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a Institute of Plant Sciences & Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland 
b Grupo de Ecología y Restauración Forestal, Departamento de Ciencias de la Vida, Universidad de Alcalá, Alcalá de Henares, Spain 
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A B S T R A C T   

The Holocene vegetation dynamics of the Eurasian steppe are underinvestigated despite its vast extension, 
chiefly because of the scarcity of suitable sites for palaeoecological research. Here, we present a palaeoecological 
reinvestigation from Kardashynskyi mire (southern Ukraine), approximately 4 km from a previously cored site. 
Using pollen, spores and microscopic charcoal, we have reconstructed vegetation dynamics, fire history and land 
use for the past c. 8300 years. Regionally, steppe vegetation with Poaceae, Chenopodiaceae and Artemisia was 
always dominant. However, pollen assemblages also reflect the presence of floodplain and upland tree stands. At 
the beginning of the sequence, c. 8300 years ago, Pinus stands were growing on the sandy terraces of the Dnipro 
dry upland sites. Later, at c. 7950 cal yr BP, diverse stands with Quercus, Ulmus, Fraxinus, Tilia and Alnus 
established along the riverbanks, where moisture availability was sufficient. Around 6100 cal yr BP, those de
ciduous broadleaved stands experienced a severe decline, likely in response to changing water table levels. 
Cultural indicators suggest land use activities after c. 7900 cal yr BP. During the Bronze Age, human impact 
intensified. Overall, both climate and humans drove vegetation dynamics in the Pontic steppe for millennia. 
Nowadays, this once extensive biome has almost completely been converted to cropland. Similarly, the wetland 
vegetation, the riparian forests and, above all, the pine forests growing on the sandy terraces were strongly 
reduced by millennial-long land use. Under the current conditions, even the last remnants of these special 
vegetation types are severely threatened.   

1. Introduction 

Farming, one of the most game-changing innovations in human 
history, was introduced to mainland Europe more than 8500 years ago 
(e.g. Lemmen et al., 2011). The onset of production economy laid the 
foundations for modern societies and had a big impact on the environ
ment and biosphere, for instance through the introduction, propagation, 
reduction or extirpation of species as well as through increased erosion, 
fire, and eutrophication (Roberts et al., 2019; Gassner et al., 2020). 
Agricultural and pastoral farming spread from the Near East into Europe 
mostly over the Aegean Islands and following the Greek-Balkan routes 
(e.g. Pashkevich, 2003; Kozłowski, 2005; Lemmen et al., 2011; 
Hofmanová et al., 2016). In addition to these well-established routes, an 

early spread of domesticates into the steppe of Ukraine has been pro
posed (Kotova, 2003, 2008; Motuzaite-Matuzeviciute et al., 2009; 
Motuzaite-Matuzeviciute and Telizhenko, 2016 and references therein). 
Specifically, the earliest evidence of Neolithization and early agriculture 
in southern Ukraine, based on the presence of pottery and imprints of 
grains on ceramics, could be attributed to the late 7th millennium–early 
6th millennium BCE (Kotova and Pashkevich, 2003; Kotova et al., 2021). 
However, the earliest radiocarbon-dated cereals (Triticum dicoccum) in 
Ukraine were dated to 7420–7180 cal yr BP (5470–5230 BCE) and found 
in the Linear Pottery Culture (LBK) site Ratniv-2 in western Ukraine 
(Motuzaite-Matuzeviciute and Telizhenko, 2016; Endo et al., 2022). The 
most recent investigation of plant impressions on ancient potsherds 
using an improved methodology also concludes that the earliest reliable 
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evidence of arable farming is found in western and south-western 
Ukraine and dates to the LBK, i.e. to the second half of the 6th millen
nium BCE (Motuzaite-Matuzeviciute and Telizhenko, 2016; Salavert 
et al., 2021; Endo et al., 2022). Trypillia groups (c. 6950–4750 cal yr BP/ 
5000–2800 BCE), inhabiting the forest-steppe mostly west of the Dnipro 
(Albert et al., 2020), extended agricultural activities to many regions of 
central and northern Ukraine. In the north-western Black Sea region the 
Bolgrad-Aldeni culture (a local aspect of the Gumelniţa cultural block), 
dating to the middle of the 5th millennium BCE, were probably the first 
people to practice arable farming in the steppe (Govedarica and Man
zura, 2020). In striking contrast, further east, at the Maiaky site in the 
Dniester estuary, first evidence of arable farming was only dated to 
around the second half of the 4th millennium BCE (Endo et al., 2022), 
though the chronology of the site is somewhat unclear (Nikitin et al., n. 
d.). Palaeoecological data can significantly contribute to filling the 
chronological and spatial gaps by providing continuous multi-millennial 
records of cultural indicator plants and changes in fire occurrence 
related to farming activities (Lang, 1994; Deza-Araujo et al., 2020; Lang 
et al., 2023). 

To date, little is known about the Holocene vegetation dynamics of 
the Eurasian steppe in response to climate change and human impact, 
making it one of Europe’s most underinvestigated vegetation types in 
that regard (Kremenetski, 1995, 2003; Kremenetski et al., 1999; 
Bezusko, 2010; Matishov et al., 2013; Gobet et al., 2017; Gershkovych 
and Gerasymenko, 2021). The scarcity of suitable sites for palae
oecological research in the steppe is probably the main underlying 
reason, since natural lakes are virtually absent and other potential sites 
such as mires, estuaries, oxbow lakes, lagoons and archaeological sites 
pose their own challenges in terms of preservation and interpretability 
of fossil remains. Particularly, and in contrast to the neighbouring 
northern and western forest-steppe ecotone (see e.g. Shumilovskikh 
et al., 2018; Feurdean et al., 2021; Lukanina et al., 2022, 2023), high- 
resolution studies that allow deciphering the mechanisms driving 
long-term vegetation dynamics are completely lacking for the steppe 
and the adjacent azonal riparian forests. Further, the usually poorly 
constrained chronologies of existing records so far largely prevented 
assigning vegetation shifts to specific climatic events or to archaeolog
ical findings as a proxy for past societal dynamics. 

One of the few available palaeoecological studies from the Pontic 
steppe region covering several millennia was published almost thirty 
years ago (Kremenetski, 1995), and presented an overview of the 
vegetation history around Kardashynskyi mire in southern Ukraine for 
the past c. 9000 years. According to the author, the vegetation around 
Kardashynskyi was a steppic environment with varying abundances of 
Poaceae, Artemisia and Chenopodiaceae. The relatively high and fluc
tuating pollen percentages of pine (Pinus) until c. 1200 years ago were 
interpreted as local stands growing together with birch (Betula) on the 
sandy terraces of the Dnipro, under rather dry upland conditions 
(henceforth called ‘sandy terraces’). Besides pines and birches, the re
cord shows that several broadleaved trees (Ulmus, Quercus, Fraxinus, 
Carpinus betulus and Tilia) grew on the Dnipro floodplain, reaching their 
maximum spread between 6750 and 4750 cal yr BP (4800–2800 BCE; 
Kremenetski, 2003). Finally, cultural indicator pollen is scarce and first 
Cerealia type pollen only appear about 2500 years ago (Kremenetski, 
1995), suggesting that arable farming spread only late, during the Iron 
Age, to the study area. 

Here, we present a new palaeoecological record from Kardashynskyi 
mire, one of the few available natural archives in the region, aimed at 
closing the existing gap in investigating the drivers of vegetation change 
in southern Ukraine. Our record, which is located approximately 4 km 
away from the previous Kardashynskyi record by Kremenetski (1995), 
provides the following major novelties: (i) more precise and accurate 
chronology based on 15 radiocarbon dates on terrestrial plant macro
fossils, (ii) notably higher temporal resolution, including two high- 
resolution sections with contiguous 1-cm sampling; and (iii) analysis 
of proxies for fire occurrence (microscopic charcoal) and grazing (dung 

fungal spores), which allow assessing the drivers of vegetation change 
more comprehensively. In addition to a general overview of vegetation 
changes over the past c. 8300 years, we specifically address the 
following research questions: (1) When did the first signs of human land 
use occur? (2) When did human land use intensify? (3) Can we disen
tangle climatic, anthropogenic and other forcing (e.g. disturbance, biotic 
interactions)? Or, in other words, what were the main drivers of Middle 
and Late Holocene vegetation change in southern Ukraine? 

