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Abstract

The post-glacial fate of central European grasslands has stimulated palaeoecological debates for a
century. Some argued for the continuous survival of open land, while others claimed that closed
forest had developed during the Middle Holocene. The reasons behind stability or changes in the
proportion of open land are also unclear. We aim to reconstruct regional vegetation openness and
test the effects of climate and human impact on vegetation change throughout the Holocene. We
present a newly dated pollen record from north-western fringes of the Pannonian Plain, east-
central Europe, and reconstruct Holocene regional vegetation development by the REVEALS
model for 27 pollen-equivalent taxa. Estimated vegetation is correlated in the same area with a
human activity model based on all available archaeological information and a macrophysical
climate model. The palaeovegetation record indicates the continuous presence of open land
throughout the Holocene. Grasslands and open woodlands were probably maintained by local arid
climatic conditions during the early Holocene delaying the spread of deciduous (oak) forests.
Significantly detectable human-made landscape transformation started only after 2000 BC. Our
analyses suggest that Neolithic people spread into a landscape that was already open. Humans
probably contributed to the spread of oak, and influenced the dynamics of hazel and hornbeam.
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1 Introduction

Early Holocene climate changes triggered major ecosystem changes resulting in the spread
of trees in northern latitudes. In Central Europe, temperate deciduous trees are believed to
have eventually formed forests (although the structure of these forests has been long subject
to a heated scientific debate e.g., Vera, 2000; Birks, 2005; Mitchell, 2005). Along with this
natural process, people started to intensively shape the landscape as agricultural practises
expanded in the Neolithic.

In the lowlands of east-central Europe open vegetation currently represents an abundant
habitat type harbouring many grassland plant taxa (Chytry, 2010). The fate of these taxa in
the Late Quaternary has puzzled scientists for many decades. The crucial question is how
grassland taxa survived in the developing forests of the early Holocene (Gradmann, 1933;
LoZek, 1971, 2011; Vera, 2000; Magyari et al., 2010; Hejcman et al., 2013). There appears
to be evidence that in some regions wooded steppe persisted until (and therefore predates)
the adoption of sedentary lifestyle and agriculture in the Neolithic. For example in the heart
of the Pannonian Plain such open spaces created an important baseline for the expansion of
Neolithic farming communities (Jarai-Komlédi, 1968; Havinga, 1972; Magyari et al., 2010),
whose vegetation management was difficult to detect by classical palaeoecological methods
(Willis & Bennett, 1994; Magyari et al., 2012). However, in other regions such continuity of
open habitats is less known and more debatable. In the north-western outcrops of the
Pannonian Plain, where steppe communities occur at present, the results of several pollen
records allowed for the possibility of the existence of species-rich steppes from the last
glacial interstadial 1 (GI-1; 14 ka) until the Neolithic (7.5 ka BP; Svobodovéa, 1989, 1997),
but other authors argued for the continuous afforestation of the region in the same period
(Rybnickova & Rybnicek, 1972).

To gain solid knowledge on the origins of grasslands and to disentangle the factors driving
long-term changes or stability, one needs information on past vegetation, climate and human
activities. However, each information type presents its own methodological challenges and
interpreting the results in an interdisciplinary framework adds further complexity to the
analysis. Data on past vegetation is usually derived from pollen. However, it is rather
problematic to realistically reconstruct the proportion of open land based solely on pollen
percentages (Sugita, 2007a; Gaillard et al., 2010; Kunes$ et al., 2011). Quantitative vegetation
reconstruction based on the understanding of pollen production and dispersal can remedy
this problem. Recent model calibrations allow researchers to obtain robust reconstructions of
past land cover, especially as regards the ratio of forest and open land (Hellman et al., 2008;
Mazier et al., 2012; Abraham et al., 2014).

Climatic conditions and various types of activities by human populations are considered to
be important factors shaping vegetation and maintaining open land (Mercuri et al., 2011;
Connor et al., 2013; Feurdean et al., 2015). Climate models were shown to be important for
the evaluation of past vegetation patterns (Gaillard et al., 2010; Pielke et al., 2011), however,
for local studies climate patterns based on Global or Regional Climate Models (Strandberg
et al., 2014) do not provide the desired site-specific spatial resolution. As an alternative,
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several studies used site-specific, locally calibrated climate models (Bryson, 2005), which
provided 100-year time resolution (Higgins & MacFadden, 2009; Riehl et al., 2009). As far
as human activities are concerned, different models of population densities for particular
time periods emerged with the help of archaeological and historical data (Pongratz et al.,
2008; Kaplan et al., 2009; Gaillard et al., 2010; Shennan et al., 2013). Nevertheless, such
models concerned continental to global scales and are much too coarse to be meaningfully
applied on a regional scale. There are ongoing efforts to reconstruct prehistoric regional
population dynamics with the help of 14C dating (e.g., Whitehouse et al., 2014; Hinz et al.,
2012; Shennan et al., 2013; Lechterbeck et al., 2014). Unfortunately, there are several
problematic issues connected to these procedures indicating that the results can be biased by
several factors, such as sampling strategies including site density (Mercuri, 2014), period
preferences or changes in mobility and subsistence strategies (Contreras & Meadows, 2014;
Crombé & Robinson, 2014). To derive more exact information on regional, archaeologically
reflected human activities in a long-term perspective, a model based on a detailed and
complete archaeological survey is essential.

In this study we combine three models to reconstruct Holocene vegetation dynamics in a
spatially defined area. Firstly, we use the pollen record from the extinct Lake Vracov,
situated in the north-western part of the Pannonian Plain, to create a REVEALS vegetation
model of the area. Secondly, we review all existing excavation reports to gather information
on the location, dating and identified activities of the archaeological sites and finds of the
same area to produce reliable estimates of human occupancy through a Monte Carlo
simulation-based model. Thirdly, we use a macrophysical climate model for the area as an
independent data source of past climate. We address the following questions: i) What was
the extent of open land since the beginning of the Holocene and did grassland vegetation
persist until anthropogenic deforestation? ii) How did vegetation respond to climate changes
in the area? iii) Can we track specific patterns in human-vegetation interactions?

