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 42 
Abstract 43 
Central European mountains, inclXding Whe âXmaYa MoXnWainV located along the 44 
Czechia/Germany border, have a long and rich anthropogenic history. Yet, documenting 45 
prehistoric human impact in central European mountain environments remains a challenge 46 
because of the need to disentangle climate and human-caused responses in terrestrial systems. 47 
Here, we present the first reconstructed water table depths (WTDs) from WZo ViWeV, PČkni and 48 
BlaWenVki VlaĢ, locaWed in Whe âXmaYa MoXnWainV. We compare these local hydroclimate records 49 
with new and published pollen, non-pollen palynomorphs (NPPs), plant macrofossils, 50 
geochemistry and archeological records to investigate how hydroclimate and human activities 51 
impacted forest succession and fire activity throughout the Holocene across an elevational 52 
gradient. Using a generalized additive model, our results suggest that changes in forest 53 
succession and fire activity have been primarily caused by climate throughout the Holocene. 54 
However, humans have been utilizing mountain environments and their resources continuously 55 
since ~4600±4250 cal yr BP, thus playing a secondary role in modifying forest succession to 56 
increase resources beneficial to both humans and grazers. Over the last 1000 years, we provide 57 
evidence of directly observed human-caused modifications to the landscape. These results 58 
contribute to a growing body of literature illustrating human activities and landscape 59 
modifications in central European mountains.   60 
 61 
1. Introduction 62 
European mountain environments have a long and rich history with humans, particularly the 63 
Alps and Carpathians (Schmidl et al., 2005; Lutz and Pernicka, 2013; GeanWă eW al., 2014; 64 
Kothieringer et al., 2015; Feurdean et al., 2016; Schumacher et al., 2016; Finsinger et al., 2018; 65 
Gilck and Poschlod, 2019; Carter et al., 2020; Florescu et al., 2024). For example, alpine farming 66 
in the Alps has been a beneficial style of land use after 7000±6500 cal yr BP, with the most 67 
unambiguous evidence starting ~4200 cal yr BP, due to the vast open grasslands which were 68 
utilized by humans and livestock during the summer season (Hafner and Schwörer, 2018; Gilck 69 
and Poschlod, 2019; Tinner, 2023; Tinner et al., 2023). In the Carpathians, mountain farming has 70 
been documented since ~4400±3500 cal yr BP across a wide spectrum of elevations (GeanWă eW 71 
al., 2014; Feurdean et al., 2016; Feurdean et al., 2017; Lestienne et al., 2023). However, despite 72 
having a rich archeological history in the lowlands, it is believed that human impact in Central 73 
European mountains with lower elevations was less intense than in other European mountains 74 
(Rösch, 2000; Robin et al., 2013; Henkner et al., 2018) likely because of local contingencies, 75 
including the occurrence of denser forests and the lack of a treeless alpine zone (Dreslerová et 76 
al., 2020a). Documenting prehistoric human impact in Central European mountains remains a 77 
challenge, which inhibits our ability to assess potential legacies of past environmental changes, 78 
including past land uses, on contemporary forest structure and function (Willis and Birks, 2006), 79 
which ultimately also influence modern forest succession (Josefsson et al., 2009).  80 
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 81 
One of CenWUal EXUope¶V laUgeVW foUeVWed landVcapeV iV locaWed along Whe C]echia-Germany 82 
boUdeU (âXmaYa NaWional PaUk, C]echia, and Bavarian Forest National Park, Germany). 83 
Together, both National Parks form the great Bohemian Forest Ecosystem and are part of the 84 
Natura 2000 network and UNESCO Biosphere Reserve, which was established to protect the 85 
most endangered flora and fauna in Central Europe (Krzystek et al., 2020). Upper Palaeolithic 86 