2. Study site 

Kardashynskyi mire (46◦32′35.1″ N, 32◦39’6.0″, 4 m a.s.l.) lies in 
southern Ukraine (Kherson Oblast), close to the Black Sea coast (Fig. 1). 
It is part of the extensive wetland surrounding the estuary of the river 
Dnipro and looks back on a long history of previous palaeoecological 
research (Lawrenko and Iswekowa, 1932; Artyushenko and Baczurina, 
1958; Kremenetski, 1995; Bezusko and Bezusko, 2000). Kremenetski 
(1995) argued that the mire originated from the infilling of a huge 
oxbow lake. Soils are peaty at the coring site and mainly chernozems 
outside the wetland (Wesche et al., 2016). The climate is Dfa (conti
nental with hot summers) according to the Köppen-Geiger Classifica
tion, thus without significant changes in precipitation across seasons. 
The mean annual temperature today (2012–2019 CE) measured at the 
Kherson weather station is 11.8 ◦C. The highest mean monthly tem
perature occurs in August (24.5 ◦C) and the lowest in January (− 1.2 ◦C). 
The mean annual precipitation is about 408 mm (Lykhovyd, 2021). 

The local vegetation in the wetland is dominated by Phragmites 
australis, Typha angustifolia and Schoenoplectus lacustris, with inter
spersed Salix alba and Elaeagnus angustifolia (own observation). Wetland 
and riparian vegetation occurs in a radius of approximately 5 km around 
the coring site. In the vicinity of the mire, salt marshes and saline 
meadows can be found (Kremenetski, 1995). The natural vegetation 
around Kardashynskyi mire (i.e. at distances approximately >5 km from 
the coring spot) would consist of grass steppe or herb-grass steppe (Bohn 
et al., 2003). However, apart from a few protected areas the European 
steppe has nowadays been almost completely destroyed and converted 
to cropland (Charles, 2010; Wesche et al., 2016). 

3. Material and methods 

3.1. Coring, lithology and chronology 

We took two parallel sediment cores with a modified Streif–Living
stone piston–corer (5 cm diameter) in 2017. In the laboratory, the two 
cores were correlated according to their lithostratigraphy to compose a 
374-cm long master sequence. The lithology was described according to 
Troels-Smith (1955). We use peat and gyttja formation as proxies for low 
vs high water table stands, which is particularly important to assess if the 
increase of macrophytes was connected to diminishing or augmenting 
water levels (see Results). To find suitable short-lived terrestrial plant 
macrofossils for radiocarbon dating, we sieved 80 sediment subsamples 
(thickness: 2 cm; volume: 4–11 cm3) through a 200 μm mesh. We then 
identified plant remains under a stereomicroscope at 8–100× magnifi
cation, using published atlases (e.g. Cappers et al., 2006; Bojňanský and 
Fargašová, 2007) as well as the reference collection at the University of 
Bern. Fifteen macrofossil samples were radiocarbon-dated using accel
erator mass spectrometry (AMS) at the laboratory for the analysis of 
radiocarbon using AMS (LARA) of the University of Bern (Table 1). We 
calibrated the radiocarbon dates to years before present (cal yr BP) with 
the IntCal20 calibration curve (Reimer et al., 2020), and modelled the 
age–depth relationship with the Bayesian approach implemented in the 
package ‘rbacon’ (version 2.5.7; Blaauw and Christen, 2011), which 
runs in R version 4.2.2 (R Core Team, 2022). The following settings were 
used: ‘thick’ = 3, ‘mem.mean’ = 0.3, otherwise default settings. Addi
tionally, we calculated an extended 95% confidence envelope using 
mixed-effect modelling according to Heegaard et al. (2005), which takes 
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into account both the age and depth (of sample) uncertainties. 

3.2. Palynology and microscopic charcoal analysis 

We took 90 samples of 1 cm3 for pollen and microscopic charcoal 
analysis at sampling intervals ranging from contiguous to 8 cm. The two 
high-resolution sections consisted of 23 (175–197 cm) and 26 (128–153 
cm) contiguous samples, respectively. We delimited the two high- 
resolution sections to investigate in detail two periods of particularly 
high environmental and vegetational variability, specifically to assess 
the causes and consequences of water plant and upland vegetation dy
namics (see Results). Lycopodium tablets were added prior to sample 
treatment to estimate pollen concentration (grains cm− 3) and influx 
(grains cm− 2 year− 1; Stockmarr, 1971). Sediment subsamples were 
treated chemically (KOH, HCl, HF and acetolysis) and physically (0.5 
mm sieving and decanting) following standard procedures (Moore et al., 
1991). Pollen, spores and other non-pollen palynomorphs were counted 
under a light microscope with 400× magnification, using published 
identification keys and photographic atlases (e.g. Moore et al., 1991; 
Reille, 1999; Jankovská and Komárek, 2000; van Geel et al., 2003; Beug, 
2004) as well as the reference collection of the University of Bern. Pollen 
type taxonomy follows Moore et al. (1991). In the case of 

Chenopodiaceae, we kept the original pollen taxonomic definition ac
cording to the keys we used, instead of adopting the new family concept 
of Amaranthaceae, which includes far more genera, and thus possibly 
other pollen types. Well preserved Cerealia t. (t. = type) pollen grains 
were further distinguished into Avena t., Hordeum t. and Triticum t. after 
Beug (2004), using phase contrast and 1000× magnification. A mini
mum of 500 terrestrial pollen grains per sample were counted. Pollen 
tetrads and clumps of pollen of the same taxon (mainly found for 
Brassicaceae) were counted as one. The pollen, spores and other non- 
pollen palynomorph curves in the diagrams are based on percentages 
calculated with respect to the terrestrial pollen sum, which includes 
trees, shrubs, and herbs. To visualise the data we used the software 
‘Tilia’ version 3.0.1 (Grimm, 1991-2020). 

Given the size of the wetland and considering the composition of the 
surface sample (15% Artemisia, 18% Chenopodiaceae), we assume that 
pollen from the steppe is important at the site (Lang et al., 2023). This 
assessment agrees with calibration studies demonstrating that pollen 
can be easily transported over more than 5 km, particularly if the local 
vegetation of the wetland is herbaceous (e.g. Conedera et al., 2006; Zhao 
et al., 2021). To track human impact, palynology relies on the presence 
of cultural indicator taxa. In Europe, those cultural indicators were 
originally identified for the temperate forest biome (Behre, 1981; Lang, 

Fig. 1. Location of the Kardashynskyi mire in southern Ukraine. Overview map showing the location of the study area in Eastern Europe (left). Satellite picture of the 
Dnipro estuary (Google Earth Pro [7.3.4.8248]), where Kardashynskyi mire and the coring site (red circle) are located (right). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Radiocarbon dates from the Kardashynskyi mire sediment record.  

Laboratory code Depth (cm) Material dated 14C-age (yr BP) Calibrated age, 2σ (cal yr BP) 

BE-15952.1.1 15–17 Carex seeds, Lycopus europaeus seed 470 ± 20 499–528 
BE-15953.1.1 31–33 Carex seeds 605 ± 20 550–646 
BE-16814.1.1 43–45 Carex seeds 1335 ± 35 1177–1303 
BE-15954.1.1 51–53 Carex seeds 1555 ± 40 1361–1525 
BE-16815.1.1 67–69 Carex seeds 2870 ± 70 2793–3207 
BE-15128.1.1 77–79 Carex seeds 3355 ± 35 3484–3688 
BE-15129.1.1 81–83 Carex seeds 3490 ± 35 3643–3867 
BE-15955.1.1 95–97 Carex seeds 3600 ± 110 3592–4234 
BE-16816.1.1 115–117 Charcoal 4490 ± 70 4881–5315 
BE-15956.1.1 145–147 Carex seeds 5655 ± 45 6312–6551 
BE-15957.1.1 163–165 Carex seeds, Asteraceae seeds, Apiaceae seeds, seeds indet. 5970 ± 90 6563–7153 
BE-15958.1.1 199–201 Carex seeds, Chenopodiaceae seeds, Asteraceae seed, seed indet. 6210 ± 50 6979–7254 
BE-15130.1.1 231–233 Charcoal, seed indet. 7020 ± 80 7685–7972 
BE-15959.1.1 247–249 Charcoal 7280 ± 110 7878–8340 
BE-15131.1.1 281–283 cf. Salix twig fragment 7320 ± 90 7974–8329  
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1994; Deza-Araujo et al., 2020). More recently, this approach was 
extended to the Mediterranean (Mercuri et al., 2013; Deza-Araujo et al., 
2020, 2022). So far, however, no specific work has addressed cultural 
indicator taxa for the steppe biome. We therefore used Behre’s primary 
and secondary cultural indicator approach to discuss land use (Behre 
et al., 2023). We are aware that the interpretation of Cerealia t. pollen in 
the steppe region, where wild relatives of cereals might be native 
(Mosyakin and Fedoronchuk, 1999; Stobbe et al., 2015), is less certain 
than in other parts of Europe. Additionally, in a large wetland such as 
the one surrounding Kardashynskyi mire, Cerealia t. pollen might 
potentially also derive from wetland Poaceae such as Glyceria, which 
would however affect the Hordeum t. but not Triticum t. or Avena t. 
(Beug, 2004). Indeed, Cerealia t. pollen trends do not mirror those of 
Poaceae (see Fig. A1), suggesting that a relevant portion of Cerealia t. 
did not derive from wild grasses. Therefore, we base our land use 
reconstruction on common patterns of pollen indicative of human 
impact, not individual pollen types (Deza-Araujo et al., 2020). 