2 Material and methods

2.1 Site description

The extinct Lake Vracov, nowadays transformed into a fishpond, is located on the Bzenecky
brook in the floodplains of the Morava river in the north-western part of the Pannonian Plain
(Fig. 1) in the Czech Republic. The area is formed by Upper Quaternary deposits of blown
sands and loess with chernozem underlain by Neogene and Pliocene brackish and freshwater
sediments. The high content of calcium and magnesium in these deposits created higher
salinity in the water of the lake. To be able to compare vegetation, climate and human
occupancy, an area of 25 km around the lake was selected (Fig. 1). This study area
comprises the Outer Western Carpathians and vales along the Morava river. Lowlands along
the Morava river lie between 150 and 275 m a.s.l. and are framed by 30 m high terraces
covered by eolic loess. Vast areas of eolic sands with dunes of 13 m height occur on the right
side of the Morava river between Vracov and Hodonin (Havlicek & Zeman, 1986). The
northern part of the area is bordered by the hills of Zdanice Forest and ChFiby, while the
south-eastern edge is formed by the White Carpathians (Czudek, 1972).

Quat Sci Rev. Author manuscript; available in PMC 2017 May 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kunes et al. Page 4

2.2 Present-day vegetation

The lowlands of the Morava river host riverine forests, meadows, mires and sand steppes.
The riverine forests are influenced by the Carpathian mesophyticum and consist of
Ulmenionwith Fraxinus species (Chytry, 2013). In drier places at upper elevations Carpinus
betulus and Acer campestre are frequent. Alder carrs with dominant A/nus glutinosa are not
very common. Acidophilous oak or hornbeam-oak forests occur on sandy soils and were
partly changed to semi-natural pine forests. On smaller patches, willow carrs with Sa/ix
cinerea, S.auritaand Betula pubescens developed. Sand steppes are represented by
Corynephorus canescens, Filago arvensis, F. minima, Plantago psyllium, Spergula
pentandra, eronica dillenii, Linaria genistifolia, Thymus serpyllumand Armeria elongata
(Chytry, 2010). The vegetation of the hills (Chfiby and Zdanice forest) belongs to the
supracolline or montane belts with beech or oak-hornbeam forests. In the south and south-
west, forest vegetation mixes with the xerothermic flora of the Pannonian thermophyticum.

The largest part of the landscape consists of agricultural land (European Environmental
Agency, 2013). According to potential natural vegetation maps (Bohn et al., 2000), the study
area lies within the range of the occurrence of Pannonian lowland mixed pedunculate oak
forests (Fig. 1). The vegetation of these forests co-occurs with dry grasslands (Festuca
rupicold) and scrubs (Prunus fruticosa, P. tenelld) as well as with sand steppes (Chytry,
2010). Links of this unit with other semi-open and open vegetation further to the east are
illustrated in Fig. 1.

2.3 Palaeovegetation data and model

The pollen record originated from sediments of the extinct Lake Vracov, which had been
created by a dam formed by late-glacial fluvial and eolian processes (Havlicek et al., 1995).
The initial mineral sedimentation changed to organogenic accumulation of algal gyttja at the
beginning of the Holocene. Open water lake surface existed until the Middle Holocene when
partial terrestrialization started as documented by layers of mosses and sedge-moss
communities (Rybnickova & Rybnicek, 1972; Rybnicek, 1983; Svobodova, 1997). The lake
basin was drained one hundred years ago. Sediments were sampled from the bottom of the
drained lake by Kamil Rybnicek in 1967. Altogether ca. 80 profiles were taken for the
purpose of pollen or macroremains analyses. Three profiles were earlier analysed for pollen:
DU-1-B (Rybnickova & Rybnicek, 1972), DU-7-K (Sladkova-Hynkovd, 1974) and DU-7-D
(Svobodovd, 1997). Plant macroremains were analysed in only one profile (DU-1-B)
(Rybnickova & Rybnicek, 1972; Rybnicek, 1983). In this study we used the DU-7-D pollen
profile from the central part of the extinct lake, which is accessible in the Czech Pollen
Database (Kunes et al., 2009). We newly obtained material for dating from the stored profile.

The pollen diagram (see Supplementary Fig. 1) was newly zoned using optimal splitting by
sum of squares in Psimpoll v. 4.26 (Bennett, 2009). All terrestrial pollen was included in the
zonation. Significant zones were delimited by comparison with broken-stick model (Bennett,
1996).

Vracov was a medium sized lake (22 ha) and studies have shown that such a lake
realistically portraits regional vegetation (Mazier et al., 2012; Abraham et al., 2014). To
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estimate regional vegetation composition, which in turn enabled us to determine the ratio of
forest and open land, the REVEALS model (Sugita, 2007b) was applied to the original
pollen counts for 500-year intervals. Altogether 27 taxa were selected (Table 1) for which
relative pollen productivities, one of the most important model input parameters, were
available and tested for the region (Abraham & Kozakova, 2012; Abraham et al., 2014).
Other parameters included the fall speed of pollen (Table 1) and wind speed, which was set
according to average measured values to 4 m/s. The spatial extent of the region (Zmax) was
set to 25 km, which is consistent with the size of the lake and previous simulations (Hellman
et al., 2008; Abraham et al., 2014). The Sugita dispersal/depositional lake model (Sugita,
1993) was used to calculate regional vegetation composition (Sugita, 2007b). Calculations
were made in R (Abraham et al., 2014; R Core Team, 2014). The REVEALS model does not
consider any vegetation growing within the sedimentation basin. As the Vracov site
represents a shallow lake, considerable amounts of vegetation could be producing pollen in
the littoral part of the lake. We tried to avoid this problem and thus improve the estimates of
regional open land by differentiating Phragmites during pollen analysis and excluding
Cyperaceae from the model.

