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Introduction
Ecologically oriented paleoecology provides insights on the rates, 
dynamics, and triggers through which ecosystems react in 
response to disturbances (extreme weather events, fires, pathogen 
outbreaks, logging, colonization events) and mid- to long-term 
forcing factors like climatic change, development of soil proper-
ties, or persistent anthropogenic stress (Castilla-Beltrán et  al., 
2020; Morales-Molino et  al., 2019; Słowiński et  al., 2019). In 
order to understand such driving forces and the mutual relations 
between them, it is critical to have a paleoecological record with 
sensitivity to stand-scale – that is, spatial and temporal controls 
that allow a decadal to centennial sample resolution of a localized 
ecological community. Contexts with such high-resolution 
records are relatively rare in Central Europe, and our study area, 
located in Adrspach-Teplice Nature Conservation Area (hereafter 
called Adrspach), northeastern Bohemia (Figure 1), is an impor-
tant exception.

Adrspach is part of a network of rocky landscapes (sometimes 
referred to as “rock towns”; Figure 1) that stretch across northern 
Bohemia, created by the deep Quaternary erosion of thick hori-
zontally-layered consolidated sandstones of the Mesozoic (Creta-
ceous; Migoń et al., 2017). These landscapes are characterized by 

deep and damp gorges that contain numerous localities with 
excellent stratified deposits in the form of buried lake sediments 
or peat accumulated from much localized drainage – often within 
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several hundred square meters. The character of such sites meets 
the requirements for opportunities to conduct stand-scale paleo-
ecological research (Bradshaw, 2013). In addition, these sand-
stone landscapes are particularly suitable for investigating the 
long-term dynamics of lowland forest ecosystems since they have 
never been extensively colonized or deforested by humans, likely 
due to their impenetrability and the absence of fertile agricultural 
soils after their primary afforestation in the Late Glacial period. 
However, while the dramatic relief and a distinct bedrock compo-
sition of Bohemian sandstone landscapes offer opportunities for 
stand-scale research, it can be difficult to extrapolate the results to 
broader geographic contexts. A well-studied example of this is the 
retrogression of sandstone ecosystems – a process of oligotrophi-
cation observed throughout the Bronze Age (Pokorný and Kuneš, 
2005). Such retrogression has been recognized as linked to the 
Quaternary climatic cycle, and part of a global phenomenon char-
acteristic of every interglacial, including the contemporary one 
(Birks and Birks, 2004; Iversen, 1969). In local conditions, how-
ever, this process had an extremely dynamic trajectory and at the 
turn of the Middle and Late-Holocene it resulted in a deep ecosys-
tem transformation associated with a wave of local extinctions 
(Bobek et al., 2018). It is generally understood that it is this retro-
gression that shaped oligotrophic-adapted, species-poor commu-
nities currently established in Czech sandstone regions. So far, the 
most accepted ecological mechanism behind retrogression is the 
leaching of nutritive but thin loess covers that originated in the 

Last Glacial Maximum, leading to their destabilization and subse-
quent erosion (Svoboda et  al., 2018). In tandem, a process of 
gradual soil degradation also took place, resulting in substantial 
loss of Ca2+ and Mg2+ cations and occlusion of phosphorus com-
pounds (Walker and Syers, 1976; Wardle et al., 2004).

The anthropogenic drivers of retrogressive transformation of 
forest ecosystems in Czech sandstone areas have been the subject 
of recent research by Bobek et al. (2018). This study focused on 
allocation within a sandstone sub-area called Bohemian Switzer-
land, and the authors were able to reliably demonstrate a direct 
connection between retrogression and the practice of slash-and-
burn farming in the Late Bronze Age. Human impact, demon-
strated here by multiple paleoecological methods, resulted in 
accelerated processes of acidification and soil degradation, with 
permanent consequences for the composition of forest ecosystem. 
While the results of this study demonstrate profound ecological 
effects of human practices, it should be noted that direct archeo-
logical evidence in the form of artifacts and/or cultural layers was 
not found in immediate vicinity to the paleocological samples this 
study was based on. In the wider region, however, the archeologi-
cal landscape has strong representation of sites, indicating that it 
was active and occupied in the Mesolithic, Bronze, and Iron Age 
periods (Novák et al., 2015; Svoboda et al., 2018).

In designing our present study, we posed the following ques-
tion: Was human impact, either in the form of slash-and-burn 
agriculture or in the form of any other cultural practice, indeed a 

Figure 1.  Location of study region (red box) and study area (red dot) in the Czech Republic. All landscapes characterized by rugged 
sandstone landforms are highlighted.
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dominant trigger for the complex transformation of sandstone 
ecosystems across Bohemia? To answer this question, we chose 
the Adrspach area on the initial assumption that it might represent 
a location that escaped prehistoric human influences, therefore 
offering a comparative example where local forest ecosystems 
evolved under purely natural factors through the Holocene. This 
assumption was based on the observations that Adrspach is sig-
nificantly more remote and less penetrable than other sandstone 
regions in Bohemia, and that there is a complete absence of iden-
tified prehistoric sites in the immediate locality. Preliminary stud-
ies with low-resolution pollen analyses also demonstrated that 
Adrspach presents the ideal sedimentary contexts that span the 
entire Holocene, offering the possibility of stand-scale results 
(Kuneš and Jankovská, 2000; Kuneš et  al., 2007). Following 
extensive survey, we selected a sample location in the central part 
of Adrspach (Figure 1) and collected a Holocene-long, high-reso-
lution vegetation, and fire history record based on pollen analyses 
and charcoal accumulation rates (CHARs). Simultaneous analysis 
of fungal spores within these samples aimed to test proposed the-
ories on the importance of wildlife grazing in ecosystem retro-
gression process (Vera, 2000). We supplemented these analyses 
by soil charcoal investigations (quantification, taxonomic deter-
mination, and dating) and targeted archeological survey and 
excavation.