and Mesolithic archeological sites have been found at high elevations in the âXmaYa MoXnWainV 87 
(Dreslerová et al., 2020b), with pollen taxa indicative of human activity documented since the 88 
Neolithic (Svobodová et al., 2001; Svobodová et al., 2002; Carter et al., 2018a) illustrating that 89 
the region has a long archeological history, making it an ideal place to investigate the extent of 90 
human impact on the landscape (Kozáková et al., 2020). However, there appears to be a 91 
boundary of ~600 m asl separating sub-montane settlements from non-settled land which is 92 
associated with suitable agropastoral farming (Dreslerová et al., 2020a).  93 
 94 
Previous paleoecological studies from the region have investigated long-term anthropogenic 95 
impacts in Whe âXmaYa MoXnWainV (CaUWeU eW al., 2018a; Ko]ikoYi eW al., 2020). Using a 96 
macrophysical climate model to reconstruct local climate, Carter et al. (2018a) suggest increased 97 
fire activity in the early Holocene was likely driven by climate, despite archeological evidence 98 
illustrating high populations of Mesolithic communities in the region. Additionally, Carter et al., 99 
(2018a) suggest that increased fire activity ~2500 cal yr BP was not climatically-driven, but 100 
instead a result of increased anthropogenic activities which agrees with recent research by 101 
Kozáková et al. (2020) who found increasing anthropogenic impact, including fire activity, since 102 
the Late Bronze and Iron Ages. Both studies suggest that changes in forest succession since the 103 
last millennia were likely due to increasing human activities. However, validating anthropogenic 104 
impacts from paleoecological records from Whe âXmaYa MoXnWainV haV been challenging becaXVe 105 
of the lack of local proxy-based records of climate which are needed to disentangle climate vs 106 
anthropogenically-induced changes. The only local record of climate that exists from the âXmaYa 107 
Mountains spans the Late Glacial-Early Holocene transition (Mateo-Beneito et al. 2024). While 108 
the macrophysical climate model attempted to separate any anthropogenic signature from 109 
climatically-driven events (Carter et al., 2018a), until now, no local record of Holocene climate 110 
exists from the âXmaYa MoXnWainV making it difficult to validate that changes in forest 111 
succession and fire activity are driven by human activity, and not from climate.  112 
 113 
To fill in this gap, we present the first records of hydroclimate associated with long-term climate 114 
changes. Specifically, we present reconstructed water table depths (WTDs) from two new peat 115 
bog records, one from a mid-elevation locality located near the 600 m asl agropastoral boundary 116 
(PČkni, 730 m aVl), and one fUom a high eleYaWion localiW\ (BlaWenVki VlaĢ, 1275 m aVl) Wo 117 
investigate whether the ecological impact of human activities varied spatially across an elevation 118 
gradient. Ombrotrophic peat bogs are excellent recorders of past hydrological changes due to 119 
their surface being directly coupled to rainfall, temperature, and humidity (Blackford, 2000). As 120 
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such, these depositional environments may be useful in disentangling climate versus 121 
anthropogenically-induced changes in vegetation assemblages and fire regimes. By comparing a 122 
local record of climate (via testate amoebae reconstructed WTDs) with new and published 123 
pollen, non-pollen palynomorphs (NPPs), plant macrofossils, geochemistry (see Schafstall et al., 124 
2024) and archeological records, we aim to determine how 1) Holocene hydroclimate patterns 125 
varied across an elevational gradient and how changes in hydroclimate impacted forest 126 
succession and fire activity throughout the Holocene, and 2) whether changes in forest 127 