2.4 Archaeological data and human activity model

Prehistoric human activities included a diverse range of practices, such as dwelling, burying,
building and using hillforts and enclosures, pasture, agriculture, mining, ritual practices,
travelling, trade and exchange, tree felling, foraging and hunting. However, only some of
these activities are detectable in the archaeological record. From existing excavation reports,
published reports and other grey literature we excerpted information on the location, dating
and identified human activities of the archaeological sites and finds from the same region as
was used for calculating the REVEALS model. We included in the analysis every civil
parish which at least partly belonged to the 25 km buffer zone around the lake (Fig. 1). In
total 212 parishes were included in the study. Archaeological data were collected from three
main sources: unpublished excavation reports stored at the archive of the Institute of
Archaeology, Czech Academy of Sciences, Brno; published short reports of the Institute of
Archaeological Heritage Management Brno (Cizmér et al., 2000; CizmaF & Geislerova,
2006), and finally published topographic summaries with archaeological survey results from
the vicinity of the early medieval centre at MikulCice (Polacek, 1997, 1998, 1999, 2005).
The main analytical unit was the archaeological component, which is defined as a spatially
continuous set of finds delineated by their function (e. g. residential) and chronological
position (e. g. Early Bronze Age). Thus a typical archaeological component in our analysis
could be for example the Neolithic layer in a multi-phase settlement, a few early Bronze Age
burials at a multi-phase cemetery, an un-stratified single Iron Age brooch or an early
medieval hillfort. To be able to include spatially less accurate data from pre-WW]II period
excavation reports, spatial accuracy was set at the level of individual parishes. Temporal
uncertainties caused mainly by undiagnostic finds were quantified and simulated with the
help of Monte Carlo simulations. We modelled the temporal dynamics and uncertainty of the
four main component types (single finds, settlements, burial grounds, hoards), which
provided us with an insight into the character of the available archaeological record. To
mitigate the effects of archaeological research intensity, we also calculated parish occupancy
likelihood as the proportion of simulation runs in which individual parishes were simulated
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as occupied (for further details, see Kolar et al. in press.). We used parish occupancy
likelihood as the basic human activity model and differentiated human activity models
according to main component types for comparison with the results of the REVEALS model
and in further calculations. For the calculation of the human activity model based on parish
occupancy likelihood only settlements, burial sites and hoards were used in order to avoid
large uncertainties generated by single finds.

2.5 Climate model

Today's climate at the site is warm and medium dry to slightly wet (mean annual
temperature 9.0 °C, mean annual precipitation 569 mm). Due to the absence of any locally
derived palaeoclimatic proxies, we used a macrophysical climate model (MCM) as an
independent data source. MCM represents a heat-budget model derived from orbital forcing,
variations in atmospheric transparency, and the principles of synoptic climatology (Bryson,
2005). This heat budget model is locally calibrated by a long series of meteorological data.
MCM vyields high resolution (100-year averages for each month), is site specific (it
implicitly includes local influences, such as topography) and has already been successfully
tested against proxy data (Higgins & MacFadden, 2009; Riehl et al., 2009; Dreslerova,
2012; Jamrichova et al., 2014). Based on MCM we calculated Holocene climatic parameters
(temperature and precipitation in monthly averages) for \elké Pavlovice, a meteorological
site 29 km west of the pollen sampling point, where observations for a 30-year period were
available (Czech Hydrometeorological Institute). This site has a climate (9.2 °C; 563 mm)
similar to that at the pollen site.

2.6 Chronology

Eleven radiocarbon dates were available for the Lake Vracov profile DU-7-D (Table 2). Two
of them had been obtained earlier (Svobodova, 1997) using beta counting. Plant remains
were dated by Accelerator Mass Spectrometry in the Poznari Radiocarbon Laboratory. Due
to the overall absence of plant remains, three samples were treated with heavy liquid low
carbon sodium polytungstate to separate the pollen-rich organic material. Samples were pre-
treated with hot HF to remove inorganic particles, sieved, diluted by 10% HCI and sodium
hexametaphosphate, and finally treated with hot HF to remove remaining inorganic particles.
The remaining samples were then screened to remove rootlets and residues were dated by
Beta Analytic, Miami.

An age-depth model was constructed using a Bayesian approach implemented in Bacon
(Blaauw & Christen, 2011), based on the IntCal13 calibration curve and prior information
assuming a mean accumulation rate of 20 yrs/cm and accumulation shape 1.5. Three dates
were initially excluded from the age-depth model. One had too low organic content
(Poz-51954) and yielded too young a date, the other two originated from the basal layer
(Beta36494, Hv1868), which we expect to have been affected by post-depositional
processes. These dates, however, originate from late-glacial deposits, which we do not
discuss any further.

The chronological control for the Holocene part of the record consists of 5 radiocarbon
dates, which are coupled in the age-depth model with the pre-Holocene dates. The model
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exhibits a rather low accumulation rate for the major part of the Holocene (8000-1 BC),
which, when combined with the 3 dates that control the model, creates uncertainties in
dating. As a result, larger errors occur in the dating of biostratigraphic events (zones) (Fig. 3,
Supplementary Fig. 1).

2.7 Numerical analyses

Results of the REVEALS, human activity and climate models were analysed numerically to
elucidate palaeoclimatic and human induced palaeovegetational context. We used the direct
ordination technique of Redundancy Analysis (RDA) implemented in the Vegan package
(Oksanen et al., 2013) in R (R Core Team, 2014). As the first run, REVEALS-based
vegetation percentages were analysed using climate variables and the proportion of human
activity in the area as constraining environmental variables. In the second run, we used
pollen percentages in order to evaluate correlations of rare pollen indicators, which were not
included in the REVEALS calculations. Logarithmic transformation of pollen percentages
was used in this case. In both runs time was used as a covariable to remove the effects of
Holocene migrations.

3 Results

3.1 Age-depth model

The results of all 11 radiocarbon dates are shown in Table 2. The lowest 3 dates were
excluded from the age-depth model, which is shown in Fig. 2. The accumulation rate during
the early Holocene was quite low and the distance between dated points was rather large,
which resulted in higher uncertainties for this period.

3.2 Palaeovegetation

Regional vegetation cover estimated by the REVEALS model for 27 pollen taxa is shown in
Fig. 3. The diagram summarizes pollen versus vegetation proportions in 500-year intervals
for the entire Holocene. Four vegetation zones were distinguished and are denoted as Early
Holocene (10000-6500 BC), Middle Holocene (6500-3000 BC), Late Holocene 1 (3000-1
BC) and Il (AD 1-1000). Their correspondence to pollen accumulation zones (PAZ) in the
pollen diagram (Supplementary Fig. 1) is only approximate due to coarser time resolution
(sampling strategy) of the REVEALS model. The last 1000 years were excluded from the
numerical analyses because no appropriate archaeological data could be obtained.