Regional setting
The primary location that we identified for sampling (Figure 1) is 
at the very center of Adrspach-Teplice Nature Conservation Area, 
which is an outcrop situated at the NE margin of the Northern 
Bohemian sandstone “archipelago.” The area is formed by Creta-
ceous sandstone bedrock, which later eroded into an enormously 
diverse relief, consisting of a network of deep gorges separated by 
rocky ridges and flat, elevated plateaus. The altitude gradients of 
the study area range from 475 to 786 m a.s.l. Soils that developed 
on the sandstone bedrock are mainly dystric cambisols and acidic 
sandy podosols. However, leached relics of Pleistocene wind-
blown dusty deposits (loess) are rather common on the plateaus 
and tops of the rocky ridges, creating slightly more favorable luvi-
sols. The area belongs to the warm-summer humid continental cli-
mate (Dfb according to classification of Köppen) with yearly 
precipitation around 700 mm yr−1 and a mean annual temperature 

of 7°C (Tolasz, 2007). The present vegetation is composed mostly 
of beech (Fagus sylvatica) and mixed beech-fir (Fagus sylvatica 
– Abies alba) forests. Nevertheless, enormous habitat diversity 
also allows for occurrence of open-canopy pine (Pinus sylvestris) 
forests on rocky substrata and spruce (Picea abies) stands in valley 
bottoms where cold and humid microclimate prevails. In some 
places, artificial spruce plantations were established in the last two 
centuries. At present, wildfires occur more frequently within 
Northern Bohemian sandstone areas, compared to the rest of the 
Czech Republic (Adámek et al., 2015).

Prior to our research, no archeological sites older than the 
High Middle Ages were identified in the immediate Adrspach 
region. High Medieval settlement of the area was affected mainly 
by the construction of three nearby castles in the 13th and 14th 
centuries. Otherwise, the enclosed rocky landscape seemed to 
have remained without identified settlement prior to this period. 
Even in the wider surroundings the number of identified prehis-
toric sites is relatively small. Several Late Paleolithic and Meso-
lithic sites were identified in the area of   Ostaš on the border of 
rocks and in open landscapes in the parishes of Žďár, Police nad 
Metují, Česká Metuje, and Stárkov (Čechák, 2018). Surface scat-
ters of Late Paleolithic and Mesolithic artifacts are also docu-
mented from Vernéřovice. The only finding representing 
agricultural prehistory in the region is a Neolithic stone axe from 
Božanov. The settlement of the wider area surrounding Adrspach 
intensified only in connection with the High Medieval coloniza-
tion, when most of today’s villages were established around the 
centers of Adrspach Castle and Broumov Monastery.

Material and methods

Chronologies.  The absolute chronologies used in this study are 
based on accelerator mass spectrometry (AMS) radiocarbon dat-
ing, using both charred and non-charred plant macroremains. 
Specifically, we established chronologies for three different sedi-
mentation contexts, which were peatbog, deposits infilling rock 
overhang and soil profiles. Sample preparations and measure-
ments were provided by Poznań Radiocarbon Laboratory 
(Poland). All radiocarbon measurements were calibrated based on 
IntCal20 curve (Reimer et  al., 2020) provided by OxCal v4.4 
(Ramsey, 2009) and reported as the median date before present 
(cal yr BP) within the 2σ interval (Table 1). The depth-age model 

Table 1.  List of AMS radiocarbon measurements from investigated Velké ohbí peat profile (“P” context) and from Vějíř archeological trench 
(“A” context).

Lab. number Context Depth (cm) Material Measured age (BP) Calibrated age (BC/AD) 
Oxcal 4.4, Intcal 20

Poz-90315 P 13–14 Carbonized Picea needles and Carex seeds 1245 ± 30 AD 677–878
Poz-90316 P 30–31 Sphagnum stems and leaves 2630 ± 35 896–771 BC
Poz-90278 P 48–49 Sphagnum stems and leaves 2800 ± 30 1044–841 BC
Poz-90280 P 70–71 Sphagnum stems and leaves 2965 ± 30 1271–1054 BC
Poz-90281 P 115–116 Betula small branches 3640 ± 35 2135–1900 BC
Poz-90292 P 142–143 Betula small branches 3770 ± 35 2296–2039 BC
Poz-90311 P 167–168 Betula small branches 4100 ± 30 2864–2500 BC
Poz-90283 P 188–189 Small pieces of wood 4480 ± 35 3346–3028 BC
Poz-90284 P 210–211 Rubus idaeus and Sambucus racemosa seeds 5560 ± 40 4486–4340 BC
Poz-90285 P 233–234 Rubus idaeus seeds and pieces of bark 5940 ± 40 4934–4718 BC
Poz-90325 P 256–257 Sambucus racemosa seeds and pieces of bark 6180 ± 40 5286–5003 BC
Poz-90314 P 298–299 Sambucus cf racemosa seeds; Betula alba and Carex fruits 8600 ± 50 7738–7539 BC
Poz-90289 P 314–315 Carex fruits 8960 ± 50 8282–7960 BC
Poz-90290 P 328–329 Carex fruits 9100 ± 50 8529–8237 BC
Poz-90291 P 335–336 Carex and Eriophorum fruits 9110 ± 50 8532–8242 BC
Poz-104312 A 70 Charcoal from hearth 3810 ± 30 2398–2141 BC
Poz-104313 A 80 Charcoal from hearth 4910 ± 35 3766–3614 BC
Poz-104311 A 130 Charcoal from hearth 7400 ± 50 6406–6103 BC