Microscopic charcoal particles >10 μm were counted on the pollen 
slides following Tinner and Hu (2003) and Finsinger and Tinner (2005). 
Microscopic charcoal concentration (particles cm− 3) and influx values 
(particles cm− 2 year− 1) were calculated as for pollen. To determine the 
statistically significant local pollen assemblage zones, optimal parti
tioning by minimal sum-of-squares (Birks and Gordon, 1985) and the 
broken-stick model (Bennett, 1996) were used in R v. 4.2.2 (R Core 
Team, 2022). 

3.3. Numerical analyses 

Ordination analyses, aimed at identifying underlying ecological 
gradients in the pollen dataset and tracking changes in vegetation 
composition over time, were conducted on square root transformed and 
centered terrestrial pollen percentage data using the program Canoco 
5.1 (ter Braak and Šmilauer, 2017). To select the optimal ordination 
method, we first ran a detrended correspondence analysis (DCA). As 
DCA axis 1 was rather short (1.5 standard deviation units of turnover), 
we chose a method based on linear response models, i.e. principal 
component analysis (PCA). 

For the high-resolution section 1 (HR1: 7140–6830 cal yr BP/ 
5190–4880 BCE) and 2 (HR2: 6480–5610 cal yr BP/ 4530–3660 BCE), 
we used redundancy analysis (RDA) to quantify the effect of changes in 
local water availability and fire occurrence on the vegetation. RDA was 
chosen as the length of the DCA axis 1 of both high-resolution sections 
was rather short (both 0.9 standard deviation units of turnover). RDA 
was performed in the program Canoco 5.1 (ter Braak and Šmilauer, 
2017) on square root transformed and centered pollen, fern spore and 
algae percentage data. As environmental variables, Nymphaea influx and 
microscopic charcoal influx were taken. Nymphaea was chosen as a 
proxy for low local water availability because its occurrence is restricted 
to shallow waters with a depth of up to 3 m (e.g. Cook, 1990; Paillisson 
and Marion, 2006). Moreover, it was very abundant during some periods 
together with other aquatic and wetland plants such as Potamogeton, 
Sparganium t., and Utricularia (Fig. 4). Age was used as a covariable, to 
exclude long-term trends that are simply due to changes in time. To 
identify leads and lags in the responses of vegetation to changing local 
water availability and fire occurrence, we conducted cross-correlation 
analysis (Bahrenberg et al., 1992; Tinner et al., 1999). We used influx 
of microscopic charcoal and Nymphaea pollen as independent variables 
and pollen percentages of selected taxa as dependent variables to 
explore potential effects of fire and moisture changes on upland vege
tation. We ran this analysis for HR1 (7140–6830 cal yr BP/ 5190–4880 
BCE, 23 samples, 14.1 ± 0.4 years/lag) and HR2 (6480–5610 cal yr BP/ 
4530–3660 BCE, 26 samples, 35 ± 10 years/lag). Correlation co
efficients were calculated at ±5 lags, using SYSTAT 10 and R v. 4.2.2 (R 
Core Team, 2022). 

To estimate biodiversity changes, palynological richness (PRI, Birks 
and Line, 1992), probability of interspecific encounter (PIE, Hurlbert, 

1971), and evenness-detrended palynological richness (DE-PRI, 
Colombaroli and Tinner, 2013) were calculated using R v. 4.2.2 (R Core 
Team, 2022). PRI estimates the number of pollen taxa in a standardised 
sample size, using rarefaction analysis. PIE is an estimate of evenness, 
ranging between 0 and 1. Low values of PIE indicate that samples are 
dominated by a few taxa, whereas values close to 1 indicate a high 
evenness. Finally, DE-PRI intends to minimise the effect of evenness on 
palynological richness by using a regression between PRI and PIE, and 
calculating the residuals of pollen richness (Colombaroli and Tinner, 
2013). DE-PRI may reveal biases related to uneven conditions and cor
rect for distortions of palynological richness by uneven samples (e.g. as 
caused by strong pollen producers such as Pinus; Senn et al., 2022). 

4. Results and interpretation 

4.1. Lithology and chronology 

The lowermost sections of the core consist of sand (374–332 cm), 
sandy clay (332–312.5 cm) and sandy clayey gyttja (312.5–298 cm). 
Above 298 cm, the sediment gets more organic and gradually less sandy. 
Below 264 cm depth the sequence is nearly palynologically sterile. From 
241.5 cm upwards, the main sediment types are peaty gyttja and 
calcareous gyttja, interrupted by layers of peat, gyttja and a thin section 
of lake marl (166.5–164.5 cm). The topmost 22 cm of the core consist of 
decomposed peat (see Table 2 for more details). This finding suggests 
that the wetland was for most of the time a lake (predominance of gyttja 
and lake marl), with numerous water table oscillations (peaty sections) 
and only relatively recently developed into a peatland. 

In general, terrestrial plant macrofossils were scarce. All the avail
able radiocarbon dates (Table 1) were included in the age–depth model 
(Fig. 2). The age–depth model shows that the palaeoecological record 
presented here (264–0 cm depth) spans the past c. 8300 years. The most 
remarkable changes in deposition time occurred at c. 150 cm depth, 
showing a significant slowdown in sediment deposition, and at c. 80 cm 
depth, when sediment deposition times become highly variable (Fig. 2). 

Table 2 
Lithology of the Kardashynskyi mire sediment record (NA = not available).  

Depth (cm) Age (cal yr BP) Sediment description 

0–22 − 65–490 Decomposed peat 
22–52.5 490–1520 Peaty gyttja 
52.5–81 1520–3700 Peaty, calcareous gyttja 
81–96 3700–4180 Peaty gyttja 
96–103 4180–4500 Calcareous gyttja 
103–108 4500–4730 Peaty gyttja 
108–112 4730–4920 Calcareous gyttja 
112–123 4920–5410 Peaty gyttja 
123–130.5 5410–5720 Calcareous gyttja 
130.5–147 5720–6370 Gyttja 
147–154 6370–6500 Calcareous gyttja 
154–159 6500–6590 (Peaty) gyttja with molluscs 
159–160.5 6590–6610 Calcareous gyttja 
160.5–164.5 6610–6680 Peaty gyttja 
164.5–166.5 6680–6710 Lake marl 
166.5–178 6710–6870 Peat 
178–186 6870–6980 Calcareous gyttja (layered) 
186–191 6980–7050 Peaty gyttja 
191–197 7050–7140 Calcareous gyttja 
197–203 7140–7240 Peaty gyttja 
203–207.5 7240–7320 Calcareous gyttja 
207.5–226 7320–7670 Peaty gyttja (with peat layers) 
226–241.5 7670–7930 Gyttja 
241.5–262 7930–8220 Sandy, silty gyttja 
262–298 8220–NA Gyttja (with sand) 
298–312.5 NA Sandy, clayey gyttja 
312.5–332 NA Sandy clay 
332–374 NA Sand  
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4.2. Vegetation and fire history 

A total number of 132 terrestrial pollen types were identified. This is 
about twice as many as in the original study of Kremenetski (1995), 
which may derive from the higher number of samples analysed in our 
study and higher taxonomic resolution. According to the numerical 
zonation, the Kardashynskyi pollen record can be divided into seven 
statistically significant local pollen assemblage zones (LPAZ; KRD-1 to 
KRD-7; Figs. 3–5). Pollen percentage, concentration, and influx curves 
have comparable trends (Fig. A2), indicating that the patterns observed 
in the percentage pollen data are robust. Below, we describe and 
interpret the main results of each LPAZ in terms of vegetation, fire, and 
land use history. 

