last 2500 years did not show well-pronounced clusters, while the relatively bright agglomeration of charcoals referred to the Early Iron Age (3rd century BC to 2nd century AD) (Figure 7b). Around the 3rd century AD, there was a gap in charcoals. Next was a cluster in the 4th–12th centuries with highs in the 6th–7th and 11th centuries. There were a minimum number of charcoals in the 13th century. This was followed by a cluster in the 14th-20th centuries with a noticeable maximum in the 15th and 16th centuries.




3.4. Historical Dynamics of Woody Taxa


To analyze the dynamics of wood taxa, 39 charcoal samples were classified into five time periods according to their radiocarbon dates. All samples that dated to the Early Iron Age were treated as samples of one period, since there were only five dates, and taxonomic composition of charcoal samples differed slightly. To separate remaining samples, we considered the standard historical periods and relied on the summary curve of the probability of charcoal age. As a result, we analyzed the following periods: (1) before the Early Iron Age to the 5th c. BC, 5 samples (38 charcoals); (2) Early Iron Age, from the 5th c. BC to the 5th c. AD, 7 samples (175 charcoals); (3) Early Medieval and Old Russian, 6th through 12th centuries, 10 samples (251 charcoals); (4) High-Late Middle Ages, 13th through 16th centuries, 11 samples (336 charcoals); and (5) Modern, 17th through 20th centuries, 6 samples (81 charcoals).



Only two taxa, Picea and Pinus, were found for the period before the Early Iron Age (Figure 8). From the Early Iron Age, Pinus predominated, followed by Picea. The greatest diversity of taxa in the dated samples (10 taxa) was recorded in the Early Iron Age, Early Medieval, and Old Russian periods. For High-Late Medieval, 9 taxa were found, and for the Modern period, 4 taxa.



The proportion of deciduous trees was greatest in the Early Iron Age: “pioneer” deciduous taxa accounted for 12.6% and nemoral broad-leaved taxa for 18.3%; here Ulmus and Acer had the highest proportion among all time periods. In the Early Medieval and Old Russian periods, the proportion of “pioneer” deciduous taxa was 11.6% with Alnus dominating; nemoral broad-leaved taxa accounted for 7.2%. In the High-Late Middle Ages, the proportion of “pioneer” deciduous taxa was 7.1%; nemoral broad-leaved taxa constituted 11%, with Ulmus and Tilia disappearing since that time and the proportion of Corylus increasing. In the Modern period, the proportion of “pioneer” deciduous taxa was 2.5% (only Populus was found), while the proportion of nemoral broad-leaved taxa was 12.3%, represented by Corylus only.





4. Discussion


Our results showed that the studied land types differ in their charcoal concentration, stratigraphy, and taxonomic composition. We can consider three periods that essentially differ in these attributes.



4.1. Pre-Early Iron Age: Charcoals in Sediments and Ancient Treefall Pits


The oldest charcoals identified were of genus Pinus, dated 10,380 BC (median probability of 2σ interval, here and thereafter). They were located in the lower layer of the deepest sediment (120 cm thick) found below the moraine hill at the Zaborovka-Likhusha site. The sediment was formed as a result of erosion slightly earlier than the standard Holocene boundary. Kappler et al. [42] date the oldest erosion phase for Central Europe to 9000–7000 BC. A combination of cold and dry climatic conditions with increased frequency of wildfires was considered as its possible cause. We extend this assumption to our case.



The next four dates were associated with the finds of charcoals in ancient treefall pits. Only one taxon (Picea or Pinus) was present in each sample. We believe that the poverty of the taxonomic composition of charcoal in a single sample is a characteristic feature of samples formed after wildfires, when the probability of finding nearby charcoals of many woody species is low, unlike the intentional gathering of trunks of different species in one place at artificial burning. Pinus charcoals dated to around 3870 BC, and Picea dated to around 2980, 1190, and 610 BC. Before the Early Iron Age, the movement of charcoals from fires into the mineral soil was sporadic, with only relatively rare events of treefall with uprooting. The main mass of charcoals after fires was probably transported with water erosion or burned during subsequent fires. Therefore, it is impossible to reconstruct the full history of local fires from the charcoals found in the ancient treefall pits. However, the dates may reflect the minimum frequency of large fires on the moraine hill in the Zaborovka-Likhusha site, where soil profiles with charcoal in ancient treefall pits were located.




4.2. Early Iron Age: Charcoals in Dark Earth on the Hillforts


In the dark cultural layers of the hillforts (ADE), the concentration of charcoals larger than 2 mm was unexpectedly low. Obviously, this was a consequence of the destruction of charcoals and the predominance of charcoal of a finer fraction. The concentration of the studied large charcoal pieces did not directly correlate with the color intensity of the cultural layer, which was seemingly determined by the concentration of the finer fraction of charcoals.



As far as we can judge from the cores, the upper layer of the ADE of the studied hillforts was quite homogeneous in structure and color up to a depth of 50–80 cm. As at many sites of the Dyakovo culture [43] and at later archaeological sites with similar soils [44,45], the Early Iron Age layer could be overlapped by later cultural layers. The thickness of the cultural layer varies greatly. For example, in Gnezdovo, the thickness of ADE soil ranges from 20 to 150 cm [44,46].



The nearest hillforts investigated by archaeological excavations are Sterzh (Novinka) [47,48], Nechai Gorodok [15,47,49], and Nikola Rozhok [17,49] on the Volga River and Kurovo 1 [50] on the Western Dvina River. At all these sites, the cultural layer is dark-colored, up to 1 m thick, and presumably can be also classified as Anthropogenic Dark Earth. Traces of iron production were found in the cultural layer of the Sterzh, Nikola-Rozhok, and Kurovo 1 sites: forge hammers (stone furnaces coated with clay), iron ingots, and slags. The remains of two dwellings were also found at the Nikola-Rozhok site. Based on the results of these excavations, archaeologists have interpreted these hillforts as places of stationary settlements that were often combined with metal production. Most likely, the sites that we studied were used in the same way.