3.2.1 Early Holocene (10000-6500 BC)—\Vegetation was dominated by Pinus (40—
60%) and Betula (10-20%) during the Early Holocene. The ratio of open land was the
highest at this time (27%), apart of the youngest time interval. Cory/us increased up to 20%
at the end of this zone. Vegetation appears to have been open pine-birch forests.

3.2.2 Middle Holocene (6500—-3000 BC)—At the beginning of this zone Picea
expanded to 20%, Corylusexpanded somewhat later. U/mus and Quercus were present but
not expanding. The ratio of open land was lower than in the previous phase and fluctuated
depending on the amount of Cory/us in the vegetation. Pinusremained a dominant
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component of the vegetation. Forests were mostly coniferous with dominant pine and
spruce.

3.2.3 Late Holocene | (3000—1 BC)—Pinus decreased to 20% at the beginning of the
Late Holocene. This was accompanied by an increase in Cory/us and later also in Quercus
(both up to 20%). Fagusand Carpinus started to expand at the end of this zone. The
landscape became more forested in the middle of this phase and cereal fields started to
expand with a time-lag between 1500-1000 BC. Forests became predominantly deciduous.

3.2.4 Late Holocene Il (AD 1-1000)—This phase was marked by massive human
impact indicated by the enlargement of cereal fields and open land. Pinusand Picea dropped
to 10%. Quercus became dominant in the forests together with Carpinus and later Fagus.
Corylus declined. In the last time window half of the landscape is estimated to have been
deforested.

3.3 Archaeology and human activity model

Altogether 3116 unique archaeological components were registered in the study area.
Activity area classification resulted in 639 residential components, 550 burial components,
1801 single finds, 60 hoards and 66 other activity areas (hillforts, enclosures, specialized
production places etc.).

The dataset served for the creation of a cumulative plot of 1000 Monte Carlo simulation runs
for each dated component with the initial duration of time blocks set at 500 years. The
results showed the temporal dynamics of the four basic behavioural categories: settlements,
burial sites, single finds and hoards (Fig. 4). The generic trend of the curves for each
component category at the regional scale showed a significant increase in the archaeological
record at the beginning of the Neolithic in ca. 5500 BC. However, the archaeological
evidence decreased after 4500 BC showing the lowest values between 4000 and 3000 BC.
After 3000 BC increases in the archaeological evidence could be observed, especially in the
burial record. The burial evidence then steadily decreased until the period AD 500-1000,
when it increased again. For the settlement record in particular we registered rises and falls
during the Neolithic and Eneolithic. The lowest evidence in the Eneolithic (particularly
between 4000 and 3000 BC) was followed by a gradual increase from 3000 to 1000 BC.
From that point onwards a more stable but slightly decreasing tendency in the settlement and
burial ground curves was observed. After AD 500 another increase in the archaeological
record was registered.

The human activity model showed that 20% of the landscape was affected by humans during
the Neolithic (5500-4000 BC) (Fig. 4). A remarkable decrease could be observed between
4000-2500 BC followed by an abrupt increase to 40%. Major fluctuations of human activity
happened since 2500 BC, especially during the Migration Period (AD 1-500).

3.4 Climate model

The MCM model provided monthly means of temperature, precipitation and evaporation in
100-year intervals (Fig. 4). For comparison with palaeovegetation and human activity data,
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we selected January and July temperatures, summer precipitation (sum of April-July) and
potential summer evaporation. Three main climatic phases could be observed in the climatic
model. The first phase (10000-7500 BC) was characterized by rather high but fluctuating
July temperature and very low January temperature. Precipitation was quite low (140 mm),
but fluctuating evaporation created changing regimes from dry to more humid. The second
phase (7500-3500 BC) exhibited relatively stable conditions, although January temperature
was slowly rising to -3 °C. Precipitation remained low and high evaporation created very
arid conditions during summer. The last phase (from 3500 BC) showed temperatures very
close to recent conditions. Precipitation was higher, but fluctuating, creating short periods of
summer droughts.

3.5 Numerical analyses

The ordination diagram of the first RDA analysis of REVEALS-based vegetation
proportions and environmental variables is shown in Fig. 5. The first two RDA axes
explained 39% of the total variability in the modelled vegetation data. A positive correlation
can be seen between human occupancy and summer precipitation. Quercus, Betulaand open
land are correlated positively with these two variables. By contrast, Pinusis correlated with
high July temperatures.

The second RDA analysis of pollen proportions and environmental variables is shown in Fig.
6. In this case only 14% of the total variability in the pollen data was explained by the first
two RDA axes. The analysis revealed a strong correlation of human occupancy with many
pollen taxa (Plantago majortype, P. lanceolata, Artemisia, Ranunculus, Anemone, Viola
palustris-type, Filipendula).

4 Discussion

4.1 The dynamics of forest and open land during the Holocene

The dynamics of main vegetation patterns exhibited unusual stability with no recorded
abrupt changes during the Holocene. Palaeovegetation records (Fig. 3, see also
Supplementary Fig. 1) indicated a large proportion of herbs/open land with only one
significant change around AD 1000.

In the following, we discuss stability and change in vegetation driven mainly by internal
ecosystem dynamics and forces.

4.1.1 Early Holocene Phase ~10000-6500 BC (VR 1, VR 2 in pollen diagram)
—The pre-Holocene pollen record was dominated by Pinus with continuous curves of many
herbs indicating open and cold conditions (Chenopodiaceae, Artemisia, Thalictrum etc.)
with no or little evidence of more demanding species. The start of the Holocene was
delimited in the pollen record (see Supplementary Fig. 1) by the sudden increases of green
coccal algae (Pediastrum, Tetraedronand Scenedesmus) and aquatic plant taxa (NVymphaea,
Potamogeton), which probably reflected increasing productivity triggered by increasing
water temperature and nutrient availability. A further sign of the start of the Holocene was
the increase in Juniperus pollen. A slow and gradual postglacial increase in the pollen of
temperate deciduous trees (Quercus, Corylus) is a characteristic feature of this area
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(Rybnickova & Rybnicek, 1972; Svobodovd, 1997; Bfizov4, 2009) in contrast to more
eastern parts of the Pannonian Plain (Willis et al., 1997; Magyari et al., 2010; Hajkova et al.,
2013; Petr et al., 2013; Jamrichova et al., 2014).