4	 The Holocene 00(0)

(Figure 2) for peat sequence is based on 15 radiocarbon dates and 
was calculated using Bayesian approach as implemented in rBa-
con (Blaauw and Christen, 2011). The section of core spanning 
depths 33–188 cm was used for cross-correlation analysis between 
macrocharcoal and selected pollen/NPP taxa. The sedimentation 
rate is fluent within that section, thus allowing performing com-
parison between proxies.

Pollen, microscopic charcoal, and fungal spores.  To obtain the 
proxies necessary for this study, we selected a small mire, called 
the Velké ohbí site (50°36,24′N; 16°07,62′E; 535 m a.s.l.). Velké 
ohbí is topogenous mire located at the bottom of a small enclosed 
sandstone valley and can be considered a forest hollow-type 
(Andersen, 1973). A peat profile was extracted from the wall of 
the open trench into metal boxes (10 × 10 × 50 cm each). From 
these, pollen samples were taken in 2-cm intervals, thus resulting 
in 165 analyzed samples in total. Peat samples of 1 cm3 were pre-
pared for pollen analysis according to a standard method described 
by Berglund and Ralska-Jasiewiczowa (2003), then stained with 
safranine and mounted into glycerol for storage. Pollen determi-
nation followed a reference collection, available atlases (Reille, 
1992, 1995, 1998) and the most recent key (Beug, 2004). A mini-
mum number of 750 pollen grains (usually between 850 and 
1100) were counted in each sample. Non-pollen palynomorphs 
(NPPs) were determined according to publications by Van Geel 
(1978) and Van Geel et al. (1983, 1986, 1989) and follow the ter-
minology reviewed by Miola (2012). Charcoal particles 10–
100 μm in size were counted in pollen slides (here called 
“microscopic charcoal”) using a point-count method described by 
Tinner et al. (2005). The results of pollen, microscopic charcoal 
and NPPs analyses are presented as percentage diagram plotted 
on linear depth axis (Figure 3). All percentage values were calcu-
lated based on total terrestrial (AP and NAP) pollen sum, meaning 
that all wetland types (including Alnus glutinosa-type) and non-
pollen objects (incl. fern spores) were excluded from this sum. A 

stratigraphic diagram was plotted in Tilia v. 1.7.16 (Grimm, 
2011). To this diagram, we applied simple temporal zonation 
based on expert assessment.

Fire history reconstruction and detecting local fire episodes.  For 
macroscopic charcoal (>125 μm) analysis, the profile of Velké 
Ohbí peatbog was continuously knife-cut into 1-cm thin slices 
and subsamples of 4 cm3 were taken from the center of each 
slice. The sampling points followed the scheme of pollen analy-
sis to enable the direct comparison among proxies. Samples 
were soaked in 10% potassium hydroxide (KOH) for 24 h to dis-
aggregate the sediment, and then sieved through a 125 μm mesh, 
aided by the gentle application of spray from a nozzle. The dis-
tinction between dark organic material and charcoal was 
enhanced by bleaching material in a 10% sodium hypochloride 
(NaOCl) solution for 6 h. To facilitate charcoal counting, the 
majority of non-charred plant debris was removed by hand 
under the stereomicroscope. Macroscopic charcoal particles 
were then searched in a sample that was evenly spread in Petri 
dish using 63–150× magnification. We used particle count and 
area to express the amount of macroscopic charcoal. Each char-
coal object was photographed and digital greyscale image was 
measured in imageJ software (https://imagej.nih.gov/ij/). A 
number and area of macroscopic charcoal particles were trans-
formed to concentration values and subsequently converted to 
charcoal-number (CHARC, # cm−2 yr−1) and charcoal-area 
(CHARA, mm−2 cm−2 yr−1) accumulation rates.

To determine fire episodes, we applied a decomposition 
approach that broke the CHAR record into a low-frequency 
component, referred to as background (CHARback), and a peak 
component (CHARpeak) representing potential fire episodes 
(Higuera et al., 2009). The charcoal record was first resampled 
to constant intervals of 22 years (the median temporal resolu-
tion) to account for a varying sediment accumulation rate. The 
CHARback was calculated using a LOWESS regression within 
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Figure 2.  Depth-age model, sediment accumulation rate and visual stratigraphy of Velké ohbí peat profile. Black dots show the calibrated ages 
with 95% confidence intervals. The section in gray shows a period of rapid peat accumulation.
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a moving window width of 1000 years which enabled us to 
reach robust signal-to-noise index (SNI) > 3 (Kelly et  al., 
2011). The CHARpeak component was evaluated using Gauss-
ian mixture model that enable to separate potential fire event 
from background noise (sampling, sediment mixing). We con-
sidered the 99th percentile of the noise distribution as a thresh-
old to separate samples into fire and non-fire events. Moreover, 
identified CHARC – based fire episodes were screened with the 
minimum-count test (Higuera et al., 2010) and CHARA – based 
fire episodes according method proposed by Finsinger et  al. 
(2014).