The presence of charcoals deeper than the dark layer in the studied hillforts may be the result of (1) the content of charcoals in the material of the artificial mounds used for hillforts that were created at the site or (2) the multilayer structure of the cultural layer. We assume the second variant. First, the yellow-brown cultural layer with inclusions of unshredded charcoals was formed. Then, the Dark Earth was formed above it or in its upper part as a result of the inflow, crushing, and mixing of charcoals. Confirmation of this assumption requires further research.



ADEs are often part of a multi-layered “cultural layer”, such as urban ADEs, which are quite widespread [51,52,53]. ADE can also be overlain by later deposits: this is observed at many sites of the Dyakovo culture [43] and at later archaeological sites with similar soils [44,46]. In general, ADEs are common in settlement areas throughout much of Europe [54,55,56]. They are sometimes called “Baltic black earths” in northern Europe [57,58]. The development of these soils began between 3800 and 2000 BC [57] and spans the Roman to Medieval period [59,60]. In Northern Europe, the development of most ADE is attributed to the Viking and Northern Slavic economies in the 1st millennium AD [40].



The peculiarity of ADEs in the studied hillforts is that they are not buried soils; they are located on the day surface of modern soils. The Zaborovka-Likhusha, Voroshilovo, and Runa-Zaborovka hillforts are also characterized by the absence of obvious signs of late anthropogenic impact as well as the presence of forest at these sites for at least the last few centuries. Both the age of charcoals in the cultural layer and the archaeological findings (primarily textile pottery [14]) show that the main thickness of the ADE at the hillforts of Zaborovka-Likhusha and Voroshilovo was formed in the Early Iron Age (about the 3rd c. BC the 2nd–3rd c. AD). The time of ADE formation here was probably hundreds of years.



Charcoals of the same time (which appeared for the first time after 10 thousand years BC) were found in sediments, suggesting the presence of soil erosion at this time and its absence earlier. The sediments near the Voroshilovo settlement refer to approximately the same time. There was a high concentration of charcoals in the sediments below hillforts; charcoals were accumulated here and probably were not subjected to destruction in the later period. Soil erosion indicates an active anthropogenic transformation of the territory of the sites.



The highest diversity of woody taxa was found in the cultural layers of the hillforts compared to other land types. Pioneer Betula, Populus, Alnus, and nemoral broad-leaved trees; primarily Ulmus and Acer, but also Quercus and Tilia. Here alone, we found charcoals of Sorbus and Euonymus (Figure 5a). As was noted above, the occurrence of a large number of taxa in a small volume of a soil sample is an attribute of intentional wood burning or an artificial “concentration” of species.



The principle of least effort [61,62,63], which assumes that the frequency of charcoal directly reflects the abundance of woody taxa, is often used to interpret charcoal finds. However, charred remains are the end result of a variety of human activities [64]. Hence, archaeological charcoals are not haphazardly distributed solely as a result of climatic and environmental conditions. For example, Jakobitsch et al. [65] showed the selective use of spruce timber only for pillars in mines when spruce dominated the surrounding forests.



In our study, it is likely that most of the charcoals found in hillforts and in sediments below hillforts were firewood; some (probably very small) part may have been burnt buildings. The use of Acer and Ulmus, especially the latter, as firewood is not easy or cost-effective. However, wood of these species can be used for this purpose (on a par with Quercus) when it is necessary to obtain high flame temperatures, for example, in the smelting of metals. Traces of metal production were found in other hillforts in the region [14], and they are also very probable for the hillforts we studied, at least for Zaborovka-Likhusha and Voroshilovo.



If we assume that the composition of charcoals generally reflects the composition of the vegetation, we can suggest a rather high complexity of the vegetation surrounding the hillforts. The large number of pioneer species capable of recovering from extensive disturbances were present simultaneously with almost all late successional species. In part, these species assemblages may have been spatially separated: for example, dominant pines could grow in higher elevated and drier areas, late successional tree species in wetter depressions, and in the undergrowth in pine forests. In general, this composition of woody species indicates a mosaic of the landscape: not all the territory was uniformly subjected to significant anthropogenic impact, such as burning, intensive grazing, and even more so, plowing.



Analysis of data from the Krivetskiy moss bog located not far from our study area (about 1 km to the Krasnyi Bor site, about 4 km to the Runa-Zaborovka and Zaborovka-Likhusha sites, and 17 km to the Voroshilovo site) showed that Picea abundance experienced two declines within the period 600 BC–100 AD, which coincided with increased proportions of Betula and Alnus (and a corresponding decrease in deciduous Tilia, Quercus, and Ulmus) [16]. The pollen record suggested the rise of herbaceous plants, such as Artemisia and Plantago, indicating human exposure through cattle husbandry at this time. It was also shown for the southern Valdai Uplands that the abundance of plant species preferring wet conditions (Equisetum, Menyanthes trifoliata L., and Cyperaceae) has increased since 100 AD, which might indicate the expansion of wetlands [66]. From this time, the activity at the hillforts decreased and probably ceased temporarily. After the maximum from the 3rd c. BC to the 1st c. AD, the model curve shows a minimum probability of the presence of charcoals from the 2nd to 4th centuries AD (Figure 7).



The signs of agriculture in pollen spectra for the hemiboreal forest region of the Eastern Europe have been noted since the Neolithic and Bronze Age (5000–4000 BP) [67,68,69,70,71,72,73,74]. In the Early Iron Age, palynological indicators of farming occurred more frequently and became more stable. For the Polistovo-Lovatskaya bog system (Pskov Oblast), cultivated cereals appeared at 2500 to 2000 BP [75,76]. In the Staroselskiy moss bog, a continuous Cerealia curve begins at 1700–1600 cal BP [77,78,79]. East of Lake Ilmen (Novgorod region), cultivation of cereals was attributed to 2500 BP [80,81]. The presence of grain farming is also assumed for the Dyakovo culture [82]. Based on the results of studies of the surroundings of the Dyakovo hillfort [43] and the surroundings of the Busharino hillfort [83,84] (Moscow Region), the presence of permanent arable lands, shift and slash-and-burn agricultural systems is assumed here.