4.2.1. KRD-1 (8250–7950 cal yr BP/6300–6000 BCE) 
The oldest LPAZ has the highest arboreal pollen (AP) percentage of 

the whole sequence (60%), consisting almost exclusively of Pinus 
(Fig. 3). Non arboreal pollen (NAP) is dominated by Chenopodiaceae 
(15%), Cichorioideae (10%), Poaceae (10%) and Artemisia (5–10%). 
Towards the end of this zone, Botryococcus and Cyperaceae increase 
(Fig. 4). Microscopic charcoal influx and concentration reach their 
highest values of the whole sequence (104,000 particles cm− 2 yr− 1 and 
1.5 106 particles cm− 3, respectively). 

The high abundances of drought-resistant taxa (Chenopodiaceae, 
Cichorioideae, Poaceae, and Artemisia) suggest the dominance of steppe 
vegetation, whereas the large amount of Pinus pollen points to the 

presence of pine stands. Pines, most probably Pinus sylvestris (see also 
Kremenetski, 2003), were likely growing on the sandy terraces along the 
Dnipro. Interestingly, no Pinus stomata or macrofossils were found, 
suggesting that the taxon was not growing locally in the wetlands. Apart 
from a single occurrence of Polygonum aviculare t. pollen, there is no 
palynological evidence of agricultural activity during this zone. The 
presence of only few macrophytes (e.g. Sparganium t.) and algae may 
indicate high water stands, which is in agreement with lithological ev
idence of lacustrine conditions (gyttja). Maximum fire activity during 
this zone might be due to the high abundance of P. sylvestris, which 
resulted in high fuel availability. 

4.2.2. KRD-2 (7950–7000 cal yr BP/6000–5050 BCE) 
AP decreases to 40%, mostly because Pinus drops to 20–30%. De

ciduous broadleaved trees such as Betula, Corylus, Ulmus, Quercus robur t. 
and, to a lesser extent, also Alnus glutinosa t., Salix, Fraxinus excelsior t. 
and Tilia start to expand although still at low percentages. Poaceae 
(10–35%) and Artemisia (10–20%) dominate among the NAP. Cheno
podiaceae abundances show abrupt fluctuations between 5 and 40%. 
Cultural indicators such as Cerealia t., Plantago lanceolata t., Plantago 
major-media t., Cannabis sativa t. and Rumex acetosa/acetosella t. are 
regularly present at low abundances from 7900 cal yr BP (5950 BCE) 
onwards (Fig. 3). Spores from the dung fungus Sporormiella also occur in 
this zone, albeit in low numbers (Fig. 3). Botryococcus, Nymphaea and 
Tetraedron minimum show several peaks throughout this zone. Micro
scopic charcoal influx and concentration show gradual decreases: influx 

Fig. 2. Age–depth model (left), lithology (middle) and sediment deposition time (right) of the Kardashynskyi mire sedimentary sequence. The age–depth model was 
fitted using the Bayesian approach in ‘rbacon’ (version 2.5.7, Blaauw and Christen, 2011). Age–depth model: blue density plots = calibrated radiocarbon dates used 
to fit the model; solid black line = single best model = mean age–depth model; grey envelope = 95% confidence intervals of the model; blue dashed lines = 95% 
confidence interval of a mixed effect model taking into account between-object variance (calibration error + sample thickness, Heegaard et al., 2005). Deposition 
time: solid black line = mean deposition time; grey-scales = modelled deposition times (the darker, the more likely); dashed grey line = 95% confidence range. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Pollen percentage diagram of Kardashynskyi mire showing selected trees, shrubs and herbs as well as Sporormiella (dung fungal spores) and microscopic 
charcoal influx and concentration. The values shown for pollen taxa are percentages of the terrestrial pollen sum (i.e. sum of trees, shrubs and herbs). Empty curves 
show 10x exaggerations. LPAZ = local pollen assemblage zone. The depiction of the different sediment types is based on Troels-Smith (1955). 
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drops markedly from 69,000 particles cm− 2 yr− 1 at 7900 cal yr BP 
(5950 BCE) to 3000 particles cm− 2 yr− 1 at 7300 cal yr BP (5350 BCE). 

The changes observed in the pollen assemblages suggest that steppe 
vegetation expanded while pine stands collapsed and deciduous 
broadleaved trees spread. Chenopodiaceae peaks suggest that drier 
variants of steppe were more widespread (e.g. El-Moslimany, 1990). The 
mass expansion of macrophytes (e.g. Nymphaea) and algae might point 
to water table lowering, an interpretation which is in very good agree
ment with the lithology documenting a first appearance of peaty, 
shallow water conditions from c. 7700 cal yr BP (Table 2). The marked 
decrease in fire activity throughout the zone coincided with the decrease 
in pines and the expansion of temperate deciduous broadleaved tree 
stands along the riverbanks. 

4.2.3. KRD-3 (7000–6100 cal yr BP/5050–4150 BCE) 
The increase in Pinus (25–50%) drives the rise in AP to c. 50%. 

However, the most remarkable feature of this zone is the overall high 
abundance of deciduous broadleaved trees and shrubs such as Alnus 
glutinosa t., Quercus robur t., Corylus, Betula, Ulmus, Fraxinus excelsior t., 
Tilia, and Vitis (the latter likely growing as a liana in the riparian forest, 
Figs. 3, 5). Castanea sativa pollen occurs for the first time (Fig. 3). Poa
ceae, Artemisia, and Chenopodiaceae dominate the NAP. Around 6300 
cal yr BP (4350 BCE), Urtica dioica t. shows a peak of >10%. Cerealia t., 
Polygonum aviculare t. and Rumex acetosa/acetosella t. regularly occur 
although in low abundances. Some grains of Plantago major-media t. and 
Cannabis sativa t. appear between c. 6950 cal yr BP (5000 BCE) and 
6600 cal yr BP (4650 BCE). Tetraedron minimum shows a large peak at c. 
6850 cal yr BP (4900 BCE). Nymphaea, Sparganium t., Cyperaceae and 
Botryococcus oscillate, reaching low values at around 6500 cal yr BP 
(4550 BCE). Monolete fern spores increase markedly towards the end of 
the zone. Microscopic charcoal influx and concentration fluctuate at low 
values to further decrease towards the end of the zone (influx: 
1000–7000 particles cm− 2 yr− 1). 

Taken together, the pollen assemblages suggest a reduction of steppe 
vegetation, a partial recovery of pine stands and a moderate expansion 
of temperate deciduous broadleaved tree stands in gallery forests, along 
rivers and estuaries. Pollen records of crops and weeds suggest that 
locally, human impact was slight but persistent. The Urtica dioica t. peak, 
however, was likely caused by natural disturbances rather than by 
human impact, because it does not co-occur with any primary human 
indicator. The pollen might come from natural occurrence of species of 
Urtica either growing in riparian forests or in reed communities in 
floodplains (Behre, 1981; Wolters et al., 2005; Tinner et al., 2009). 
Aquatic plants (e.g. Nymphaea) show large fluctuations, but overall 
declined markedly, suggesting that the lake-level underwent several 
substantial changes. Fire activity stayed comparably low throughout the 
zone. 

4.2.4. KRD-4 (6100–4100 cal yr BP/4150–2150 BCE) 
AP remains around 50% but deciduous broadleaved trees and shrubs 

such as Alnus glutinosa t., Quercus robur t., Ulmus, Betula, Fraxinus 
excelsior t. and Corylus decline markedly around 6100 cal yr BP (4150 
BCE, Figs. 3, 5b, A2). Simultaneously, Brassicaceae show a major in
crease, while Poaceae, Artemisia and Chenopodiaceae are still abundant. 
Some cultural indicators such as Plantago major-media t. and Polygonum 
aviculare t. are present throughout the zone. From 4450 cal yr BP (2500 
BCE) onwards, Cerealia t. (more specifically Triticum t.) increases and 
becomes nearly continuous. Most wetland plants and algae (Nymphaea, 
Botryococcus, Pediastrum, Potamogeton t., Sparganium t.) decrease mark
edly between 6100 cal yr BP (4150 BCE) and 5000 cal yr BP (3050 BCE, 
Figs. 4, A2). In contrast, Cyperaceae show a slight increase. Microscopic 
charcoal concentration and influx increase, starting around 4600 cal yr 
BP (2650 BCE; e.g. influx increases from 1000 to 8000 particles cm− 2 

yr− 1). 
The sudden decline of deciduous broadleaved tree and shrub pollen 

suggests a strong decline of riparian forests, possibly due to changes in 
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local water availability. The mass expansion of Brassicaceae at around 
6100 cal yr BP (4150 BCE) may have occurred in wetlands close to the 
lake. At that time macrophytes (e.g. Nymphaea) and algae were still 
abundant but started to decline. A drying up of the site can be excluded 
given that lake sediments (gyttja) were deposited until c. 5400 cal yr BP, 
when shallow lake conditions re-established (peaty gyttja, Table 2), 
causing a minor re-expansion of Nymphaea (Fig. 4). After 4900 cal yr BP 
(2950 BCE) lake levels probably rose again (calcareous gyttja, Table 2) 
until c. 4200 cal yr BP (2250 BCE), interrupted by a transient lowering c. 
4750–4500 cal yr BP (peaty gyttja, 2800–2550 BCE). Arable and pas
toral land use increased to moderate levels during the Bronze Age 
around 4450 cal yr BP (2500 BCE), synchronously with fire activity. 