Correlation of fire events with secondary vegetation successions.  We 
used a cross-correlation analysis (Figure 4) to evaluate lead-lag 
relationships between fire disturbances (macroscopic charcoal 
influx values), and proxies for vegetation change (pollen percent-
ages), and fungal spores (percentages, relatively to the pollen sum) 
indicative of fire and animal grazing. This type of time-series anal-
ysis allows the detection of short-term successional trends follow-
ing local fire events (Schwörer et al., 2015; Tinner et al., 1999). The 
main assumptions are: (1) the samples are taken in equally spaced 
time series, and (2) the data contains no trend (e.g. stationary time 
series). Using the depth-age model we then modeled the sedimenta-
tion rate for that section using a linear regression approach to avoid 
the influence of minor changes in the sedimentation rate (Figure 2). 
Since several pollen taxa showed distinct long-term increases (i.e. 
expansion) during the time period of interest we used linear 
detrending to reduce non-stationarity within the data series and to 
avoid spurious correlations. Since the pollen/spores and macro-
charcoal record were sampled with different resolutions, we resa-
mpled the series with the higher resolution (charcoal) to be an equal 
series with the lower resolution. We then calculated the cross-corre-
lation coefficients for a series that consisted of 78 samples at ±10 
lags, corresponding to time interval of ~150 years, with the time 
span of one lag equal to ~30 years. 95% confidence intervals were 
constructed by calculating ±2 standard errors of the correlation 
coefficients.

Archeological excavation.  Despite the lack of identified archeo-
logical sites, a survey that we conducted in the vicinity of the stud-
ied peat profile revealed a rock overhang 200 m away with a 
stratified archeological record. Here we excavated a 1 × 1 m sur-
vey trench to a depth of 140 cm to determine if there were cultural 
layers demonstrating cultural use of the immediate landscape 
through time. The strata below the base of the trench we examined 
using a sediment core to a total depth of 350 cm. Half of the vol-
ume of one sector in all layers was collected for fine mesh floata-
tion in the laboratory to search for small macro-residues. The 
residual material was taken whole and was subsequently treated in 
the laboratory (charcoal pieces and other plant macrofossils were 
selected and each sample was searched for lithic microdebitage).

Results
Vegetation change at the Holocene scale
The pollen analyses of the Velké ohbí peat profile provides an 
undisturbed, continuous record of vegetation change from almost 
the start of the Holocene (8532–8242 BC) to the beginning of the 
historical period in the Late-Holocene (AD 677–878). Micro-
scopic charcoal counts and fungal spores supplement the informa-
tion with data suitable for fire and grazing history reconstructions 
(see further sections in this chapter). For clarity, the pollen dia-
gram (Figure 3) is divided into five local pollen assemblage zones 
(LPAZs) in order to represent significant vegetation shifts during 
the course of the Holocene.

LPAZ VO1 is dominated by pine (Pinus sylvestris – type) and 
birch (Betula alba – type), with an observed gradual but steady 
expansion of hazel (Corylus avellana). Other broadleaf elements 
(Ulmus, Quercus, and Tilia) also gradually expand, resulting in 
the formation of mixed oak forest growth by the end of this zone. 
Spruce (Picea abies) also slowly becomes more established, most 
likely in the damp floor of the sandstone valley where the profile 
was sampled. The Gramineae-dominated non-arboreal pollen 
assemblage also has its absolute maximum in this zone, likely the 
lasting legacy of the open habitats of the Late Glacial period.

Figure 3.  Pollen, microscopic charcoal (as counted on pollen slides), and NPPs percentage diagram of Velké ohbí peat section.
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During LPAZ VO2, mixed oak forests fully developed, while 
the pioneer pine stands were in gradual decline. The most promi-
nent observable change is the sharp expansion of spruce, which 
started to dominate the entire zone. Without supporting macrofos-
sil finds, the relatively frequent occurrence of beech (Fagus syl-
vatica) pollen grains can be carefully interpreted as evidence of 
its early local occurrence. However, the timing it should be noted 
is consistent with the European-scale synthesis provided by 
Brewer et al. (2017).

In LPAZ VO3 there is a gradual transition from mixed oak 
woods to the types of forest represented today. This process began 
with the expansion of beech and hornbeam (Carpinus betulus) 
and culminated in a strong expansion of silver fir (Abies alba), 
which was likely a new incomer (as there is a lack of evidence for 
its earlier occurrence). Events in this transitional period can be 
considered the evidence of expansion of oligotrophic communi-
ties, which are characteristic of the studied area to this day. That 

oligotrophic shift is also observed in other Bohemian sandstone 
regions, and the signature of the aforementioned retrogression 
(Šída and Pokorný, 2020). However, a local discrepancy of this 
pattern is that the shift appears to have been more gradual. Numer-
ous pollen finds of Calluna vulgaris and Pteridium aquilinum 
show that some oligotrophic habitats must have been present in 
the area already since the start of the underlying LPAZ (VO2), 
indicating that retrogression may have been less abrupt or sudden 
as a process in Adrspach.

LPAZ VO4 is a period marked by clear dominance of beech-
fir and hornbeam forests, and the decline of most other arboreal 
species including spruce. Only pine attained its previous percent-
age level, which is likely a reflection of its relic occurrence at 
extreme rocky habitats where it escaped from competitive pres-
sures of new dominants.