For the region we study, there is still no evidence to confirm the presence of agriculture in the Early Iron Age. For this time, charcoals were found only in the cultural layers of the hillforts and in the sediments below them. There were no traces of burning, plowing or erosion of this time period for soil profiles studied in all other land types.




4.3. From Medieval to Modern Times: Charcoals in Forest Soils


An arable horizon in the upper part of soil profile is the main sign of past agricultural cultivation of soil (e.g., [30]). It is generally assumed that signs of plowing, including the characteristic lower boundary of the plowing horizon (“plow sole”), can persist in forest soils for several hundred years. Although these features are thought to be obliterated by bioturbation by soil fauna over about 200 years [85,86], in sandy soils with low soil fauna activity, these traits may persist for hundreds and probably thousands of years [29,87,88,89].



The signs of ancient plowing are most quickly destroyed by subsequent plowing, especially given the increasing depth of plowing over time. Simultaneously, the destruction of charcoals is likely to occur. This can be the reason for the small number or complete absence of charcoals in the upper horizons of modern arable soils, registered in this study. Therefore, to study the ancient arable horizons, one must look for areas that were used for tillage and subsequently abandoned and still are under forest vegetation. This is the paradox: traces of ancient plowing should be sought in the oldest forests, in long-forested areas.



In all the studied profiles of forest soils, we noted an ancient plowing horizon, the structure and thickness of which varied. The predominant thickness of the ancient arable horizons was 7–10 cm, which corresponds to the depth of tillage with such ploughing tools as wooden harrows and primitive ards, including forked ards [88,90]. The thickness of the arable horizons of modern arable lands and vegetable gardens is notably greater, 24–30 cm.



We found the bulk of the charcoals in the forest soils in the upper horizons A, AB, AE, E to a depth of 15 cm, rarely 20 cm (Figure 3). Here, their mean concentration was 3.63 ± 1.19 g kg−1, which is almost 5 times higher than in Dark Earth and 30 times higher than in deeper horizon B (Table 2). Concentrations of charcoals in the forest soils in this study was several times lower than in the previously studied sandy soils of Ryazan region, where the average concentration of charcoals in the upper horizons for different sites varied from 8.1 ± 5.8 to 25.8 ± 30.7 g kg−1 [29].



We attribute charcoals in the sediments in the forests primarily to ancient burning and plowing. The features of the material in the sediments studied (first of all, the coloration) corresponded to the material of the arable horizons on the upland positions of the terrain. In some cases (e.g., at the Krasnyi Bor site), the soils on moraine ridges showed signs of degradation (washout) of the upper part of the profile: the upper horizon on the hill was represented by poorly developed AB, while the sediments under the hill contain well-humusized material A.



Many studies have shown that in many European territories, the greatest increase in erosion occurred during the initial deforestation of the territory when it was developed for arable farming [91]. The spatial and temporal correlation of the main phases of sedimentation with archaeological evidence points to agricultural land use as a determinant of colluvial deposition, at least since Roman times [92]. In addition, we assume that wildfires generally have had little effect on soil erosion in the study area, as was already shown by Carcaillet et al. [93] for the forest ecosystems of Eastern Canada.



Early Middle Ages and Old Russian time. The first signs of arable farming in the region we noted at the beginning of the Early Middle Ages. The charcoals of the 6th–7th century were found in the upper sediment layer, in root channels with signs of uprooting (grubbing) under ancient arable horizons in forest soils. Morphology and stratigraphy of charcoals in the profiles (traces of grubbing with charcoals under arable horizon) showed their association with burning and the subsequent use of arable implements.



The charcoals of the 8th century were found in the sediment under the moraine hill, which may be related to the clearing of the forest on the ridge; erosion activity at the Zaborovka-Likhusha hillfort was noted for the same time. The mounds at the top of the moraine ridge also belong to the second half of the first millennium. Mounds were usually made in the open space. The combination of erosion and human activity on the hilltop can indicate that the creation of the mounds dates to this period, but it can also be attributed to a later period. On the ridge below the mounds, there are flattened areas, which we assume to be an ancient arable land. However, the age of the charcoals in the studied profiles at these sites attribute them to a later time. The charcoals in the arable horizons in the profiles with very clear signs of ancient plowing dated back to the 10th–11th centuries. Charcoals in sediments were also found for this time. Patterns of the charcoal accumulation at the Runa-Zaborovka hillfort indicate an increased activity at the same time.



The Early Middle Ages and Old Russian time is a period of significant changes in the composition of vegetation according to regional spore-pollen spectra [16]. A sharp decrease in the abundance of Picea and an increase in the proportion of Alnus was noted at 510–570 AD. Usually, the increase in abundance of Alnus is associated with an increase in moisture and waterlogging of the territory. However, gray alder (Alnus incana) can successfully grow on watersheds, and we found it on moraine hills. In northwestern European Russia, it actively occupies abandoned agricultural lands [17].



In our study, the soil charcoal spectrum for this time showed a marked increase in the proportion of Pinus and Alnus, primarily due to a decrease in the proportion of nemoral broad-leaved woody taxa (Figure 8). The increased distribution of Pinus and Alnus may indicate shifting of the farming systems.



The appearance and spread of farming in the studied region are most likely associated with the Pskov Long Barrows culture, which was distributed in the region since the middle of the first millennium AD. There are a large number of archaeological monuments of this culture in the region (villages and barrows) [14,94,95,96]. Archaeological layers of these sites include pollen of cultural cereals [97].