4.2.5. KRD-5 (4100–3750 cal yr BP/2150–1800 BCE) 
AP suddenly drops from around 40 to 20% mostly because of the 

collapse of Pinus (from 40% to 10%). Chenopodiaceae percentages 

almost triple, reaching a maximum of 30% around 3800 cal yr BP (1850 
BCE). Pollen of wetland trees and shrubs such as Salix and Alnus glutinosa 
t. peaks, while Poaceae, Artemisia and Brassicaceae are still abundant. 
Cerealia t., Plantago major-media t. and Polygonum aviculare t. show in 
general fluctuating but moderately high values. Cyperaceae and Spar
ganium t. are abundant, and Pediastrum and Potamogeton t. show minor 
peaks. Microscopic charcoal concentration and influx stay elevated. 

Maxima in several primary and secondary cultural indicators 
alongside high fire activity probably indicates land use intensification 
during the Bronze Age. Lake levels likely dropped, as suggested by the 
occurrence of peaty, shallow lake conditions (Table 2), causing minor 
increases of shore macrophytes such as Potamogeton. 

4.2.6. KRD-6 (3750–2400 cal yr BP/1800–450 BCE) 
Pinus recovers and reaches c. 50% around 2950 cal yr BP (1000 BCE), 

before declining again. Castanea sativa is present in two samples. 

Fig. 5. High-resolution pollen, spore and algae percentage, and microscopic charcoal influx diagrams of Kardashynskyi mire for selected taxa from a) HR1 
(7140–6830 cal yr BP; 5190–4880 BCE) and b) HR2 (6480–5610 cal yr BP; 4530–3660 BCE). The values shown for pollen taxa, spores and algae are percentages of 
the terrestrial pollen sum (i.e. sum of trees, shrubs and herbs). Empty curves show 10x exaggerations. LPAZ = local pollen assemblage zone. The depiction of the 
different sediment types is based on Troels-Smith (1955). 
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Poaceae, the main herbs, show first an increase and then decline again 
from c. 3100 cal yr BP (1150 BCE) onwards. Artemisia, Chenopodiaceae 
and, to a lesser extent, Brassicaceae are abundant. Cerealia t. pollen, 
mainly Triticum t., and Plantago lanceolata t. show their highest values so 
far between 3500 and 3200 cal yr BP (1550 and 1250 BCE, Fig. 3). 
Plantago major-media t. and Polygonum aviculare t. are also relatively 
abundant. Nymphaea shows a little upsurge until 3100 cal yr BP (1150 
BCE). Cyperaceae and Sparganium t. are abundant. Microscopic charcoal 
concentration and influx drop to the lowest levels observed over the 
whole sequence (influx <1000 particles cm− 2 yr− 1). 

High NAP percentages together with mainly pine pollen suggest the 
prevalence of steppe vegetation with pine stands in the region. Fire 
activity decreased together with Bronze Age arable farming around 
3100 cal yr BP (1150 BCE; Fig. 3). Peaty deposits point to rather low lake 
levels throughout this zone, supporting last expansions of aquatic plants 
such as Nymphaea until c. 3000 cal yr BP (1050 BCE). 

4.2.7. KRD-7 (2400 cal yr BP–present/450 BCE–present) 
During the past c. 2400 years, AP decreases to 20–30% and Pinus 

drops to only 5%. Meanwhile, Alnus glutinosa t. and Salix increase. 
Poaceae, Artemisia and Chenopodiaceae dominate NAP with still notable 
abundances of Brassicaceae. Cerealia t. and Plantago lanceolata t. occur 
continuously. Cannabis sativa t. starts to occur regularly from 1200 cal yr 
BP (750 CE) onwards and peaks at c. 650 cal yr BP (1300 CE). Ambrosia t. 
and Elaeagnus are found in the surface sample (Fig. 3). Both plants were 
introduced to Ukraine more than 100 years ago and are now invasive. 
Ambrosia artemisiifolia was accidentally introduced with seeds from 
North America (Afonin et al., 2018) and Elaeagnus angustifolia was 
originally planted in shelterbelts (Sudnik-Wójcikowska et al., 2009). 
Cyperaceae increase markedly, whereas Sparganium t. declines slightly. 
Around 1350 cal yr BP (600 CE), Lemna features as a minor peak. 
Microscopic charcoal influx and concentrations show a huge increase 
starting around 650 cal yr BP (1300 CE). 

Pine stands or parklands on the sandy terraces of the Dnipro declined 
and riparian forest stands recovered. The recent slight increase of pines 
is likely due to afforestation that started in the middle of the 19th cen
tury CE (Bujanov, 2014). The increase in Cyperaceae likely resulted 
from the gradual conversion of the lake into a mire. This process was 
completed by c. 500 cal yr BP (1450 CE; peat, Table 2). During the past c. 
800 years, fire activity and land use increased massively (Fig. 3). 

4.3. Numerical analyses: Ordinations, cross-correlations and biodiversity 
estimates 

PCA axis 1 explains 29% of the total variance in the pollen dataset 
and may represent a land use gradient, with Cerealia t., Triticum t., 
Plantago lanceolata t. and Polygonum aviculare t. having high loads along 
the axis 1 and trees and shrubs such as Pinus, Ulmus, Corylus, Fraxinus 
excelsior t. and Betula having low axis 1 loads (Fig. 6). PCA axis 2 ex
plains 22% of the total variance. Axis 2 basically mirrors Pinus and might 
at least for the first half of the sequence be related to climate and/or 
edaphic conditions, particularly moisture availability, whereas the sec
ond half might be co-determined by human impact (see 4.2). 

For HR1 (7140–6830 cal yr BP/5190–4880 BCE), the RDA shows 
that Nymphaea influx and microscopic charcoal influx explain 18.3% (P 
= 0.008) and 14.5% (P = 0.028) of the variation in the data respectively 
(simple effects). Together, they explain 32.2% of the variation. There
fore, for this high-resolution section, water availability seemed to have 
played a prominent role in driving vegetation dynamics (Fig. 7a). Spe
cifically, Nymphaea influx is highly positively correlated with the algae 
Botryococcus and with Artemisia, Ulmus and Ostrya t., but negatively with 
Pinus. Microscopic charcoal influx is positively correlated with herbs 
such as Aster t. and Fabaceae, suggesting that those steppe taxa might 
have benefited from fires, while wetland organisms such as Utricularia, 
Tetraedron minimum and Salix are negatively correlated. 

Cross-correlation analyses show marked correlations between 

Nymphaea influx (as a wetland proxy) and pollen percentages (as an 
upland vegetation proxy) during HR1 (7140–6830 cal yr BP/ 
5190–4880 BCE). Specifically, Nymphaea influx and Pinus percentages 
show significant negative correlations peaking at lags 0 and 1 (Fig. 8a). 
Conversely, the typically steppe genus Artemisia reaches highest signif
icant positive correlations at lag 0. Chenopodiaceae, another taxon 
abundant in steppes, are also positively correlated with Nymphaea 
reaching a correlation peak at lag 4 (i.e. after c. 52 years). A decrease in 
Nymphaea influx can be caused by either a drying up of the site, making 
the water table too shallow for the species to grow (i.e. <0.5 m) or by an 
increase in the water table so that it gets too deep for Nymphaea to grow 
(i.e. >3 m, Cook, 1990). Our findings suggest significant impact of 
moisture availability on upland vegetation, with drought disturbance 
likely causing rapid declines of Pinus sylvestris and expansions of steppic 
herbs such as Artemisia and Chenopodiaceae. Cross correlations for 
charcoal (as fire proxy) vs pollen (as vegetation proxy) are less pro
nounced. For instance, Artemisia and Ulmus percentages are weakly 
negatively correlated with charcoal influx at lags 1, respectively 2 (i.e. 
after c. 14 years, 28 years respectively), likely showing that fire- 
disturbance induced only subtle declines of Artemisia in the steppe and 
Ulmus in the floodplain. 