succession and fire activity were caused by climate and/or humans.  128 
 129 
2. Study Sites 130 
PČkni (48°50'26.451", 13°56'14.9922") is a mid-elevation (730 m asl) peat bog located in an 131 
open valley neaU Whe Yillage of PČkni on the southern margin of Whe âXmaYa NaWional PaUk 132 
(Figure 1). PČkni iV compUiVed of WhUee bogV WhaW Vpan an aUea of 1.38 km2, with the coring 133 
locality being located in the middle bog; the middle bog¶s area is 0.7 km2. The peat bog is ~50 m 134 
from the Vltava River and ~5 km from Lipno reservoir. PČkni is located <12 km from known 135 
Mesolithic and Bronze Age archeological sites and is roughly ~15 km from the nearest historic 136 
trading route (Dreslerová et al., 2020b). Local vegetation consists of mostly bog pine (Pinus 137 
rotundata), with Betula pubescens, Pinus sylvestris, and Picea abies towards the bog edge. Herb 138 
and shrub vegetation consists of Sphagnum sp., Vaccinium sp., Eriophorum vaginatum, 139 
Andromeda polifolia, Oxycoccus palustris, and Melampyrum. 140 
 141 
By contrast, BlaWenVki VlaĢ (48�58ƍ19.227ƎN, 13�27ƍ18.699ƎE) is a high elevation (1275 m asl) 142 
raised peat bog located aW Whe higheVW poinW in Whe ModUaYVkp VlaWČ bog comple[ Vaddled beWZeen 143 
Blatný vrch peak and Studená hora peak near the village of Modrava (Schafstall et al., 2024) 144 
(Figure 1). The bog, with a size of 0.71 km2, includes two large and several smaller peatland 145 
ponds. BlaWenVki VlaĢ is located <10 km from known Mesolithic archeological sites and is 146 
roughly ~10 km from the nearest historic trading route. BlaWenVki VlaĢ iV approximately 33 km 147 
fUom Whe PƟkni peaW bog. Local vegetation is covered by hummocks and hollows comprised of 148 
Andromedo polifoliae- Sphagnetum magellanici with marginal zones formed by Pinus unicinata 149 
subsp. uliginosa (Neuman) Businsky and shrub layers of Vaccinium myrtillus. Towards the bog 150 
edge and regionally, Picea abies dominates with a stand of Abies alba ~2 km away (Schafstall et 151 
al., 2024).  152 
 153 
3. Methods 154 
3.1 Core retrieval  155 
In June 2019, VedimenW coUeV ZeUe e[WUacWed fUom PČkni, and in October 2019, sediment cores 156 
were extracted from BlaWenVki VlaĢ. FoU PČkni, a 419 cm composite sediment profile composed 157 
of two cores (PEK1 and PEK2) was extracted from the center of the PČkni peat bog (48.8420614 158 
N, 13.9382436 E). PEK 1 was extracted using a prototype percussion corer with a sediment 159 
chamber of 3 m in length and 10 cm in diameter, and PEK 2 with a modified Livingstone piston 160 
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corer with a sediment chamber of 1 m in length and a diameter of 6 cm (Merkt and Streif, 1970). 161 
The upper-most 254 cm of continuous, undisturbed peat was collected from the first core 162 
(PEK1), and the lower portion of the composite profile (165 cm) was collected from PEK2. Core 163 
correlation was done on the overlapping sequence based on visual peat stratigraphy and magnetic 164 
susceptibility data. Peat cores were transported to Charles University where they were 165 
subsampled at 1 cm intervals for paleoecological analysis.  166 
 167 
For BlaWenVki VlaĢ, two parallel cores (BL1 and BL2) totaling 319 cm in depth were collected 168 
from the center of BlaWenVki VlaĢ XVing a modified LiYingVWone piVWon coUeU (Vee SchafVWall eW al., 169 
2024 for further details).  170 
 171 
3.2 Geochronology and Radiocarbon dating 172 
FoU PČkni, peaW age-depth relations were established using thirteen 14C dates of bulk peat and 173 
macrofossils and a 210Pb series using a Bayesian method in rbacon package in R (Blaauw and 174 
Christen, 2011) (see Table 1). All 14C dates were calibrated using the IntCal20 dataset (Reimer et 175 
al., 2020) (Figure 2). All measured ages were included using a Student-t distribution for 14C ages 176 