After a fairly large number of finds indicating the development of farming and soil erosion in the 6th–11th centuries, there was a decrease in the model probabilities for charcoals in the 12th–13th centuries (Figure 7). This may indicate both a decrease in anthropogenic activity and the absence of new clearings and the existence of permanent plowing after the transition from the cultures of the second half of the 1st millennium to the Old Russian time.



High-Late Middle Ages. For the next period, the High-Late Middle Ages, significant clearing activity was noted in the 13th–14th centuries (Figure 6 and Figure 7). Charcoals from this period were also found in the old-arable horizons in forest soils and in the sediment in the Zaborovka-Likhusha site. Two soil profiles were located on flat areas in the upper part of the moraine hill. In our data, this was the earliest reliable evidence of burning and subsequent use of a plowing tool on the moraine ridge. We assume that over this period of clearing, at least some areas were used as permanent arable land for a long time (in one case, with probable signs of fertilization: Figure 2d). During this time, a very distinguishable arable horizon with material markedly different from both the B horizon and arable horizons of earlier times was formed. Few charcoals were preserved in such old plowing horizons; Pinus charcoals absolutely dominate in composition.



Charcoal from the 15th–16th centuries was found in ancient arable horizons and in sediments below slopes in forests in the Zaborovka-Likhusha and Krasnyi Bor sites (Figure 6). Four of the six profiles were in forest sediments likely due to increased erosion during this period and the active use of high relief positions for agriculture. We obtained a relatively large number of dates for the 15th–16th centuries (Figure 7), in the “Time of Troubles” in Russia, when there was a decline in agricultural activity in many other regions of European Russia. It can be assumed that the territory under study, which was located in a rather “deaf” place outside the territory of the destroyed Novgorod Republic, served as a place of emigration of refugees from the territory affected by the Troubles. Probably, the decline in agricultural activity took place here in a later period.



Note that, for the middle and southern parts of Germany, more than one-third of the sediment dates are from the last 800 years, which potentially proves the large-scale human alteration of the landscapes of these regions during medieval colonization [98]. In general, in Central Europe, the period from the 12th to the 15th century is characterized by very high erosion rates and intensive accumulation of colluvial deposits [99]. In our study, during this period, the proportion of Picea and Corylus, as well as Quercus, increased markedly in the taxonomic spectra of charcoals at the expense of the participation of Pinus and Alnus.



In earlier studies, the increased involvement of Picea was often interpreted as the absence of anthropogenic impacts, evidencing the formation of late succession forests. However, now the expansion of Picea is increasingly seen as a consequence of the spread of agriculture [100]. Farming leads to the reduction of the areas occupied by all tree species. In the studied region, pioneer species such as pine, birch, and grey alder are the first to settle on abandoned arable lands. After them, spruce settles more successfully than nemoral broad-leaved trees due to the relatively large seed dispersal distance and undemanding to soil conditions. In the region, this situation is typical of the last centuries as well, while the expansion of spruce into drained habitats is restrained by wildfires.



According to the pollen data, after 1300 AD, the proportion of non-arboreal pollen (Artemisia, Rumex, Poaceae, and Chenopodiaceae) steadily increased, indicating the reduced forest cover in the region and arable area expansion [16]. The decline of Picea and Pinus is also observed, as well as of broadleaved trees with the corresponding rise of Alnus.



Modern Period. For the Modern period, we found only a few samples. Charcoals of the 17th- and 18th-century were probably associated with clearing of forest lands for plowing (one sample was found in the vegetable garden). Two charcoal samples of the 19th and 20th centuries were probably also associated with clearing and the third with wildfire. No charcoal of the modern times was encountered in sediments.



This period is characterized by a poor taxonomic composition of charcoals, generally corresponding to the modern composition of woody vegetation: compared to the previous period, the shares of Pinus and Picea were preserved, and the share of Corylus significantly increased; charcoals of Populus was also found.



From ca 1600 AD, the plant communities in the region featured various taxa indicative of anthropogenic disturbance, erosion, and grasslands [66], including Centaurea cyanus L., Plantago, Artemisia, Chenopodiaceae, Asteroideae, Cichorioideae, Rubiaceae, and Poaceae. However, in our study area, no diverse anthropogenic indicators were detected by pollen data, and there were no cereals found in the area [16]; these facts indicate the low intensity of land use in the region. A large decline in the population and economic activity in many regions of north-west of European part of Russia occurred between the 16th and 18th centuries, probably due to the climate cooling [75,76,79]. According to the historical reconstruction by Mazei [16], the period with minimal values of temperatures (2.4–2.6 C lower than today) was between 1638 and 1754 AD and coincided with the so-called ‘Little Ice Age’ period.



Perhaps, a small number of the pollen indicators of anthropogenic impacts in [16] were due to the fact that the studied bog was located far from historical villages. Smirnov et al. [14] showed that the nearest Medieval burial site (9th–13th AD centuries) was situated at least one kilometer from the studied bog.



Thus, based on the analysis of soil profiles including sediments, we can assume the spread of arable farming in the study area since the 6th century. The question remains open whether there was slash-and-burn farming in the area (local region) before the 6th century. This cannot be excluded, since we might not have seen its traces, or they were destroyed by later plowing. However, we have not encountered sedimentary deposits and charcoals in sediments earlier than that time. This is important because many studies have shown that the burning of a forest area during slash-and-burn agriculture leads to soil erosion [101,102]. Accordingly, the absence of erosion (and sediments) indirectly indicates the absence of farming in the region.



Our results do not allow us to identify the farming systems used in different periods. However, some assumptions can be made. First of all, starting from the 5th century and throughout the next 1500 years, there was continued burning and plowing in the area; in most of the studied soils, charcoals were preserved within the ancient arable horizons. This fact indicated that long-term stable farming was absent in the local area. The studied sites are not located near known past or modern large settlements, and we assume that a shifting cultivation system dominated here. Under this system, a plot was used for a relatively short time (usually up to 10–20 years) without significant concern for soil fertility (there was no or extremely rare fertilization), and then the plot was abandoned for several decades. In historical times, the duration of periods of use and abandonment was 10–20 years each [92], but in prehistoric times, it could vary greatly.