For HR2 (6480–5610 cal yr BP/4530–3660 BCE), the RDA shows 
that 16% (P = 0.002) of the variation in the dataset is explained by 
Nymphaea influx but only 4.8% (P = 0.294) by microscopic charcoal 
influx (simple effects). Together, they explain 28.6% of the variation. 
This result indicates that water availability was also the main driver of 
vegetation change during HR2 (Fig. 7b). As in HR1, Nymphaea influx is 
again positively correlated with Artemisia as well as with several 
broadleaved tree taxa (e.g. Ostrya t., Ulmus, Carpinus betulus, Quercus 
robur t.) and Botryococcus, suggesting that those taxa reacted similarly to 

Fig. 6. PCA biplot showing species and sample scores of the Kardashynskyi 
mire pollen record. Axis scores in the plot are standardised. The 15 most 
important taxa are shown and additionally also the two tree taxa Quercus robur 
t. and Tilia. In this figure, Cerealia t. does not include Triticum t., which is 
displayed separately. The sample groups are based on the seven statistically 
significant pollen zones (LPAZ; KRD-1 until KRD-7). 
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local changes in water availability. Pinus percentages are again nega
tively correlated with Nymphaea influx, showing that the RDA results for 
HR1 can be generally reproduced in HR2. 

The cross-correlation analysis of HR2 (6480–5610 cal yr BP/ 
4530–3660 BCE) again shows a marked significant negative correlation 
peaking at lag 0 between Nymphaea influx and Pinus percentages, while 
Artemisia is positively correlated at lag 0 (Fig. 8b). During HR2 the 
vegetation responses to moisture availability changes are more pro
nounced than during HR1. Indeed, significant positive correlation peaks 
at lag 0 occur also for Quercus robur t., Alnus glutinosa t., Ulmus, Betula 
the sum of all broadleaved trees, Corylus and the sum of all shrubs 
(which is here largely dominated by Corylus). In contrast, Brassicaceae 
reach a significant negative correlation peak at lags − 1 and 0. Alto
gether this suggests that moisture availability changes caused similar 
shifts to those recorded during HR1, with Artemisia benefitting at the 
expense of Pinus when moisture availability declined and resulted in 
lowering lake levels. Broadleaved deciduous trees may have indirectly 
benefitted from declines of dominant Pinus (see Discussion). Brassica
ceae were likely growing locally and were therefore directly affected by 
water level changes. Charcoal influx is weakly negatively correlated 
with Pinus percentages at lag 5 and with Artemisia percentages at lags − 1 
and 0. In contrast to HR1, it seems as if fire had a slightly beneficial 
effect on Artemisia during HR2. 

Palynological richness (PRI) and detrended palynological richness 
(DE-PRI) show a minor increase towards the present, which is however 
largely overridden by strong fluctuations throughout the sequence 
(Fig. 4). The uneven dominance of Pinus has no effect on overall species 
richness/diversity, however, palynological evenness (PIE) is negatively 
correlated with pine pollen percentages. In summary, the indices suggest 
that even though taxon composition changed over the past c. 8300 years, 
overall diversity did not change much. 

5. Discussion 

5.1. Vegetation and fire responses to natural environmental variability 
prior to 7900 cal yr BP 

Although the course and timeline of the Black Sea marine trans
gression have been under debate for several decades there is still 

considerable disagreement between researchers (see e.g. Yanko-Hom
bach et al., 2014; Yanchilina et al., 2017; Aksu and Hiscott, 2022). 
Recent evidence dates the post-glacial sea-level rise, which led to the 
initial and gradual marine inflow into the Neoeuxine Lake (today’s Black 
Sea), to c. 9500 cal yr BP (Ankindinova et al., 2019; Huang et al., 2021), 
although brackish water might have spilled outward into the Marmara 
Sea even earlier (Aksu and Hiscott, 2022). Later, about 8200 years ago, a 
transient rapid cooling event and a subsequent alteration in precipita
tion regimes have been observed widely (Alley et al., 1997; von Gra
fenstein et al., 1998; Seppä and Birks, 2001; Heiri et al., 2004; Rohling 
and Pälike, 2005; Göktürk et al., 2011). The sea-level rise associated 
with the Black Sea marine transgression and alterations in precipitation 
regimes likely raised the freshwater table and led to the emergence of 
wetlands (e.g. oxbow lakes) around the Dnipro estuary where Karda
shynskyi mire is located. At the beginning of our sequence, c. 8300 years 
ago, the prevailing vegetation was steppic, with pine stands on the sandy 
terraces along the Dnipro. Highly flammable fuel loads accumulating in 
the pine stands could explain why the highest values of biomass burning 
of our entire record have been reconstructed for this period. Pinus syl
vestris can resist surface fires and even promote the spread of these fires 
by accumulating thick layers of flammable and slowly decomposing 
litter on the soil (Feurdean et al., 2017). The pollen data suggest that 
riparian and wetland vegetation was barely developed during this early 
period (e.g. low abundances of Alnus and Salix). Around 8000 cal yr BP 
(6050 BCE), mixed stands with Ulmus, Corylus, deciduous Quercus, Alnus 
and Betula established in the region (Fig. 3), probably in gallery forests. 
Roughly around the same time, an increase in Quercus also occurred at 
Kamyana Mohyla, 220 km east of Kardashynskyi in the Pontic steppe 
(Gobet et al., 2017). The spread of mixed temperate tree stands at 
Kardashynskyi was seemingly synchronous with the initial expansion of 
wetland vegetation, which suggests a vegetation response to changing 
hydrologic conditions. The absence of pollen indicative of land use like 
Cerealia t., Plantago lanceolata t. or Cannabis sativa t. (Figs. 3, 9) suggests 
that humans did not have a discernible impact on vegetation at Karda
shynskyi before 7900 cal yr BP (5950 BCE). 

5.2. Earliest agriculture already around 7900 cal yr BP (5950 BCE)? 

Earliest pollen evidence of agricultural activities found at 

Fig. 7. Redundancy analysis (RDA) for (a) HR1 (7140–6830 cal yr BP; 5190–4880 BCE) and (b) HR2 (6480–5610 cal yr BP; 4530–3660 BCE). Response variables are 
the pollen taxa, fern spores and algae (square-root transformed percentages), while the environmental variables are Nymphaea influx (pollen grains cm− 2 year− 1) and 
microscopic charcoal influx (particles cm− 2 year− 1). Only the 20 best fitting taxa are shown and in HR1 additionally also Pinus. Nymphaea influx and microscopic 
charcoal influx separately explain 18.3% (P = 0.008) and 14.5% (P = 0.028) of the variation in HR1, and 16.0% (P = 0.002) and 4.8% (P = 0.294) in HR2, 
respectively (simple effects). 
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Fig. 8. Cross correlation plots between influx of Nymphaea pollen or charcoal and percentages of selected taxa for (a) HR1 (7140–6830 cal yr BP; 5190–4880 BCE, 1 
lag = 14.1 ± 0.4 years) and (b) HR2 (6480–5610 cal yr BP; 4530–3660 BCE, 1 lag = 35 ± 10 years). The red lines mark the significance level. I = influx, % =
percentage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Kardashynskyi dates to 7900 cal yr BP (5950 BCE). In central and 
northern Europe, single occurrences of Cerealia t. are usually considered 
indicative of agricultural activity if found together with pollen of Plan
tago lanceolata t., Plantago major-media t. or other adventive plants 
(Behre, 1981; Lang, 1994; Deza-Araujo et al., 2020; Behre et al., 2023). 
This may however not apply to the steppe region, where some of those 
cultural indicators could be native. So far, no direct archaeological ev
idence of a food-producing economy has been reported from Karda
shynskyi for this period, not least probably also because of the lack of 
systematically excavated archaeological sites. Indirect evidence of early 
agricultural activities (e.g. pottery) attributed to the first half of the 6th 
millennium BCE has been found in the region of Kardashynskyi (Telegin, 
1968; Kotova and Pashkevich, 2003; Kotova et al., 2021) although new 
radiocarbon dates from the site Chapaevka point to a younger age 
(Kiosak et al., 2023). Based on the available evidence and even if 
tentative, our palynological evidence of Neolithic arable farming should 
not be dismissed and highlights the need of further studies to elucidate 
this issue. 