The youngest zone, LPAZ VO5, is characterized by the first 
occurrence of cereal pollen (specifically rye, Secale cereale), the 

Figure 4.  Summary plot showing the local fire history with relation to selected pollen taxa, fungal spores, soil charcoal record, and 
archeological evidence. Fire events that passed the minimum-count test (Higuera et al., 2010) or ARCO screening method (Finsinger et 
al., 2014) are marked in red. The background charcoal influx (CHARback, red line) was modeled using LOWESS smoother with window of 
1000 year. Radiocarbon-dated charcoal particles from soil profiles distributed in the close proximity (<400 m) to peat profile (for details 
see Novák et al., 2019). Vertical gray bars facilitate comparison between soil charcoal 14C dates with other proxies. Frequency of human 
occurrence inferred from stratigraphical record of hearths. Black dots indicate charcoal from hearths dated by 14C. For cross-correlation 
analysis, a section including depths from 33 to 188 cm (dashed box) was used (see Figure 5).
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dating of which is consistent with our knowledge of High Medi-
eval colonization of the wider area and agricultural practices of 
that time that might have involved favorable locations with nutri-
tive luvisols at elevated plateaus within the sandstone area. Rapid 
changes in forest composition, characterized by a decline of all 
arboreal taxa except pine and birch, are also attributable to this 
colonization process. Unfortunately, the record after the High 
Medieval is missing because of the decomposition of the top lay-
ers of peat due to the artificial drainage of the site at the end of the 
20th century.

Fire history reconstruction
The analysis of 321 samples from Velké ohbí peat section shows 
macro-charcoal concentrations ranged from 0 to a maximum of 
178 particles cm−3 (Figure 4). Depending on changes in the accu-
mulation rate, CHAR ranged from 0 to 4.3 particles cm−2 yr−1 
with a mean value of 0.2 particles cm−2 yr−1. The highest charcoal 
deposition rates occurred at ~10,000 cal years BP, during the peri-
ods between ~7000–8000 cal years BP, 3000–4200 cal years BP, 
and at 900 cal years BP. The macroscopic charcoal analytical pro-
cedure applied to this sedimentary record is known to be more 
sensitive to local fires (Higuera et al., 2007), while microscopic 
charcoal may reflect both local and extra-local fire history (Adolf 
et al., 2018). We determined a high level of correlation between 
charcoal particles counted on pollen slides and sieved macro-
charcoal indicating similarity in the source area for both size 
classes. This correlation is likely attributable to the character of 
the Velké ohbí as a small-sized mire of the forest hollow type. 
Moreover, its location at the bottom of a narrow and enclosed val-
ley is likely to have collected relatively less medium- and long-
distance microscopic charcoal components.

The peak-detection analysis performed on the CHARc 
series identified 24 local fire events during the past 10,300 years 
(Figure 4). The complementary charcoal area-based approach 
(CHARA) identified 24 local fires. Intensive fire activity 
occurred between approximately 6000–8000 cal yr BP and 
approximately 3000–5000 cal yr BP.

Vegetation successions after fire events
Against the backdrop of the long-term vegetation development 
described in the penultimate section, we observed much finer 
fluctuations in pollen and fungal spore assemblages. Cross-cor-
relation analysis of macro-charcoal influx versus selected pollen 
types and fungal spores documents various modes of responses 
to fire disturbance (Figure 5). Several categories can be distin-
guished in respect to the observed patterns: (1) Immediate posi-
tive response – Gelasinospora, Betula alba – type and Cruciferae. 
(2) Delayed positive response – Sambucus, Calluna vulgaris, 
Pinus sylvestris – type, Sordaria. (3) Immediate negative 
response – Picea abies. (4) Delayed negative response – Corylus 
avellana.

In category (1), the percentage of Gelasinospora has a signifi-
cant positive correlation with CHAR between lag −1 and +1 (i.e. 
30 years before and 30 years after fire). Pollen percentages of 
Betula alba demonstrate positive correlation with fire at lags +1 
and +2 (i.e. 30–60 years) with the same response shown for Cru-
ciferae. Among the members of group (2) the response time 
ranged between +3 and +7 lags, which correspond to 90–
210 years. We found that only Picea abies has negative correla-
tion to fire disturbance which occurred at lag +2. The most 
delayed negative response was characteristic for Corylus avellana 
which significantly decrease at lag +7 (after 210 years). Correla-
tions at lag 0 show a significant positive relationship of CHAR 
with Gelasinospora and Acer.

Direct evidence for human occupation and 
indications of its subsistence bases
Traces of short-term occupation were discovered throughout the 
test pit that we placed under Vějíř rocky overhang that is located 
in the distance of about 200 m away from the studied peat 
sequence (Velké ohbí). Occupation traces are represented here by 
conspicuous hearth features, and we identified a total of 13 at dif-
ferent stratigraphic levels, from recent levels, through the Bronze 
Age, Neolithic, and Mesolithic levels. These hearths are well vis-
ible in all four sections of our archeological trench (Figure 6). We 
can find them in all stratigraphic positions. The oldest hearth at 
the base of the test trench falls into the end of the Boreal period. 
In the test borehole that was placed at the bottom of the excava-
tion trench, we detected another hearth feature about 50 cm deeper 
(presumably of Preboreal/Boreal age). Drawing on experience 
from working in other Bohemian sandstone areas, short-term 
stays in small rock shelters are common, but typically leave very 
few traces in the forms of artifacts, other than the hearths (Šída 
and Pokorný, 2020; Svoboda, 2003b, 2017). The charcoals in 
these hearths at Vějíř overhang demonstrate considerable species 
diversity. The stratified deposits under the overhang are elevated 
above the surrounding area and we cannot assume the flushing of 
charcoal from the surroundings into the overhang could bring 
diverse charcoals of forest fires into the shelter. Macro-remains in 
the screened sediment, included hazel (Corylus avellana) and 
elderberry (Sambucus racemosa), and the occurrence of both is 
limited to the older phase of site exploitation (older than 4200 cal 
BP) which is also a common pattern at rocky shelters from other 
Bohemian sandstone areas associated with a hunter-gatherer’s 
way of life (Ptáková et al., 2021; Šída and Pokorný, 2020). We 
argue that coupled with the hearth features, the presence of these 
macro-remains can be considered a direct indication of occupa-
tion. Burnt hazelnut shells are the most common evidence of plant 
use in the Holocene hunting gathering communities in Europe 
(Divišová and Šída, 2015). Their numerous fragments can be 
found from the base of the trench (ca 8300 cal years BP) to the 
level dated 4200 cal years BP.