The process of erosion (sedimentary accumulations) is a particular indication of ancient burning and plowing. Since the Early Neolithic, a discontinuous distribution of colluvial sediment ages with several peaks (from two to five or more), indicating many phases of erosion, has been shown for middle and southern Germany [98] as well as for southwestern Germany [103]. We found a single case of pre-Holocene erosion and sediments under the Early Iron Age hillfort while most sediments in the study area were formed in the Middle Ages. It should be noted that there is a break in the 11th–13th centuries and no evidence of erosion (or dated charcoal samples) after the 16th century. The land-use map of Russia developed in the middle of the 19th century [104] shows all of the studied areas as forested. It is likely that a land-use structure was developed in the 14th–16th centuries in which there were vegetable gardens and permanent arable land near the settlement, while areas of shifting and slash-and-burn systems remained elsewhere [105]. This system was mainly abandoned in the 19th and early 20th centuries. In regions with high populations, all arable lands became permanent, while in the region under study, much of the former rotational farming lands have been abandoned.




4.4. Tree Taxa Composition: Richness, Distribution, and Dynamics


Among the investigated land types, the hillforts were distinguished by the highest taxonomic richness of charcoals: 13 taxa of woody species, including almost all tree species presently occurring in the Upper Volga (except Fraxinus), were found here. The high tree richness in hillforts was probably due to the fact that woody species were artificially concentrated in the burn areas. It is likely that the forest burning for the clearing of arable land also involved the collection of trees of various species, but at a much smaller extent compared to hillforts, and at brief temporal episodes. This is consistent with the fact that seven taxa of woody species were encountered in modern forest soil. Only three woody taxa, Pinus, Betula, and Sorbus were found in the ancient arable horizons of sandy soils in the Ryazan region [28], although the concentration of charcoals was several times higher. Compared to forest soil on levelled surfaces, forest sediments below slopes additionally aggregated charcoal of different species as a result of repeated inputs of charcoals from arable lands over a longer period of time (from several clearings). We attribute the poverty of taxa in modern arable lands and vegetable gardens to the low concentration of charcoals due to their destruction under repeated agricultural impacts.



The total taxonomic richness differs insignificantly between the sites, despite the fact that at the Krasnyi Bor site, there are no hillforts, the cultural layer of which is the richest in taxa. The difference in the taxonomic composition between the sites is probably determined primarily by the landscape features, the relief features, and moisture regime determining the probabilities of the wildfire spread. Thus, the difference of the Runa-Zaborovka site from the others in the Picea predominance with relatively small participation of Pinus can be explained by the protection of the site from the fires. The site is actually an island that is isolated by the stream and damp depressions.



The diversity of tree taxa in the local area is high for the southern taiga region, as pine forests with a relatively poor species composition dominate now in the area [17,106]. It was a surprise that Quercus and Corylus charcoals occurred more frequently than charcoals of pioneer deciduous tree species such as Betula and Populus. This is atypical for water–glacial landscapes of European Russia [28] where oak and hazel occur more rarely than birch and aspen. Quercus and Corylus do not sustainably regenerate in broadleaved forests, even with a gap mosaic, but successfully colonize abandoned meadows and forests dominated by pioneer tree species such as Pinus and Betula [17]. The abundant presence of Quercus and Corylus in the charcoals indicates both a wider distribution of these species in the past and possibly the intentional nature of their burning by humans when clearing land for crops or firewood, rather than burning as a result of wildfires.



The greatest number and the highest proportion of nemoral broad-leaved taxa, as well as deciduous trees in general, were observed for the Early Iron Age. The purposeful use of these species in the region at this time can be assumed. In the High-Late Middle Ages, Ulmus and Tilia disappeared from the spectra, and the taxa richness decreased greatly with the transition to the Modern period. These changes were probably related to the targeted removal of nemoral taxa as a result of selective logging. However, we hypothesize that the main reason was the high frequency of fires, which are disastrous for broad-leaved species. Grass fires often occur on abandoned land after plowing [107], after which pine spreads easily (especially on the sands) and the likelihood of forest wildfires increases. This is confirmed by the fact that the concentration of macrocharcoal in the peat deposits increased about 500 years ago, and remained high until recent times [16]. Frequent fires probably shaped the modern composition of the woody vegetation.



In Europe, a decrease in species diversity or even a complete change of species complexes based on the results of studies of charcoals in soils and archaeological sites is often registered [108]. This is especially true in mountainous areas [7,109,110]. Examples from loess areas in southern Poland [111], lowlands in the Czech Republic [112], and south-east Norway [99] show significant differentiation in taxon dynamics between different landscapes and the presence of tree species migrations. Tilia and Acer are also reported to disappear at Mirambel Woodland (Limousin, Massif Central, France) at a local scale [113]. In our study area, there were no catastrophic changes in the species composition or migrations of woody species in the Late Holocene. All species encountered in the charcoals were present in the region. However, maple and elm were absent in the local area. Our study supports the idea that during the Late Holocene, local gaps were formed in the ranges of nemoral broad-leaved species, resulting in changes in the proportions of taxa in the forest vegetation. Boreal-nemoral forests turned into southern taiga forests [17].





5. Conclusions


This study showed the differences between various land types in terms of the information that can be extracted by pedoanthracological methods. Land types differed in the stratigraphy of the charcoals, their concentration, and taxonomic composition. This suggests that in order to reconstruct vegetation dynamics, it is methodologically important not to limit the study of charcoals in the soil to only one type of land, but to investigate their different variants.



The main ways of moving charcoals into soil mineral horizons differed among the land types: anthropogenic pedoturbations were evidently the main ones in the hillforts; transport as a result of erosion and accumulation prevailed in sediments, while burial of wood burnt on the surface into root channels during tree grubbing, and into arable horizons by plough tools likely prevailed in forest soils with ancient arable horizon. In addition, in all land types, it was possible to find results of charcoal moving as a result of phytoturbations, i.e., in the pits after treefall with uprootings.