From 7900 cal yr BP (5950 BCE) until the beginning of the Bronze 
Age at c. 5000 cal yr BP (3050 BCE), regular but discontinuous occur
rence of cultural indicators suggest that land use including arable and 
pastoral farming – if present at all locally – remained at rather low levels. 
Currently, imprints of cultivated plant grains on ceramics are known 
only for the Late Neolithic and Eneolithic sites (5000–4000 BCE) located 
in the neighbouring steppic area of the Dnipro valley between Zapor
izhzhia and Dnipro (Kotova and Pashkevich, 2003; Kotova, 2008). Early 
farmers were probably very vulnerable to changes in their environment, 
and it took several attempts to make farming sustainable in southern 
Ukraine. 

5.3. High-resolution insights into vegetation dynamics between 7200 and 
5600 cal yr BP (5250 and 3650 BCE) 

Continuous high-resolution time series can reveal ecological dy
namics in response to disturbance that are not accessible through studies 
with average resolution (Birks, 1997; Tinner et al., 1999; Paquette and 
Gajewski, 2013; Rey et al., 2013). Our two continuous pollen sections 
(HR1, HR2) suggest that between 7140 and 6830 cal yr BP (5190–4880 
BCE) as well as between 6480 and 5610 cal yr BP (4530–3660 BCE) 
drought disturbance as inferred from macrophyte abundances (e.g. 
Nymphaea) likely induced repeated reductions of Pinus stands and 

(caption on next column) 

Fig. 9. Summary figure with a) selected Ukrainian archaeological epochs 
(Gobet et al., 2017; Kotova, 2018); b) percentage pollen diagram showing trees, 
shrubs and herbs as well as Ulmus. The black line indicates a 5x exaggeration of 
the Ulmus curve; c) pollen percentages of the primary cultural indicators 
Cerealia t. (red), Hordeum t. (dark orange), Avena t. (bright orange) and Triticum 
t. (yellow); d) pollen percentages of the adventive secondary cultural indicators 
(according to Behre et al., 2023) Polygonum aviculare t. (ochre), Plantago major- 
media t. (dark green) and Plantago lanceolata t. (bright green); e) microscopic 
charcoal influx (particles cm− 2 year− 1); f) sample scores of PCA axis 1 (dark 
blue) and 2 (light blue); g) Nymphaea influx (pollen grains cm− 2 year− 1); h) 
δ13C record, relative to the VPDB (Vienna PeeDee Belemnite) standard, from 
Sofular cave in northern Türkiye as a proxy for hydroclimate variability 
(Fleitmann et al., 2009). δ13C is interpreted to reflect fluctuations in effective 
moisture (more negative values mean more spring–summer–fall precipitation, 
Göktürk et al., 2011); i) July air temperature reconstruction at sea level 
calculated using the chironomid-inferred temperature anomalies from Lake 
Brazi, in the southern Carpathians of Romania (Tóth et al., 2015). 
For better visibility, every second archaeological epoch is shaded in grey 
throughout the diagram. The grey dashed lines represent the pollen zone 
boundaries. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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expansions of steppe vegetation (e.g. Artemisia, Figs. 5, 7, 8). While 
during the first period 7140–6830 cal yr BP (HR1) broadleaved decid
uous trees or shrubs such as Ulmus and Corylus did not respond syn
chronously to water-table oscillations and/or moisture changes 
(Fig. 8a), they spread during the second period when water levels were 
supposedly low (Fig. 8b). For this second period we assume that 
broadleaved tree stands expanded during dry periods with lower water 
table on deep and fertile soils along the river. Later, around 6100 cal yr 
BP (4150 BCE), the extent of riparian forests decreased again when the 
water table rose, as inferred from the decline of Nymphaea and other 
aquatic plants as well as gyttja formation. The decline of broadleaved 
trees and Nymphaea was also noticed by Kremenetski (1995, 2003). 
However, Kremenetski dated it notably later, around 4750 cal yr BP 
(2800 BCE; Kremenetski, 2003). We propose two possible explanations 
for this discrepancy: (i) large chronological issues related to bulk dating 
in Kremenetski (1995), and (ii) spatially variable pollen representation 
of sparse and relatively small forest stands (the coring spots of the two 
studies differ by about 4 km). 

Unfortunately, to our knowledge, no continuous, decadal-scale 
moisture reconstruction is available for southern Ukraine and the 
adjacent steppe areas to test our interpretation on vegetation dynamics 
in response to past drought and flood disturbance. However, in regard to 
the general course of climate, some Central and Western Mediterranean 
records suggest rather dry conditions prior to 7000–6000 cal yr BP 
(5050–4050 BCE) and moisture peaking at 7000–6000 cal yr BP (Reed 
et al., 2001; Carrión, 2002; Tinner et al., 2009), while some Eastern 
Mediterranean records suggest the contrary, with rather moist condi
tions prevailing between 8500 cal yr BP (6550 BCE) and 6100 cal yr BP 
(4150 BCE), which were then followed by a trend to drier conditions 
(Göktürk et al., 2011; Finné et al., 2019). Whereas we try to capture 
short-term disturbance events, those moisture reconstructions represent 
conditions over large temporal scales, are rather far away from our study 
area and span thousands of kilometres, which might explain the dis
crepancies. However, when considering solely the δ13C record from 
Sofular cave on the southern Black Sea coast, a major increase in 
effective moisture (spring–summer–fall) occurred around 5900 cal yr BP 
(3950 BCE; Fleitmann et al., 2009; Göktürk et al., 2011). Taking chro
nological uncertainties into account, this increase in effective moisture 
might be contemporaneous with the major change in vegetation at 
Kardashynskyi around 6100 cal yr BP (4150 BCE; Fig. 9), supporting our 
hypothesis that an increase in the water table caused the decline of the 
broadleaved trees. 

Other factors than water table oscillations that might cause vegeta
tion changes such as temperature, fire (human induced or natural) and 
land use cannot sufficiently explain the patterns observed. Even though 
there was a general cooling trend after the Holocene Thermal Maximum 
(c. 10,000–5000 cal yr BP) in Europe and the Northern Hemisphere 
(Lang et al., 2023), it cannot account for the decline of all broadleaved 
trees, including e.g. Betula, a boreal and thus cold-adapted tree. 
Furthermore, based on our analysis, fire does not appear as a main driver 
of environmental change at Kardashynskyi either (see cross-correlation 
results). Lastly, palynological indicators of land use are virtually absent 
for this period. In agreement, archaeological evidence suggests a major 
decrease in population density in the Ukrainian steppe at 4200–3800 
BCE (6150–5750 cal yr BP; Kotova and Makhortykh, 2010; Kotova, 
2013; Kotova et al., 2017a, 2017b). However, huge sedentary agricul
tural settlements, the so-called mega-settlements of the Cucuteni- 
Trypillian culture, were thriving only c. 300 km northwards of our site 
in today’s forest-steppe ecotone, e.g. at Nebelivka (Albert et al., 2020; 
Kiosak et al., 2021), suggesting that environmental conditions including 
water supply were favourable for this Eneolithic culture. 

Taken together, the Dnipro estuary was and still is a highly dynamic 
setting and local, short-term processes in the mire as well as drought and 
flood spells in the river basin as well as the source area of the river likely 
played an important role in shaping the local vegetation but cannot be 
captured by long-term climate reconstructions from elsewhere. Our 

continuous high-resolution evidence from HR1 and HR2 underscores for 
the first time the relevance of water-table oscillations and the associated 
drought and/or flood disturbance for vegetation dynamics. The tran
sient expansions and declines of pine stands and Artemisia suggest that 
moisture changes also affected upland vegetation on the sandy terraces 
and in the adjacent steppe. The decline of broadleaved trees such as 
Ulmus, Quercus and Corylus may have resulted from both, water table 
changes and/or human impact, however, more archaeological and 
highly resolved palaeoclimatic evidence is needed to better assess such 
vegetation shifts. 

5.4. Land use and climate impacts during the Bronze Age 

The linkage between pollen indicative of arable farming (e.g. Cere
alia t., Triticum t.) and microscopic charcoal (Figs. 3, 9) suggests that fire 
activity between 4600 cal yr BP (2650 BCE) and 3300 cal yr BP (1350 
BCE) was related to land use practices. Moreover, the intensification of 
land use inferred from pollen matches very well the archaeological ev
idence. The beginning of the Bronze Age was marked by the spread of 
the ‘Yamna’ (Pit Grave) cultural community in the Lower Dnipro (c. 
5250–4550 cal yr BP; 3300–2600 BCE). Despite being perceived as 
mobile herder groups, the Yamna also practiced arable farming at some 
sites (Pashkevych, 2012). While the Yamna culture around the Dnipro 
estuary was characterised by moderate agricultural activities according 
to our data, the later Catacomb culture (4550–4250 cal yr BP; 
2600–2300 BCE) shows a strong increase in land use (Fig. 9). Regionally, 
evidence of arable farming in the form of a bag of spikelets from Triticum 
dicoccum and T. monococcum attributed to the Catacomb culture has 
been found on Crimea (Pashkevich, 2000; Endo et al., 2022). 