Discussion
Forest disturbance regimes: Natural or 
anthropogenic?
Fire has a complex role in ecological transformations, and the 
behavior of individual biological proxies, each adapted to fire in 
different ways, is likely to be individualistic in relation to fire 
events, and very different underlying mechanisms may be respon-
sible for this diversity in behavior. The immediate positive 
response of Betula, for instance, might have been caused by 
enhanced flowering (Pyke, 2017). Alternatively, the same pattern 
may be caused by accentuating the extra-local pollen rain after the 
destruction of the local spruce stands by fire events. Gelasinos-
pora, a fire-related fungus (Innes et al., 2013), is likely to have 
quickly established on burned wood. Positive responses of Sam-
bucus, Melampyrum, Calluna vulgaris, and Pinus sylvestris, all 
delayed by 100–200 years, are likely to be linked to the process of 
secondary succession after fires. In the case of the immediate 
decline of Picea abies pollen after fire events, this may be an 
indication of the destructive potential of the recorded fires that 
occurred within local spruce stands.

The delayed negative responses of Corylus avellana and 
Pteridium aquilinum are harder to conceptualize. What other 
cause can be found behind this phenomenon, apart from direct 
influence of fire? This can be for instance some kind of human 
activity that influenced successional processes after fires. Anthro-
pogenic influences still might have variable character, but we 
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have obtained direct evidence for grazing activities in increased 
occurrence of coprophilous fungal spores Sordaria and Podos-
pora and also of increased occurrence of secondary pollen indica-
tors of forest grazing (Melampyrum, Calluna vulgaris). However, 
Rumex acetosa and Plantago lanceolata, the two most distin-
guished grazing indicators (Behre, 1981), do not show significant 
signals in cross-correlation analyses until the upper 76 cm of the 
record (3270–684 cal. BP). At this late stage, there is striking co-
occurrence of these two taxa with coprophilous fungal spores Sor-
dariaand Podospora, together with fire-related Gelasinospora, as 
well as with other plant taxa of open/ruderal habitats – Gramineae 
and Artemisia. In this particular period, the connection of their 
co-occurrence to fire events is unequivocal (Figure 4). This leads 
us to assume that pastoral activities (i.e. grazing of domestic ani-
mals) were somehow related to fire dynamics.

The archeological excavation at the local sandstone rock over-
hang Vějíř brought evidence of repeated human occupation since 
at least Late Mesolithic (8205 cal. BC) to the present in the form 
of short-term hearths. Numerous findings of charred Corylus 
avellana (hazel) nutshells and Sambucus racemosa (red elder-
berry) seeds in this archeological record prior to 4200 cal. BP 
point to the collection and consumption of these two taxa at the 
site. After this date, no such evidence is available. We can inter-
pret this transition as a change in subsistence strategies from the 
collection of wild plants to some other type of resource exploita-
tion strategy. Due to the nature of the environment and due to the 
above given evidence (pollen and fungal indicators), we can 

hypothesize that this coincides with the transition to the grazing 
of domestic animals. Such an interpretation would suggest that 
the area was used primarily for pastoral grazing from the Bronze 
Age until the start of the High Medieval period, which is posi-
tively supported by the occurrence of grazing indicators and neg-
atively supported by the lack of evidence for domesticated crops 
until that time.

Disturbance dynamics linked to ecosystem 
transformations in Czech sandstone areas
Despite the initial assumption of a purely natural development of 
local forest ecosystem, we have observed in our record strong dis-
turbance dynamics associated with the fires throughout the Holo-
cene, which during the last 3270 years (cal. BP) is clearly linked 
with pastoral activities. For the anthropogenic nature of this distur-
bance dynamics, we have found indirect support in independent 
archeological data that demonstrate ephemeral occupations spread 
throughout the entire Holocene – the area of course, may never 
have been intensively settled, but this does not mean that it was 
ever empty or unmanaged. Can these observations be upscaled and 
applied to all Bohemian sandstone areas? Bobek et  al. (2018) 
found in the sandstone area of Bohemian Switzerland evidence 
supporting transition to a human-driven fire regime in the Late 
Bronze Age (roughly 3000 cal years BP), connected to the slash-
and-burn agriculture that possibly involved domestic animal graz-
ing. We can see that both findings (of Bobek et al., 2018 and ours) 

Figure 6.  Archeological excavation under Vějíř sandstone rock overhang. On section profiles, positions of individual hearths are indicated by 
gray. Calibrated radiocarbon ages of three selected hearths are provided.
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are in general accord and point to the critical period in Czech sand-
stone landscapes that Ložek (1998) first described as the “Late 
Bronze Age environmental collapse”; process he hypothesized 
was driven by human impact. In both a local and regional context, 
is such an environmental collapse represented in recent higher-
resolution paleoecological reconstruction?