The study showed changes in the composition of woody taxa over time under human impacts. In fact, most of the charcoals were the result of the intentional burning of wood in the hillfort areas or forest clearing for arable lands. These two main sources of charcoals (Dark Earth in hillforts and forest soil with ancient arable horizon) were separated in space and by the time of charcoal accumulation. The maximum accumulation of charcoals in the cultural layer of the studied hillforts was found for the 3rd c. BC–1 c. AD. The maximum abundance of woody taxa and the highest proportion of nemoral broad-leaved taxa were observed for this time. Except for the activity in hillforts, no other signs of anthropogenic activity have been recorded for the Early Iron Age.



In the study area, we reconstructed the 6th century AD as the time of the beginning of forest burning for plowing and further use of arable implements. Probably, the beginning of arable farming in the region is connected with the spreading of the Pskov Long Barrows culture. Signs of arable farming in forest soils and in sediments were well-expressed in the 10th–11th and then in the 14th–16th centuries. In the High-Late Middle Ages, Ulmus and Tilia disappeared from the taxonomic spectra of charcoals, and the taxon richness decreased significantly with the transition to the Modern time. At this time, forests become less mixed (coniferous–broad-leaved) and more boreal.
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Figure 1. (a) Location of the study area and (b) local areas (sites): 1—Krasnyi Bor, 2—Runa-Zaborovka, 3—Zaborovka-Likhusha, 4—Voroshilovo. 
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Figure 2. Soil profiles in different land types: hillforts—(a) V24; forest soils—(b) ZL18, (c) ZL31, (d) Zl40; sediments below hillforts—(e) V29; sediments below slopes in the forests—(f) KB23; arable lands—(g) ZL26; vegetable gardens—(h) ZL35. 
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Figure 3. Charcoal concentration in soil of different land types. 
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Figure 4. Taxonomic composition of soil charcoal in different local areas (sites): (a) Zavorovka-Likhusha, (b) Runa-Zaborovka, (c) Voroshilovo, (d) Krasnyi Bor. 
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Figure 5. Taxonomic composition of soil charcoal in studied types of land: (a) hillforts, (b) forest soils, (c) arable lands, (d) sediments below hillforts, (e) sediments below slopes in the forests, (f) vegetable gardens. 
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Figure 6. Probability curves of calibrated radiocarbon dates for charcoals from soil for studied types of land. 
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Figure 7. Calendar age distributions of forty-one (a) and thirty-six (b) charcoal samples estimated by the KDE method. 
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Figure 8. Proportions of charcoals of different taxa across study areas by each historical period. 
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Table 1. Land types in the studied sites with the amount of soil profiles (individual profile numbers are given in brackets).
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Type of Lands

	
Site (Local Area)




	
Zaborovka-Likhusha (ZL)

	
Runa-Zaborovka

(RZ)

	
Voroshilovo

(V)

	
Krasnyi Bor

(KB)






	
Hillforts

	
1 (19)

	
1 (41)

	
1 (24)

	




	
Sediments below hillforts

	
1 (6)

	

	
1 (29)

	




	
Forest soils

	
16 (1, 8, 10, 11, 13, 15, 16, 17, 18, 21, 31, 36, 37, 38, 40, 49)

	
3 (46, 47, 48)

	
2 (28, 30)

	
3 (3, 5, 22)




	
Sediments below slopes in the forests

	
4 (7, 12, 14, 20)

	

	

	
2 (4, 23)




	
Modern arable lands

	
2 (25, 26)

	
2 (27, 42)

	

	




	
Vegetable gardens

	
2 (34, 35)
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Table 2. Mean charcoal concentration and standard error (g kg−1) in soils of different land types.
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Land Types

	
Horizons

	
µ Mean

	
SE






	
Hillforts

	
Axp

	
0.76

	
0.23




	
BC

	
0.12

	
0.05




	
Total

	
0.55

	
0.16




	
Sediments below hillforts

	
M

	
11.99

	
9.67




	
B

	
0.06

	
0.06




	
Total

	
7.65

	
6.24




	
Forest soils

	
A, AB, AE, E

	
3.63

	
1.19




	
B

	
0.12

	
0.03




	
Total

	
1.74

	
0.57




	
Sediments below slopes

in the forests

	
M

	
2.22

	
0.46




	
B

	
0.22

	
0.15




	
Total

	
1.22

	
0.52




	
Arable lands

	
Ap

	
0.013

	
0.007




	
B

	
0.000

	




	
Total

	
0.009

	
0.005




	
Vegetable gardens

	
Ap

	
0.195

	
0.074




	
B

	
0.021

	
0.012




	
Total

	
0.108

	
0.041
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Table 3. Radiocarbon dates for charcoals from the study area calibrated with the IntCal20 [23] using OxCal [25].
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	Lab. Code
	Soil Profile
	Soil Horizon (Depth, cm)
	Taxon
	Lab. 14C Age

(Yr BP)
	Calibrated Age

(cal Yr BP)
	Calibrated Age

(cal Yr BC/AD)





	IGANAMS-7314
	ZL14
	M5 (BC) (120)
	Pinus
	10,395 ± 35
	12,481–12,046
	10,532–10,097 BC