Around 4100 cal yr BP (2150 BCE) pine collapsed and Chenopo
diaceae and Poaceae expanded massively, inducing a major vegetation 
shift which might have been caused by increased dryness. This hy
pothesis is supported by the lithology, showing a transition from 
calcareous to peaty gyttja, which suggests a shift from lake to shallow 
lake or peatland conditions, as well as the expansion of Pediastrum and 
Botryococcus. Chronologically this period falls within the ‘4.2 ka event’. 
This climatic event has been widely reported across the Northern 
Hemisphere, although it does not leave a clear imprint in many records 
and its spatial and temporal extent is a matter of debate (e.g. Göktürk 
et al., 2011; Railsback et al., 2018; Ön et al., 2021 and references 
therein). In our study area, soil evidence from Crimea (Cordova and 
Lehman, 2005) and the Southern Bug (Lisetskii et al., 2016) suggests an 
arid phase lasting for several centuries around 4200 cal yr BP, which is 
in best agreement with the original description of the ‘4.2 ka event’ as a 
time of increased aridity (Weiss et al., 1993). However, 4250 cal yr BP 
(2300 BCE) was also the onset of the Babyne culture, an economy mostly 
based on herding, with arable farming playing a secondary role (Lyt
vynenko, 2018), lasting until c. 3650 cal yr BP (1700 BCE). Therefore, 
the Pinus decline may have been further reinforced by agricultural 
practices of the Babyne culture, as indicated by the presence of crops and 
weeds (e.g. Triticum t., Avena t., Plantago major-media t., Polygonum 
aviculare t., Fig. 3). 

Between 3500 and 3200 cal yr BP (1550 and 1250 BCE), Bronze Age 
farming reached its highest development (e.g. Cerealia t., Triticum t., 
Plantago lanceolata t., P. major-media t., Fig. 9) during the time of the 
Sabatynivka Culture (3550–3150 cal yr BP; 1600–1200 BCE). The 
Sabatynivka Culture inhabited large, long–term settlements with stone, 
clay and wooden architecture, and people were mostly herders but also 
practiced arable farming. These are the most numerous archaeological 
sites so far found in the steppe region of the Dnipro (Gerškovič, 1999). 
For instance, the Novokyivka site, located 50 km away from Karda
shynskyi, has provided much evidence of crop farming (Endo et al., 
2022). In the final period of the Bronze Age, human impact decreased 
and pine stands recovered around Kardashynskyi, when the Bilozerka 
Culture (3150–2950 cal yr BP; 1200–1000 BCE) settled in the area. An 
approximately tenfold decrease in the number of settlements found in 
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the southern part of the steppe zone, the degradation of the construction 
industry, the reduction in bronze casting production and the revival of 
the flint industry indicate that the Bilozerka economy suffered serious 
crises (Makhortykh, 2012). 

5.5. Vegetation changes from the Iron Age to the present 

The high abundance of pine stands during the early Iron Age, starting 
around 2950 cal yr BP (1000 BCE), together with low agricultural ac
tivities and low fire activity suggests that the nomadic to semi-nomadic 
Cimmerians, which inhabited the steppe during this time, did not have a 
huge impact on vegetation around Kardashynskyi (Makhortykh, 2005). 
The final population decline of pine stands occurred around 2800–2400 
cal yr BP (850–450 BCE) and roughly coincided with cold events re
ported for this period (e.g. van Geel et al., 1996; Haas et al., 1998; Maise, 
1998). These cooling events may have affected agriculture, as shown by 
rather low pollen abundances of crops (Fig. 9). Herodotus from Hal
icarnassus described the Black Sea steppe and mentions forests ‘Hylaea’ 
east of the Borysthenes (=Dnipro) in the mid-5th century BCE. He re
ported arable farmland and lush pastures for grazing cattle (Historia IV, 
see also Paroń, 2021), which is in agreement with the presence of tree 
stands and open land as indicated by the pollen data. 

After 2400 cal yr BP (450 BCE), human impact, as inferred from the 
increase of indicators of arable farming (e.g. Cerealia t., Avena t., Triti
cum t., Plantago lanceolata t., Fig. 9), probably enhanced the further 
decline of pine forests and led to its final demise after the Early Middle 
Ages at c. 700 CE. Indeed, land use surpassed Bronze Age and Iron Age 
levels during the past c. 800 years. The association of land use and fire 
proxies shows that most fires were still of human origin (Fig. 9). Paly
nological richness also reached its highest values during the past c. 800 
years (Fig. 4). Although the Late Holocene upward trend is less pro
nounced than at other sites in Southern and Eastern Europe (e.g. 
Colombaroli and Tinner, 2013; Schwörer et al., 2021), it likely reveals 
beneficial effects of historical land use on diversity. Less pronounced 
diversity increases during the past four millennia might result from only 
marginal increases in habitat diversity (which is in turn associated with 
an increase in species diversity). Indeed, the landscape at Kardashynskyi 
was always dominated by grassland for the past c. 8300 years which 
strongly contrasts with most other European records, where the land
scape was forested prior to the introduction of agriculture (Lang, 1994; 
Lang et al., 2023). Furthermore, in the steppe most biodiversity comes 
from herbs, which are often badly resolved in pollen taxonomy and 
might lead to large fluctuations that blur the underlying pattern. 

The drastic drop in cultural indicators during the past c. 400 years 
might reflect cultural crises related to the wars between the regional 
empires such as the Ottoman, the Russian and others. Alternatively, it 
could be a taphonomic artefact associated with a substantial reduction 
of the pollen catchment caused by the complete disappearance of an 
open water body at the coring location, as evidenced by the sedimen
tological change from peaty gyttja to decomposed peat and the modern 
conditions comprising peat exploitation and peatland drainage. 

Today, most of the Pontic steppe has been converted to cropland and 
very few relict enclaves of this biodiversity-rich ecosystem persist 
outside nature reserves (Wesche et al., 2016). The Ukrainian steppes 
were almost completely tilled and destroyed during the Soviet era. 
Despite large areas becoming fallow land following the collapse of the 
Soviet Union and the establishment of secondary steppe, only about 3% 
of the natural and semi-natural steppes of Ukraine remain nowadays 
(Korotchenko and Peregrym, 2012). Ongoing climate change poses 
further threat to the remnants of this once extensive biome (Liu et al., 
2021). 

6. Conclusions 

Our reinvestigation of Kardashynskyi mire provides the first vege
tation history record for the steppe region of southern Ukraine with two 

contiguous high–resolution pollen sections and a robust chronology. 
Furthermore, our focus on human and natural disturbance, including 
proxies for arable farming, grazing, fire history and drought impacts is 
novel for the region. The results show a complex interplay between local 
wetland vegetation and regional steppe. Steppe communities dominated 
around Kardashynskyi mire for the past c. 8300 years, but their 
composition showed considerable variability over time. Owing to the 
two high-resolution sections, we could show that drought disturbance 
likely induced repeated reductions of pine stands and expansions of 
steppe vegetation. Earliest agriculture might have started around 7900 
cal yr BP (5950 BCE), but only increased significantly from the Bronze 
Age onwards. Ultimately, human impact likely led to the demise of the 
pine stands growing on the sandy terraces of the Dnipro. Overall, both 
climate and humans seem to have contributed significantly to define the 
extant landscape. In order to make more reliable inferences about land 
use, cultural indicators should however be calibrated for the steppe re
gion. Well dated, pre-Neolithic pollen studies from the steppe are still 
needed, to resolve whether or not the cultural indicators usually used for 
central and northern Europe are truly adventive and not native to the 
Pontic steppe. High-resolution multi-proxy studies (especially including 
climate reconstructions) and interdisciplinary studies are urgently 
needed to properly disentangle climate from human impact. 
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Seppä, H., Birks, H.J.B., 2001. July mean temperature and annual precipitation trends 
during the Holocene in the Fennoscandian tree-line area: Pollen-based climate 
reconstructions. The Holocene 11, 527–539. https://doi.org/10.1191/ 
095968301680223486. 

Shumilovskikh, L.S., Novenko, E., Giesecke, T., 2018. Long-term dynamics of the East 
European forest-steppe ecotone. J. Veg. Sci. 29, 416–426. https://doi.org/10.1111/ 
jvs.12585. 
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