The REVEALS model suggested that there was open vegetation in the study area, consisting
mainly of pine and birch. Grasslands constituted up to 30% of the vegetation in this period
(Fig. 3), as shown by continuous curves of light-demanding terrestrial plants, e.g.
Thalictrum, Apiaceae, Rumex and Plantago. The structure of such vegetation could be
explained either as a mosaic of open vegetation and dense forest (forest steppe) or as a
savannah-like vegetation with a combination of scattered trees, shrubs and a productive herb
layer. Revealing such details in structure is unfortunately beyond the abilities of the model.
Nevertheless the model confirms that large open patches existed at this time. According to a
semi-quantitative reconstruction, forest steppes in the Great Hungarian Plain reached their
greatest extent in the same period (Magyari et al., 2010), but temperate trees, such as
Quercus, Ulmus and Corylus also attained high proportions. Quercusand Corylus were also
confirmed to have expanded earlier further to the north (Petr et al., 2013; Jamrichova et al.,
2014). In our case such expansion occurred only at the end of this phase (~7000 BC).
Contrary to our findings, previous pollen studies at our site assumed continuous afforestation
of the area around Vracov from Allergd (Gl 1; 12000 BC) until the Subboreal (~2500 BC).
Rybnickova & Rybnitek (1972) argued that the disappearance of light demanding taxa and
the occurrence of e.g. Hedera helix would imply only a limited occurrence of relic stands of
woodland steppe (Quercion pubescentis) and that chernozem soils, which are often linked
with the distribution of steppe vegetation (LoZek, 2011; Antoine et al., 2013), developed
only during the late glacial and subsequently degraded under forest cover. Although
chernozem occurs today in southern Moravia, its origin and evolution in a Central European
context is still unclear and fuels discussion (Eckmeier et al., 2007). Chernozem seems to be
resistant against colonization by trees (VyslouZilova et al., 2014).

Fossil land snails remain the only direct evidence for stand scale vegetation openness in our
region (LozZek, 2001; Suimegi et al., 2012; JuFickova et al., 2013; Pokorny et al., 2015). A
significant habitat of steppe vegetation including calcareous grasslands occurs immediately
south-west of the study region in the Palava mountains. The persistence of snails of open
habitats during the Holocene was reported near this area in the floodplains of the river Dyje
(VaSatko & Lozek, 1973). Furthermore, vegetation linked to deep soils represents another
widespread habitat in southern Moravia which could harbour steppe plant species in the
Holocene (Lozek, 2011).

Forests in northern Europe were also rather open in the same period (Nielsen et al., 2012;
Theuerkauf et al., 2014). A combination of factors was suggested to have driven this
openness, including soil conditions and seasonal dryness (degree of continentality). The role
of large herbivores in maintaining open landscapes has been subject to a heated debate
(\era, 2000; Svenning, 2002; Birks, 2005; Mitchell, 2005). Although the Holocene fauna
was impoverished in comparison with previous temperate stages, there were still large
grazers present, such as aurochs (Bradshaw et al., 2003) and wild horses, which were able to
live in open pine forests (Sommer et al., 2011). The presence of dung spores found during
pollen analysis is an important indicator of the presence of grazers. Several types may be
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included, such as Sporormiella, Sordariaand Podospora (van Geel, 2001; Baker et al.,
2013). In our profile, only Sordariaceae spores were found and only in the Late Holocene
period (see Supplementary Fig. 1). We therefore assume that large herbivores did not play an
important role in maintaining vegetation openness.

The highest ratio of forested land occurred at the end of this phase, when temperate
deciduous taxa (Corylus, Ulmus and Quercus) started to expand. The REVEALS model
showed a decrease in grasslands to 15%, which probably resulted from the gradual closing
of forest vegetation through the expansion of shade tolerant trees.

Further occurrence of pollen taxa including Ephedra fragilis-type, Juniperus, Senecio,
Campanula, Jasione, Rubiaceae and Cirsium, but also of pollen types that are regarded as
anthropogenic indicators, such as Plantago lanceolata, P major/media-type, Rumex and
Urtica, can be seen in this phase (see Supplementary Fig. 1). Although in low frequencies
and quantities, these taxa could indicate the persistence of open habitats (wet and dry
grasslands) in the region. Recording poor pollen producers in a largely forested landscape
can be problematic as tested on lake sediments in Estonia (Meltsov et al., 2011, 2013),
therefore even single pollen occurrences of such taxa may be of high value.

4.1.2 Middle Holocene Phase ~6500-3000 BC (VR 3 in pollen diagram)—
According to the REVEALS model, this phase commenced with the maximum recorded
proportion of forested land leaving only 12.5% to open land. However, the dominant pine
with an admixture of birch suggests the existence of open hemiboreal forests harbouring
light demanding taxa similar to those currently found in southern Siberia (Chytry et al.,
2012). At the start of this phase pine decreased from 60 to 50 % of the total vegetation, but,
rather surprisingly, remained dominant. As our study area covers a partly hilly landscape, we
expected spruce to expand in this phase. From among deciduous taxa Cory/us became
abundant, while oak and elm remained insignificant admixture trees. Contrary to our
findings, in other areas of Central Europe Quercusand Corylus outcompeted pine in the
lowlands (Magyari et al., 2010; Petr et al., 2013; Jamrichova et al., 2014; Marquer et al.,
2014; Trondman et al., 2015), and spruce prevailed at higher elevations (Trondman et al.,
2015; Abraham V. et al. in prep). The persistence of pine vegetation during the Middle
Holocene in our region could be linked the widespread sandy soils (Culek, 1996) and
climate (see discussion below).

The ratio of open land remained high at ca. 20% through the entire period. This could be the
result of the continuity of pine-dominated vegetation, a legacy of the previous phase.
However, increasing human activities, which started with the Neolithic after 5500 BC (Fig.
4), could also play a significant role. The continuous occurrence of pollen indicators of open
grassland as discussed in the previous subchapter could be observed here as well.