and a normal distribution for 210Pb ages. Based on lithology, two sedimentation zones were 177 
implemented in the age-depth model by adding a boundary at 350 cm and constraining their 178 
mean accumulation rate by 20 yr/cm for the upper part and 50 yr/cm for the lower part. The age-179 
depth model partitioned the core into 85 sections, estimating the accumulation rate for each 180 
segment using a Markov Chain Monte Carlo (MCMC) approach. 181 
 182 
FoU BlaWenVki VlaĢ, WZelYe 14C dates of bulk peat and macrofossils, and a 210Pb series were used 183 
to create peat age-depth relations (for details see Schafstall et al., 2024). All 14C dates from both 184 
sites were analyzed at Isotoptech Zrt. located in Debrecen, Hungary, and the 210Pb profile was 185 
analyzed at the Faculty of Science, Institute of Geochemistry, Mineralogy and Mineral 186 
Resources, Charles University. 187 
 188 
3.3 Testate Amoebae analysis and water table reconstruction 189 
Testate amoebae were used to reconstruct water table depth (i.e., groundwater levels) at both 190 
sites. Testate amoebae were analyzed at 3±5 cm intervals for both PČkni and BlaWenVki VlaĢ 191 
using 1 cm3 of sediment per sample. The samples were prepared following standard procedures 192 
(Hendon and Charman, 1997). At least 150 testate amoebae shells were counted and identified at 193 
each level under a stereomicroscope at 400× magnification using available taxonomic 194 
classifications (e.g. Mazei and Tsyganov, 2006). The quantitative reconstruction of water table 195 
depth was obtained using the pan-European transfer function of Amesbury et al. (2016).  196 
 197 
3.4 Analysis of paleoclimate simulations 198 
Following Schafstall et al. (2024), we retrieved simulated climatic variables (mean annual 199 
temperature (MAT °C), temperature of the wettest quarter of the year (T WetQ (°C)), and 200 
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precipitation of the wettest quarter of the year (WetQ PP (mm)) for the past 12,500 years from 201 
the CHELSA climate database (Karger et al., 2023). All data were first cropped to a 1 km 202 
ZindoZ aUoXnd PƟkni and BlaWenVki VlaW¶, and When Whe UeVXlWing YalXeV ZeUe e[WUacWed fUom .Wif 203 
files using R statistical software (R Core Team, 2023).  204 
 205 
3.5 Geochemical analysis and magnetic susceptibility 206 
Geochemistry and magnetic susceptibility were used to investigate erosional and depositional 207 
activity at both sites. Elemental composition was determined using X-ray fluorescence 208 
spectroscopy (XRF). Individual dried (at 37 °C) VampleV in plaVWic bagV ZeUe anal\]ed ZiWh a 209 
hand-held InnoY-X DELTA anal\]eU in Geochem-Vanad mode. The WoWal meaVXUemenW Wime (6 210 
minXWeV) ZaV aXWomaWicall\ diYided inWo WZo phaVeV: heaY\ elemenWV (beam 40 kV) and lighW 211 
elemenWV (beam 10 kV). SimilaUl\, magneWic VXVcepWibiliW\ ZaV meaVXUed on Whe Vame VampleV. 212 
UVing Whe KappabUidge MFK1-FA (AGICO, Inc.), Zhich alloZV diUecWl\ meaVXUing maVV-213 
Vpecific magneWic VXVcepWibiliW\ (ሆ), Whe VampleV ZeUe anal\]ed aW WZo fUeqXencieV (loZ 976 H] 214 
and high 15,616 H]) ZiWh an indXced magneWic field of 200 Aိm-1. LoZ-fUeqXenc\ magneWic 215 
VXVcepWibiliW\ (ሆLF) and high-fUeqXenc\ magneWic VXVcepWibiliW\ (ሆHF) were then obWained, bXW Ze 216 
onl\ pUeVenW ሆLF. We then verified through experimentation that plastic bags do not affect the 217 
mentioned analyses. In both cases, the values are many orders of magnitude lower, as they are 218 
made of diamagnetic material and thus do not significantly skew the results.  219 
 220 
For both sites, heavy metal and carbonate-related elements (i.e., Fe, Ca, Pb) were normalized 221 
with Zr, which is the most stable lithogenic element within our record, to differentiate the source 222 
of Fe and Ca since these elements can have both authigenic and allogenic origin (Engstrom and 223 