	IGANAMS-7303
	ZL12
	BE (70–75)
	Pinus
	5060 ± 25
	5901–5741
	3952–3792 BC



	IGANAMS-8079
	ZL21
	B3 (60–70)
	Picea
	4380 ± 30
	5042–4860
	3093–2911 BC



	IGANAMS-8080
	ZL21
	HH (90–100)
	Picea
	2970 ± 30
	3233–3004
	1284–1055 BC



	IGANAMS-7316
	ZL21
	B2 (60–80)
	Picea
	2455 ± 20
	2701–2366
	752–417 BC



	IGANAMS-8084
	V24
	BC (115–120)
	Picea
	2220 ± 30
	2334–2146
	385–197 BC



	IGANAMS-7118
	ZL24
	Axp (50)
	N/A
	2180 ± 25
	2310–2104
	361–155 BC



	IGANAMS-7297
	ZL6
	M3 (35–49)
	Pinus
	2125 ± 20
	2289–2002
	340–53 BC



	IGANAMS-7293
	V2
	Axp (40)
	Pinus
	2050 ± 20
	2097
	148 BC–21 AD



	IGANAMS-8088
	RZ41
	BC (60–75)
	Picea
	2040 ± 30
	2100–1889
	151 BC–62 AD



	IGANAMS-8075
	ZL19
	Axp (15–30)
	Acer
	2020 ± 30
	2047–1844
	98 BC–106 AD



	IGANAMS-8083
	V24
	Axp (60–75)
	Ulmus
	1985 ± 30
	1993–1833
	44 BC–117 AD



	IGANAMS-8082
	V24
	Axp (15–30)
	Ulmus
	1740 ± 30
	1705–1549
	245–402 AD



	IGSB-1982
	ZL14
	M1 (13–15)
	Pinus, Picea
	1550 ± 70
	1566–1303
	384–648 AD



	IGSB-1979
	ZL1
	B (30–40)
	Pinus
	1475 ± 75
	1530–1281
	420–669 AD



	IGSB-1981
	ZL13
	AB (10–20)
	Pinus
	1475 ± 75
	1530–1281
	420–669 AD



	IGANAMS-7119
	ZL24
	Axp (40)
	N/A
	1450 ± 20
	1367–1302
	583–649 AD



	IGANAMS-7298
	ZL6
	M2 (16–35)
	Pinus
	1360 ± 20
	1308–1192
	643–758 AD



	IGANAMS-8076
	ZL19
	Axp (45–60)
	Ulmus
	1250 ± 20
	1274–1078
	677–873 AD



	IGANAMS-7313
	ZL14
	M3 (50)
	Pinus
	1230 ± 20
	1248–1070
	702–881 AD



	IGANAMS-7315
	ZL20
	M3 (12–20)
	Populus
	1115 ± 20
	1059–960
	891–991 AD



	IGSB-1983
	ZL36
	AE (5–10)
	Pinus, Betula
	1045 ± 65
	1175–788
	775–1162 AD



	IGANAMS-8087
	RZ41
	Axp (15–30)
	Quercus
	1030 ± 30
	1051–804
	899–1147 AD



	IGSB-1985
	ZL40
	A (0–15)
	Pinus, Picea
	990 ± 75
	1058–732
	893–1218 AD



	IGANAMS-7292
	ZL1
	AB (10–15)
	Pinus
	765 ± 20
	724–670
	1226–1280 AD



	IGANAMS-7291
	ZL1
	A (4–14)
	Pinus
	680 ± 20
	673–565
	1277–1385 AD



	IGANAMS-7318
	ZL12
	AE (10–20)
	Picea
	570 ± 20
	631–532
	1320–1419 AD



	IGANAMS-7302
	ZL31
	M2 (18–23)
	Pinus
	570 ± 20
	631–532
	1320–1419 AD



	IGSB-1984
	ZL49
	B1 (10–30)
	Pinus
	565 ± 70
	663–503
	1288–1447 AD



	IGANAMS-8081
	KB23
	B1 (25–35)
	Picea
	525 ± 30
	624–509
	1327–1442 AD



	IGANAMS-8078
	ZL21
	B1 (15–30)
	Quercus
	485 ± 20
	537–503
	1413–1447 AD



	IGANAMS-8086
	RZ41
	Axp (0–15)
	Picea
	450 ± 30
	537–470
	1413–1480 AD



	IGANAMS-7295
	KB4
	M3 (22–30)
	Picea
	370 ± 20
	495–320
	1455–1630 AD



	IGANAMS-7299
	ZL6
	M1 (8–16)
	Pinus
	290 ± 20
	433–294
	1517–1657 AD



	IGANAMS-7317
	KB23
	M1 (2–12)
	Corylus
	280 ± 20
	430–289
	1521–1662 AD



	IGANAMS-7301
	ZL11
	B (9–19)
	Picea
	250 ± 20
	422–151
	1529–1799 AD



	IGANAMS-7312
	ZL13
	B2 (80)
	Pinus
	225 ± 20
	309–…
	1641–… AD



	IGANAMS-8085
	ZL34
	B (30–40)
	Picea
	210 ± 30
	308–…
	1642–… AD



	IGANAMS-7300
	ZL10
	AE (4–12)
	Pinus
	110 ± 20
	262–27
	1689–1924 AD



	IGANAMS-7296
	KB5
	AB (1–9)
	Pinus
	95 ± 20
	257–33
	1694–1918 AD



	IGANAMS-7294
	KB3
	AE (1–7)
	Picea
	50 ± 20
	254–38
	1696–1912 AD
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(

Medeed e (8CA0)
@

Modeled e (10
(®)





media/file4.png
SRLRSPELL

ELOSPETL






nav.xhtml


  diversity-15-00403


  
    		
      diversity-15-00403
    


  




  





media/file16.png
Modern times
® Pinus ® Picea

High-Late Middle Ages W Betula » Populus

. W Alnus W Quercus
Early Middle Ages and Old |
Russian time ® Ulmus W Acer
-~ Tilia m Corylus
Early Iron Age w Sorbus m Salix
W Euonymus

Before Early Iron Age

0% 20  40% 60% 80% 100%





media/file2.png





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
]

(b)

©

@

= ropts
i

Qe
i
oot
o
by





media/file10.png
Pinus

Picea

W Betula

W Populus

® Alnus
Quercus

(b) W Ulmus
Acer

W Tilia

Corylus

W Sorbus

W Salix

W Euonymus

(d) (e) (f)





media/file12.png
Hillforts

IGANams- 8084
IGANams- 7118
IGANams- 7293
IGANAms- 8088
IGANams- 8075
IGANAams- 8083
IGANams- 8082
IGANAms- 7119
IGANams- 8076
IGANams- 8087
IGANAms- 8086