Generally speaking, the landscape remained open during the Middle Holocene. When
compared to the Early Holocene, the most notable change occurred in tree species
composition through the expansion of Cory/usand Picea.
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4.1.3 Late Holocene Phases | and Il from ~3000 BC (VR 4 + VR 5 in pollen
diagram)—A remarkable change denoting the start of this phase was a sharp decline in
Pinus accompanied by an increase in temperate deciduous trees, mainly oak. Moreover,
Fagus increased at around 1500 BC together with the first occurrences of cereal pollen (Fig.
4; Supplementary Fig. 1). Beech probably expanded in the hilly part of the study region
creating mixed stands with spruce. Lowland vegetation changed into oak forests on more
fertile soils leaving pine dominant on poorer sandy soils. In Phase Il, hornbeam became a
major player in forest vegetation accompanied by the ongoing expansion of cereal fields. A
comparison with other records in the area suggests that hornbeam was much more frequent
in the hills towards the north-east (Rybni¢ek & Rybnickova, 2008). The entire phase is
characterized by significant human impact, which may have played a major role in shaping
the vegetation (see discussion below). The dynamics of open land (grasslands and cereal
fields) did not indicate any expansion until AD 250. The pollen diagram shows an increase
in anthropogenic pollen indicators, such as Chenopodiaceae, Plantago lanceolata, P major/
media-type, Rumex and Urticatogether with the more frequent occurrence of grassland
indicators (see Supplementary Fig. 1). This suggests the intensification of grazing in the
open areas. A similar pattern in the occurrence of cereals with anthropogenic indicators was
found at other southern Moravian sites from approx. 3400 BC (Svobodova, 1989, 1997).

Overall trends in the dynamics of open land during the Holocene demonstrated exceptional
stability: approximately 20% of the landscape was covered by non-forest vegetation from
the earliest stages of the Holocene until the High Middle Ages. Moreover, forests during the
key early phase of the Holocene were predominantly pinewoods, which probably had a more
open character and could harbour many light demanding and steppe taxa.

4.2 \Vegetation-climate feedbacks

Holocene vegetation dynamics was traditionally interpreted in the framework of climatic
events. Mostly the rise in temperature would have created conditions for the spread of
forests at the start of the Holocene. In classic studies, vegetation development in pollen
diagrams was described as a succession of biostratigraphic zones characterized mainly by
the degree of humidity and temperature (Firbas, 1949).

In the case of the Lake Vracov pollen diagram, we could distinguish only four zones relevant
for Holocene vegetation development. The boundaries of the first three zones were placed at
or near major climatic events — the start of the Holocene and the 8.2 and 4.2 events (Walker
et al., 2012) — implying that vegetation change might have been triggered by climate in these
cases. The beginning of the Holocene was detected in other, nearby pollen records as the
expansion of tree pollen, mainly Pinusand Betula accompanied by a reduction in herb
pollen (Rybnicek & RybniCkova, 1996). At these sites, which are characterized by milder
conditions than our study site, such changes were interpreted as immediate reactions to
climate change. By contrast, in the lowlands of the Pannonian Plain a decrease in tree pollen
at the beginning of the Holocene was observed (Hajkova et al., 2013; Siimegi et al., 2013;
Jamrichové et al., 2014). This seems to have resulted from specific conditions in which
rising temperatures increased aridity.
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The most discussed climatic event at 8.2 ka shows an indisputable imprint in proxy data in
the North Atlantic region of Europe (Wiersma & Renssen, 2006) as well as in the
Mediterranean (Pross et al., 2009). In northern Europe, this event seems to have suppressed
temperate trees probably as a result of winter and early spring cooling (Seppé et al., 2007).
In central-western Europe the cooling suppressed Cory/us allowing for the subsequent
expansion of Fagusand Abies causing climatically driven changes of terrestrial ecosystems
(Tinner & Lotter, 2001). Such reorganization can be also seen in numerous other records in
central Europe (Giesecke et al., 2011). However, in the more continental environment of
eastern Europe the visibility of this phenomenon in pollen data is much more disputable
(Feurdean et al., 2014). The effects of the event proved untraceable even in a high-resolution
record (Pokorny et al., 2010). By contrast, the Lake Vracov record reflected significant
vegetation change at or very near 6200 BC. We recorded an increase in pine and a decrease
in non-arboreal pollen and coccal green algae. A sudden increase in open land could be
observed between 6000-5500 BC in the REVEALS model together with an increase in
Cyperaceae pollen (not included in REVEALS). These features may point at climatically
induced changes in the lake basin, such as water level changes, causing hiatuses in
sedimentation recorded in the littoral part of the lake (Rybni€kova & Rybnicek, 1972;
Rybnicek, 1983). Nevertheless, during this time sedimentation rates were the lowest in Lake
Vracov. The resulting high uncertainties in the age-depth model (Fig. 2) make it almost
impossible to distinguish and separate the 9.3 and 8.2 events from each other.

The middle-late Holocene boundary derived from a global aridification event at 4.2 ka
(Walker et al., 2012) is more problematic to detect in Europe. Statistically, our boundary
between Middle and Late Holocene (Fig. 3) corresponds to the 4.2 event. However, it may
also be correlated to the 3500 BC event, which was characterized by a robust change from
somewhat dry and warm climate to colder and wetter conditions and a more shifting climatic
regime (Dreslerova, 2012) and was documented in numerous proxy data around the world
(Shuman, 2012). Unlike the 8.2 event, this change was also recorded in the MCM model
(Fig. 4) leading to increasing summer precipitation, decreasing evaporation, warmer winters
and colder summers. The change, denoted in our profile as the start of the Late Holocene,
was characterized by a substantial decrease in pine pollen and an expansion of deciduous
taxa (mainly oak). Fagusand Carpinus appeared at this time as well. However, with the
expansion of Eneolithic people (Dreslerov4, 2012) it remains difficult to fully disentangle
anthropogenic and climate driven changes in ecosystems (see further discussion).