Wright, 1984; Boyle, 2001). We also used the ratio, Rb/Sr, as an indicator of weathering 224 
intensity in each catchment (Chen et al., 1999).  225 
 226 
3.6 Pollen, coprophilous fungi, plant macrofossils, and pollen richness and diversity 227 
Pollen anal\ViV ZaV XVed Wo UeconVWUXcW Uegional changeV in YegeWaWion aW PČkni and BlaWenVki 228 
VlaĢ. Pollen anal\ViV ZaV condXcWed conWigXoXVl\ aW 2 cm UeVolXWion fUom boWh ViWeV (Vee 229 
Schafstall et al., 2024). Pollen processing utilized acid-base rinse procedures following Faegri et 230 
al. (1989) using 1 cm3 of VedimenW peU Vample. FoU boWh PČkni and BlaWenVki VlaĢ, WZo 231 
Lycopodium tablets (X=9,666 grains/tablet, Batch #3862) were added to each sample prior to 232 
pollen processing and used as an exotic tracer to calculate both pollen concentration (grains cm3) 233 
and pollen accumulation rates (pollen influx; grains cmí2 yrí1) (Stockmarr, 1972). A minimum of 234 
500 terrestrial pollen grains were identified at a magnification of 400× with the aid of 235 
identification keys (Beug, 2004; Punt, 1976±1996). Pollen counts were converted into pollen 236 
percentages based on the abundance of each pollen type relative to the sum of all identified 237 
WeUUeVWUial pollen. To inYeVWigaWe anWhUopogenic inflXenceV aW PČkni and BlaWenVki VlaĢ, Ze XVed 238 
anthropogenic pollen indicators (Behre, 1981, 1988; Behre et al., 2023) which were grouped 239 
following Deza-Araujo et al., 2020: (i) primary anthropogenic indicators (cultivars), (ii) 240 
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adventive anthropogenic indicators (plants introduced with agriculture), and (iii) apophytes 241 
(native plant species favored by human activities) (Table 2). We also used the ratio of arboreal 242 
(AP) to non-arboreal pollen (NAP) to investigate canopy openness. A ratio of pioneer species 243 
(Pinus + Betula) to late-successional species (Picea abies + Abies + Fagus) was also used to 244 
investigate trends in forest succession over time. Additionally, coprophilous fungi spores 245 
(Podospora, Sordaria, Tripterospora, and Sporormiella) were used to identify grazing by 246 
domestic or wild herbivores (Baker et al., 2013).  247 
 248 
Plant macrofossil analysis was used to explore changes in local vegetation assemblages. For both 249 
sites, plant macrofossils were analyzed using a stereomicroscope at a magnification of 15±50× 250 
and ZeUe idenWified ZiWh Whe aid of idenWificaWion ke\V (CappeUV eW al., 2006; BojĖanVkê and 251 
FaUgaãoYi, 2007; KaW] eW al., 1977; TomlinVon, 1985) and Whe heUbaUiXm collecWion aW ChaUleV 252 
UniYeUViW\. FoU PČkni, macUofoVVilV anal\ViV ZaV condXcWed eYeU\ 2±3 cm and concentrations of 253 
plant macrofossils were adjusted to a constant volume of 15 cm3 using procedures described by 254 
Birks (2007). FoU BlaWenVki VlaĢ, macUofoVVil anal\ViV ZaV condXcWed eYeU\ 2 cm on aYeUage, 255 
with the top 14 cm pooled into one sample due to low sample size (see Schafstall et al., 2024). 256 
Plant macrofossils were not adjusted to a constant volume, and instead were presented as 257 
percentages, not concentrations.  258 
 259 
To investigate biodiversity dynamics at each site, we calculated pollen-assemblage richness and 260 
diversity (Hill, 1973) following Finsinger et al. (2017). Specifically, we calculated N0, which is 261 
the total number of taxa in an assemblage, N1 which is the number of common taxa, and N2 262 
which is the number of dominant taxa (Hill, 1973). Instead of using an analytical approach 263 
(Birks and Line, 1992), we resampled randomly and without replacement the pollen counts 1000 264 
times to the smallest sample size (here n =177 for PČkni, and 514 for BlaWenVki VlaĢ) prior to 265 
estimating N0, N1, and N2, to provide mean estimates and 95% confidence intervals of N0, N1, 266 