At Adrspach, the retrogression, as seen in other sandstone 
areas (Šída and Pokorný, 2020), is again clearly observed. How-
ever, in this locality, it does not appear to be demarcated by abrupt 
vegetation changes – at least not in the pollen data currently avail-
able. As a result, we propose that at Adrspach, retrogression was 
not the general collapse envisioned by Ložek (1998) – rather, it 
was a gradual depletion of the sandstone environment during 
which oligotrophic forest communities slowly spread at the 
expense of the mixed deciduous forests of the Middle Holocene. 
As such, our current results contrast with those from Bobek et al. 
(2018), and provide clear support for the involvement of long-
term disturbance dynamics, and show that both fire (natural or 
anthropogenic) and domestic grazing were involved in this grad-
ual transformation long before this presumed “Late Bronze Age 
environmental collapse” occurred. This is in agreement with 
results published by Pokorný and Kuneš (2005) and by Svoboda 
et al. (2018), which also suggest that environmental dynamics in 
sandstone areas were primarily driven to long-term, climatically-
triggered soil acidification, and ecosystem retrogression – a 
regional pattern which might have been accelerated by anthropo-
genic influences in some local contexts.

Managed prehistoric wilderness: A widespread 
phenomenon?
Beyond sandstone regions, paleoecological investigations carried 
out in other agriculturally marginal regions of the Czech Republic 
have sometimes also given evidence of the impact of humans on 
the development of local forest ecosystems. The first promising 
evidence of this kind was brought by paleoecological research at 
Lake Schwarzenberg, southern Bohemia (Pokorný et al., 2010). 
During the Early and Middle Holocene, horizons with very high 
concentrations of microscopic charcoals were observed in lake 
sediments, and subsequent archeological survey provided rich 
evidence of extensive Mesolithic occupation along its banks. 
From these findings, a hypothesis was proposed on the intentional 
burning of forest stands by hunters and gatherers (Kuneš et al., 
2008). However, the sedimentation conditions of the large lake 
basin and the insufficient temporal resolution of the analyses did 
not allow for determining individual episodes of fire disturbance 
and thus made it impossible to capture succession processes asso-
ciated with them.

Hunter-gatherer societies worldwide undoubtedly utilized fire 
in various ways with a variety of motives and effects in order to 
manage ecosystems and to improve the availability of resources 
(Ferguson, 1979; Pausas and Keeley, 2009; Selsing, 2016; Sim-
mons and Innes, 1987). Carefully timed controlled fires were 
used in many contexts to increase the total quantity of food 
resources that could be obtained from individual ecosystems 
(Mellars, 1976). In particular, early successional stages induced 
by fire disturbances substantially improve the amount and quality 
of forage available to browsing and grazing wild animals – how-
ever there are many instances in the ethnographic record, where 
controlled burns were part of planning strategies that extended 
well into secondary post-fire successions, decades later. Newly 
burned areas create variegated transitions between open and 
closed vegetation patches, attract game animals, and make their 
occurrence more predictable compared to their scattered distribu-
tion in unburnt landscapes. Indeed, among the many motives and 
outcomes of controlled burns, the suppression of wildfires by lim-
iting standing deadwood is a common practice. Therefore, 

subsistence strategies relying on controlled use of fire benefit 
from decreased uncertainty, which is otherwise associated with 
the unpredictable pattern of lightning-ignited fires.

There are other reasons to burn vegetation such as to increase 
mobility and visibility which in turn improves the exploitative 
efficiency of human groups (Mellars, 1976) or to enhance yields 
of edible plants among many others (Bishop et  al., 2013; 
Divišová and Šída, 2015; Mason, 2000; Zvelebil, 1994). The fire 
record from Adrspach (in this paper) revealed several fire events 
that have affected vegetation cover inside the sandstone valley 
during the Early and Middle Holocene. However, the strong sig-
nal in the fire and succession history of this area demonstrates 
that despite it being a hinterland in those times, it was also a 
managed landscape. What this demonstrates is that while Meso-
lithic and even Neolithic controlled burns may have been stand-
scale in terms of intentions, these practices were well represented 
across the landscape as a whole. This complicates the notion of a 
background signal of natural fire frequencies against which 
anthropogenic fires can be assessed in two ways: (1) If remote 
areas like Velké ohbí in Adrspach were managed through fire, 
then there may be no contexts where post-glacial succession, 
independent of human actions can be assumed. (2) Because the 
very composition of biological communities may have grown 
around sustained fire management practices, the susceptibility of 
vegetation to naturally caused wildfires, such as a lightning 
strikes, may not be independent of human fire-management  
practices – that is, a “background natural fire frequency” must 
take into account that the vegetation distributions, ages, and sus-
ceptibility are not necessarily natural.