Increasing summer precipitation at 3500 BC probably triggered the further expansion of
Piceain hilly stands, a tree most competitive in moist conditions (Ellenberg & Leuschner,
1996; Henne et al., 2011). Further on hazel started to outcompete pine at lower elevations,
whereas the ratio of open land remained stable.

According to the RDA analysis (Fig. 5), Quercus and open land vegetation were strongly
correlated with increasing summer precipitation (see also van der Knaap et al., 2010),
confirming that increasingly wet conditions at 3500 BC could trigger the expansion of oak
and the opening of the landscape. On the other hand pine was strongly correlated with high
July temperatures suggesting that its dominance was mainly driven by the strongly
continental climate of the first half of the Holocene. Temperate deciduous trees (Coryilus,
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Tilia, Ulmus) were more strongly correlated with increasing winter temperature suggesting
that they favoured milder winters and were relatively resistant to dryness.

4.3 The role of human activity in vegetation dynamics

According to our human activity model, the first major impact on the landscape around Lake
Vracov took place after ca. 5500 BC with the start of the Neolithic. The impact of
Mesolithic people remains problematic to detect, because records consist of roughly dated
single finds and the capabilities Mesolithic communities to influence vegetation at the
landscape scale are a matter of ongoing discussion (Behre, 2007; Tinner et al., 2007; Kune$
et al., 2008). Hunter-gatherer communities could be responsible for an increase in Corylus
during the Mesolithic period (Kunes et al., 2008; Regnell 2012), whereas a gradual decrease
in Corylus at the end of the Mesolithic and start of the Neolithic, which was probably
triggered by climate, could facilitate the transition to agriculture and grazing (Regnell 2012).
The lowest ratio of human occupancy in the post-Neolithic period in our study region was
observed during the Eneolithic (between 4000-2500 BC).

The pollen record did not show any changes in anthropogenic indicators after 5500 BC,
because such taxa had already been present in the landscape. Approximately 20% of the
landscape was affected by people at that time, which roughly corresponds to the ratio of
landscape openness. A similar ratio of vegetation openness was estimated during the Early
Iron Age for central Europe (Dreslerova, 1995; Kaplan et al., 2009). A slight expansion of
forests could be observed again at 4000-3500 BC, correlated with the decrease of registered
human activity during the Eneolithic, which might have created space for the forest to
regenerate. However, such remarkable decrease in human activity could also be explained by
the decreased visibility of archaeological finds in the landscape as a result of specific types
of dwellings, erosion/accumulation processes or specific subsistence strategies. In this
period Quercus expanded significantly for the first time (Figs 3 and 4). As discussed earlier,
these vegetation changes could also be triggered by a major climatic change at 3500 BC.
Vegetation changes were arguably brought on by the combined effects of human activities
and climate.

Another enormous increase in human activity started with the final phase of the Eneolithic at
2500 BC. At this time another increase in Quercus occurred in the vegetation model
suggesting that oak was supported by human activities. Ordination analysis also showed a
strong correlation of oak abundance and human activity in the study area. Such findings
were recently tested on historical data in the same area showing the spread of oak after a ban
on oak cutting and the promotion of forest grazing in the Late Middle Ages (Jamrichova et
al., 2013). In lack of direct evidence, it is more challenging to explain the connections
between oak and human activities in prehistory. An important aspect may have been grazing.
Quercus thrives under grazing pressure by herbivores (cattle, horse and deer; Olff et al.,
1999), which could partly explain why it was a favourite tree in managed forests. It has also
been the choice of timber for building purposes since prehistory and was valued as a
producer of acorns for domestic pigs (Rackham, 2003). Moreover, its occurrence was linked
with pollen indicators of grazing, such as Rumex acetosa-type and Plantago lanceolata.
Surprisingly, the ratio of forest increases together with the first occurrence of cereal fields
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(Figs 3 and 4). Along with increasing crop cultivation, Quercus became dominant in forests
to be joined by expanding Carpinus after 500 BC. Hornbeam could prevail later, following
changes in forest utilization, the reduction of grazing and the start of coppicing. Oak was
often related to an increase in the occurrence of fires (Abrams, 1992; Chytry et al., 2010), as
large individuals are able to survive fires and regeneration benefits from them (Ellenberg &
Leuschner, 1996; Mason, 2000). Unfortunately our data did not include charcoal, but the
analysis of a forest hollow in the study area (Jamrichov4 et al. 2013) demonstrated that fire
did not play a major role in forest dynamics in the past two millennia.

Open land and the emergence of secondary forests (Betula) were also correlated with human
occupancy, which reflected the effects of deforestation. Surprisingly, we did not observe any
correlation between cereal fields and human occupancy. This is due to the fact that cereal
pollen was not recorded during the Neolithic period, when extensive human activity was
modelled in the area. Cereals used and cultivated at that time were several species of
Triticum (7. monococcum, T. dicoccum, T. aestivum) and Hordeum vulgare (Dreslerova &
Kocar, 2013). A possible explanation of the disproportions between expected and observed
estimates of cereal fields during these prehistoric times may lie in the differential pollen
production of those ancient cereal species from the present ones. A lack of cereals during the
Neolithic was observed at other nearby sites as well (Jamrichova E. in prep.). In southern
Europe, Neolithic agricultural practices were also found to have had much lower impact than
Bronze Age forest management on pollen rain (Mecuri, 2014). Different agricultural
practices have to be taken into account when interpreting such disproportions. This certainly
raises the need for further multidisciplinary studies (Hjelle et al. 2012).

Because the REVEALS model provides insights into only a few dominant taxa, for which
measures of pollen productivity are available, we attempted a detailed analysis of pollen
finds with information on human activity and climate. As expected, we found a strong
correlation of humans to Artemisia, Plantago majorl media, P. lanceolata and Ranunculus,
which are usually interpreted to indicate pastures, meadows or ruderal communities (Behre,
1981; Svobodové, 1990; Gaillard, 2013). Other pasture pollen taxa such as Rumex acetosa-
type, Potentilla, Cruciferae and Filjpendula were only weakly correlated to humans. Other
taxa that are commonly interpreted as indicators of anthropogenic habitats (Gaillard, 2013;
Mercuri et al., 2013), e.g. Centaurea nigra-type, C. cyanus, Asteraceae Cichorioidae,
Polygonum aviculare-type, P. persicaria, Urtica, Chenopodiaceae, Rubiaceae, Campanula-
type, did not exhibit any positive correlation with human occupancy. These taxa can also be
linked to different natural open habitats and our analysis suggests that they existed naturally
in the landscape before the start of the Neolithic.