AL AL lL lL 'F lP

" L) ) g L
(

i '

s

Sediments
below
hillforts

IGANams- 7297
IGANAms- 7298
IGANams- 7299

ik

-

I

Forest
soils

IGANams- 8079
IGANawms- 8080
IGANams- 7316
IGSB-1979
IGSB-1981
IGSB-1983
IGSB-1985
IGANAms- 7292
IGANawms- 7291
IGANAms- 7218
IGSB-1984
IGANams- 8078
IGANams- 7301
IGANams- 7296
IGANams- 7300
IGANams- 7294

th

(p

¥

Sediments IGANawvs- 7314

below
slopes in

IGANams- 7303
IGSB-1982

the forests IGANams- 7313

IGANams- 7315
IGANams- 7302
IGANams- 8081
IGANAams- 7295
IGANams- 7317
IGANAms- 7312

I

0¥

Gardens

IGANams- 8085

' 2

AAAAAAAAA

AAAAAAAAA

AAAAAAAAA

AAAAAAAAA

AAAAAAAAA

AAAAAAAAA

2

10,000

8,000

6,000

4,000

2,000

1calBC/1calAD

2,001






media/file9.jpg
\

(a)

1

(d)

(b)

N

(e)

(c)

.

(f)

pinus
bicea
uBetuia
= Populus
w dtnus
Quercus
u Uimus
acer
uTiia
Conus
u Sorbus
w ol

= Euonymus





media/file0.png





media/file14.png
Probablity density

0.01
0.005
0

o
- !
L ‘A_;
‘‘‘‘‘ Bopopy goip guaigigp g g gogonug gun gl g iga gg gy gus i ggigiggiyigeg g g gl gig iy
15,000 10,000 5,000 1calBC/1calAD 5,001
Modelled date (BC/AD)
(a)

0.02
0.01

1calBC/1calAD 1,001 2,001
Modelled date (BC/AD)

(b)





media/file8.png
Pinus
Picea
W Betula
w Populus
| Alnus
B Quercus
m Ulmus
Acer
m Tilia
W Corylus
M Sorbus
m Salix
W Euonymus

(a) (b) (c) (d)





media/file11.jpg
Hilforts  1GAN s 8084
16ANu 7118
16Au 7293
1GANos 5085
1GANus 8075
1GAN.u 5083
16ANu 5082 N
16N 711
1GANs 076
1GAMN.u 5087
1GAN e 8086
Sediments (GAN-7297
below 16N 7298
ilforts_ 1GANuws-7298
Forest 1GANs-8075
ol 1GANe-8080
16N 7316
681979 -
16561981 -2
681983 =

T

-

»

l6s8-1985
16N 7292
16N 7291
16N 7218
16581584
1GANu 078
16AN. 7301
1GAN. 7296
16AN. 7300
1GANuws 7290

Scdiments [GANo- 7314

below  1GANa 7303 B

slopesin 1658.1982

the foress IGANu 7313
16N 7315
16N 7302
1GANuw-8081
16N 7295
16ANue 7317
16N 7312

Gordens IGA N 8085

]

T





media/file6.png
BC BC BC Axp Axp Axp Axp Axp

BC BC BC Axp Axp Axp Axp Axp

C BC BC Axp Axp Axp

<
c
-
@

N
-
[
o

0-15
15-30
30-45
45-60
60-75
75-90

90-105

105120

<
N
&

0-15
15-30
3045
45-60
60-75
75-90

90-105

105-120

0.

=
N
&
—

001 001 01 1

10

100

Charcoal concentration, g kg—-1

B2 Bl BE AB

BC B2 B1 A(B)

Bl E

B2 B1'

hh B4 B3 B2 B1' Bl AE

BC B2 B1 A(B)

Forest soils

ZL13

2-14
14-21
30-40
80-90

B2 B1 A(B)

ZL16

20-30
50-60
70-80

N
-
[
[+ -]

O B W e
IS8Ty
S 6 6 6 6 N

@
?
O
o

90-100

KB22

5-12
12-22
30-40
50-60

0.001 0.01 0.1

—

10

100

Charcoal concentration, g kg—1

A

BC B AE A

BC

Va8

7-14 |
14-25

V30
4-14

14-25 I

40-50
ZL31

7-15

14-20

25-35 .
45-55

Z1L40
0-15 |
15-24 |
30-40 E———
50-60

RZ46
e =
e
B

0-10
10-20
50-60

RZ47

0-10

10-20

50-60

0.001 0.01 0.1 1

10

100

Charcoal concentration, g kg-1

82 B1 Ap' Ap

B Ap" Ap' Ap

B2 Bl Ap' Ap

B2 Bl Ap' Ap

Modern arable lands

2126

5-15
18-28 mm
35-45
50-60

?
-
o
N
I I N

Vegetable gardens
134

0-14 |
14-28

30-40  —
50-60 W

13

2-12
12-22
22-32

40-50

0.001 001 0.1 1

10

100

Charcoalconcentration, g kg-1

HH B M2 M1

B2 B1 M2 M1

Sediments below hillfort

V29

6-20

25-35
45-55
92-100

Sediments below slopes

in the forests

KB23

2-12

12-22
25-35
35-45 I

0.001 0.01 01

1

10

100

Charcoal concentration, g kg-1





media/file15.jpg
Modern times

High-Late Middle Ages

Early Middle Ages and Old
Russian time

Early Iron Age.

Before Early Iron Age.

o%

20%

0%  60%  80%

100%

= pinus
= Betula

» Alnus

= Ulmus

= Tilia
 Sorbus

= Euonymus

= picea
= Populus
= Quercus
m Acer
 Corylus
 salix