There is also an ongoing debate on whether hunting and gath-
ering communities intentionally spread or even cultivated (sensu 
“Mesolithic agriculture”) certain plant species such as Corylus 
avellana or an array of wild grasses (Behre, 2007; Kuneš et al., 
2008; Regnell, 2012; Tinner et al., 2007; Zvelebil, 1994). Such 
practices are believed to have involved the deliberate use of fire to 
open woodland canopies and create a mosaic of regeneration 
phases that stimulated the production of hazelnuts, berries, and 
fruits (Bishop et al., 2013; Innes et al., 2013). In this context, it 
has been suggested that Early and Middle Holocene hunter-gath-
erers actively managed the structure of plant communities and 
thus systematically constructed their human niche (Boivin et al., 
2016; Power et  al., 2018; Scherjon et  al., 2015; Smith, 2011). 
Nevertheless, observed patterns in paleoecological records can 
alternatively be interpreted as opportunistic exploitation of forest 
clearings which were, however, created by various natural distur-
bances (Brown, 1997). Notwithstanding, the climate has been 
repeatedly identified as a driving force of increased fire activity, 
namely during the Early Holocene (Carter et al., 2018; Feurdean 
et al., 2012; Kuosmanen et al., 2018; Molinari et al., 2013), thus 
admitting only a partial contribution of human-induced fires to 
this general trend. Disentangling the influence of hunter-gatherers 
on fire regimes is challenging because of the complexity of inter-
actions driving fire activity. Diverging trends in charcoal compos-
ite records from the lowlands of Central Europe suggest that 
hunter-gatherer societies possibly significantly altered fire 
regimes at regional scales even in low population densities (Die-
tze et  al., 2018) – an interpretation strongly supported by our 
results from Adrspach.

The importance of fire management for mobile hunters and 
gatherers was the artificial diversification of ecosystems. Their 
lifeways could be possibly characterized as a long-term struggle 
with forests. The mosaic ecosystem of the Early Holocene pro-
vided an ideal diversity of spatially and seasonally variable 
resources. With the continuation of afforestation, the availability 
of resources became narrower and less diverse, and the total 
quantity decreased overall (forest is less productive on the same 
area than the mosaic of the forested and forest-free patches). In 
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this light, the regular burning of stand-scale areas was effort to 
maintain the status quo.

The transition to agriculture is a second possible adaptation to 
the overall afforestation and again includes artificial deforestation 
by burning, in this case supplemented by the creation of an artifi-
cial field ecosystem (Bogaard, 2004). In the local environment of 
Adrspach it was not practically possible to grow grain or other 
crops, and after the introduction of Neolithic agriculture to Cen-
tral Europe, the area was further used in the same way as before. 
Locally, the transition occurred only in the Bronze Age with the 
advent of animal herding. In pastoral lifeways, local burning can 
also be important as on the one hand, it increases species diversity 
in favor of grasses and other herbs suitable for grazing, and on the 
other, it shifts the age diversity of trees in favor of younger indi-
viduals – a phenomenon increasing the land useful for grazing. 
The intensity of intervention varies according to the number of 
people and the grazing system practiced. Another intensity of 
interventions will be transhumance grazing associated with low-
land agricultural bases, while another intensive grazing of sheep. 
However, we must always count on firing interventions in the for-
est environment.

Concluding considerations: 
Implications of findings for 
archeological theories and 
conservation strategies
In the project’s inception, we aimed to improve an understanding 
of natural baselines connected to the Holocene development of 
temperate forest ecosystems. The results, however, disrupted the 
original premise of this work. The paleoecological data obtained 
show an exceptionally dynamic development of the forest ecosys-
tem throughout the Holocene, which can be explained only by 
strong and periodically repeated fire and grazing disturbances. 
Was it really a natural disturbance dynamic? In order to answer 
this question, we conducted an archeological survey in the vicin-
ity of the investigated sedimentary record. This led us to the dis-
covery of a rock overhang with the undisturbed sedimentary 
filling that originated throughout the entire Holocene. Subsequent 
archeological research has provided unique data on the repeated 
use of the area. The original assumptions about the purely natural 
development of the local forest ecosystem have thus come to 
ruins. Perhaps, the consequence of the discovery should be a radi-
cal re-evaluation of existing considerations on the importance of 
anthropogenic influence on the development of remote, forested 
areas in this part of Europe.

Archeology has a tendency to draw a sharp distinction between 
cultural and natural environments – the former being contexts 
with artifacts and other material signatures, and the latter a sort of 
surface on which human actions eventually take place. Mesolithic 
and possibly even latter (Neolithic – in chronostratigraphic sense) 
hunter-gatherers, as well as the herders of later agricultural pre-
history (Bronze Age and latter), however, were highly mobile, 
created sites that are ephemeral, and likely had an array of land-
scape agencies that produce very few material remains, if any. In 
the wider context of Bohemia, for example, Mesolithic sites give 
the impression of being sparse and rare in comparison to later 
prehistoric periods. However, the sometimes tacit understanding 
that mobile peoples lived in nature and that their wider ecological 
impact was small is a bias that cannot be reconciled with the 
growing evidence that since the Early Holocene, such people 
played a significant role in shaping vegetation successions 
through fire.

The image of upland forests with minimal human influence is 
deeply rooted in the subconscious of not only archeologists, but 
also wider ecological and biological sciences and a variety 

of perspectives in environmental conservation. The fact that this 
picture is odd is shown in a growing number of paleoecological 
and archeological examples that point to the opposite. We find 
such examples whenever the effect of one of the biases has been 
accidentally revealed. To give one striking example, the construc-
tion of the Lipno Dam in the Bohemian Forest mountain area 
(southern Bohemia) has impacted the local environment and for-
ests very drastically. Level oscillations after the water reservoir 
construction created a random section of the mountain landscape, 
which was deprived of vegetation. This allowed for detailed 
archeological prospections (Vencl, 1989) and thanks to these, 
more than 20 Mesolithic and Late Paleolithic sites were found in 
contexts where they would not have been expected. Such exam-
ples reinforce the conclusions of our analysis – that hunter-gath-
erer presence in Bohemian landscapes, along with ecological 
impact is much wider than generally appreciated.
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