5 Conclusions

Combined regional palaeoenvironmental data (palaeovegetation, human occupancy and
climate) brought new evidence on the dynamics of open land in the Holocene. Modelled
regional palaeovegetation from the north-western edge of the Pannonian Plain suggested that
there was continuous and stable openness in the landscape during the entire Holocene.
Grasslands and open woodlands were maintained in the lowlands by climatic conditions
during the early Holocene. Lower winter and higher summer temperatures accompanied by
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much higher aridity than today delayed the spread of deciduous forests. Neolithic people
spread into the landscape and probably started using and maintaining existing open habitats.
We detected clearly anthropogenic landscape transformation only after 2000 BC. Humans
probably facilitated the spread of oak, which had been triggered by increasing precipitation,
and contributed to the dynamics of hazel and hornbeam.

Appendix A. Supplementary data

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Right: Map of central and eastern Europe showing the location of Lake Vracov and the
distribution of main vegetation types (steppe, forest steppe and Pannonian lowland oak
forests) based on the potential natural vegetation map of Europe (Bohn et al. 2000). Left:
Detailed map of the study area around Lake Vracov indicating the number of archaeological
components (spatially continuous sets of finds delineated by their function and
chronological position; for details see Materials and Methods section) in individual parishes.
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Fig. 2.

Age-depth model for the Lake Vracov pollen record constructed in Bacon v 2.2. Mean
accumulation 20 yr/cm was used as a priori information. The three deepest dates were
excluded from the model.
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Fig. 3.
Percentage diagram showing Holocene REVEALS estimated vegetation (right columns, R)
in the study area together with original pollen data (left columns, P) for comparison.
Horizontal lines separate major vegetation zones analogous to pollen accumulation zones

(see Appendix 1). Taxa are grouped into conifers (Abies, Juniperus, Pinus, Picead), cold
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deciduous trees (A/nus, Betula, Salix), temperate deciduous trees (Carpinus, Corylus, Fagus,
Quercus, Tilia, Ulmus), open land - NAP (Artemisia, Calluna vulgaris, Filipendula,
Chenopodiaceae, Plantago lanceolata, P media, Poaceae, Potentilla-type, Ranunculus acris-
type, Rubiaceae, Rumex acetosa-type, Urticd) and cereals (Cerealia-type, Secale cerealke-

type).
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Digagram showing the general human activity model (parish occupancy likelihood) and
differentiated human activity models in the study area, the results of the Macrophysical
Climate Model (mean January temperature, mean July temperature, mean summer
precipitation and mean summer evaporation) and major REVEALS-based vegetation
components. Taxa are grouped as indicated in Fig. 3. Dotted horizontal lines separate major
vegetation zones as in Fig. 3, dashed horizontal lines demarcate main climatic zones.
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Redundancy analysis (RDA) biplot of REVEALS vegetation components correlated with
environmental variables (human activity, summer precipitation, January (TJan) and July
(TJul) temperatures).
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Redundancy analysis (RDA) biplot of selected pollen percentages correlated with
environmental variables (human activity and summer precipitation).
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Pollen productivity estimates relative to Poaceae and their respective fall speeds used in the REVEALS model.

Original PPEs were taken from the following publications: 1 — Abraham et al. (2014), 2 — Abraham &

Kozékova (2012), 3 — Mazier et al. (2012).

Relative pollen productivity

Fall speed of pollen — vg [m.s-1]

citation

Abies 12.77 0.12 1
Alnus 4.2 0.021 1
Artemisia 3.48 0.025 3
Betula 2.62 0.024 1
Calluna vulgaris 0.82 0.038 3
Carpinus 0.5 0.042 1
Cerealia-t 0.046 0.06 1
Corylus 14 0.025 1
Fagus 12 0.057 1
Filipendula 2.81 0.006 3
Fraxinus 0.18 0.022 1
Chenopodiaceae 4.28 0.019 2
Juniperus 2.07 0.016 3
Picea 0.47 0.056 1
Pinus 2 0.031 1
Plantago lanceolata 0.9 0.029 1
Plantago media 1.27 0.024 3
Poaceae 1 0.035 1
Potentilla-t 1.19 0.018 3
Quercus 0.42 0.035 1
Ranunculus acris-type | 1.96 0.014 3
Rubiaceae 2.61 0.019 3
Rumex acetosa-type 2.14 0.018 3
Salix 2.31 0.022 1
Secale-t 3.02 0.06 3
Tilia 0.5 0.032 1
Ulmus 6 0.032 1
Urtica 10.52 0.007 2
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Radiocarbon ages for the Lake Vracov profile DU-7-D. Dates marked (*) originate from a previous study
(Svobodova, 1992), dates marked (**) were rejected in the age-depth model. Dates were calibrated using the
IntCal13 calibration curve (Reimer, 2013) in Oxcal (Bronk Ramsey, 2009).

Sample depth (cm) | Laboratory number | Material dated Method | Radiocarbon age Calibrated age (cal.
(34C years BP) years AD/BC)
39.5-40.5 Poz-51951 Seeds of Carex AMS 670+30 AD 1274-1320
AD 1351-1391
124.5-125.5 Poz-51947 Plant remains AMS 1870+50 AD 25-252
AD 305-311
184.5-185.5 Poz-51948 Plant remains AMS 4715+35 3632-3560
3537-3494
3466-3375
252 Beta377320 Pollen extract AMS 9410+40 8793-8604
8581-8575
280 P0z-51949 Seed of Najas marina AMS 9830+60 9446-9211
362.5 Beta377321 Pollen extract AMS 12390+50 12839-12197
372 HV-1868 * Bulk organic fraction BC 12260+372 13634-11487
417 Poz-51952 Plant remains AMS 12890+90 13767-13187
452 Poz-51954 Plant remains AMS 3410+120**
480 Beta364949 Pollen extract AMS 10880+50**
487-497 HV-18599 * Bulk organic fraction BC 10985+355**

containing sand
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