and N2 (Felde et al., 2016). Evenness was estimated as the ratio of dominant taxa relative to all 267 
taxa present in an assemblage using the N2/N0 ratio (Birks et al., 2016a). Pollen-assemblage 268 
UichneVV and diYeUViW\ ZeUe calcXlaWed folloZing FinVingeU eW al., (2017) XVing Whe µYegan¶ 269 
package (Oksanen et al., 2016) in R (R Core Team, 2023). 270 
 271 
3.7 Charcoal analysis  272 
Microscopic-charcoal was counted simultaneously with pollen analysis on the pollen slides 273 
(Finsinger and Tinner, 2005) at a magnification of 400× and was used to reconstruct regional fire 274 
activity (Tinner et al., 1998). Microscopic charcoal counts were transformed to concentrations 275 
(particles cmí3) and charcoal accumulation rates (CHAR; the number of particles cmí2 yrí1) 276 
using the software program, Tilia (Grimm, 2004). Macroscopic charcoal was used to reconstruct 277 
local-to-regional fire activity at PČkni and BlaWenVki VlaĢ. Macroscopic charcoal was analyzed at 278 
1 cm resolution at PČkni and 0.5 cm UeVolXWion aW BlaWenVki VlaĢ XVing VXb-samples of 2 cm3 279 
from each site. Samples from both sites were left in 10 ml of sodium hexametaphosphate for 24 280 
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hr to disaggregate organic matter, and then 5 ml of sodium hypochlorite (10% NaOCl) to bleach 281 
non-chaUUed maWeUial. MacUoVcopic chaUcoal ZaV genWl\ VieYed WhUoXgh a 125 ȝm VieYe and ZaV 282 
analyzed using a stereomicroscope at a magnification of 15±50×.  283 
 284 
Macrocharcoal morphologies were used to reconstruct the type of biomass burned from each site 285 
(i.e., a qualitative metric of fuel burnt/fire intensity) (Umbanhowar and Mcgrath, 1998; Enache 286 
and Cumming, 2006). Macrocharcoal morphologies were identified following Enache and 287 
Cumming (2006) and Mustaphi and Pisaric (2014), and were classified as wood, herb, grass and 288 
undifferentiated. Macroscopic charcoal counts, including macrocharcoal morphologies, were 289 
transformed to concentrations (particles cmí3) and charcoal accumulation rates (CHAR; the 290 
number of particles cmí2 yrí1). Macroscopic charcoal counts were then broken into a low-291 
frequency component, known as charcoal background (BCHAR), and a peaks component 292 
(CHARpeak) using an interpolated temporal resolution of 30-years sample-1 (for PČkni) and 35-293 
years sample-1 (foU BlaWenVki VlaĢ) Xsing the program, CharAnalysis (Higuera et al., 2009). 294 
BCHAR was determined using a robust LOWESS regression with a moving-window width of 295 
900 years (for PČkni) and 1000 \eaUV (foU BlaWenVki VlaĢ) which resulted in a robust signal-to-296 
noise index (SNI) > 3.0 (Kelly et al., 2011). CHARpeak values were calculated as residuals from 297 
BCHAR and were separated from the background noise with a locally defined threshold using 298 
the 99th percentile of a Gaussian mixture model. The identified CHARpeaks were then screened 299 
with a minimum count peak-screening test (Higuera et al., 2010). 300 
 301 
3.8 Statistical Analyses   302 
To disentangle climate versus human-induced activities across an elevational gradient, we used a 303 
multivariate generalized additive model (GAM; Hastie and Tibshirani, 1986) implemented in the 304 
µmgcY¶ package (Wood, 2006). To account for the high temporal variability within each of the 305 
time-series, all datasets were first binned into 100-year intervals by taking the average of each 306 
binned window. We then tested the relationships between hydroclimate (i.e., WTD) and humans 307 
(i.e., the sum of primary and adventive pollen indicators) set as the predictor variables, and 308 
different response variables that document changes in vegetation, fire and geochemistry. 309 
Additionally, because many of the primary and adventive pollen indicators are included in the 310 
NAP sum, we removed these taxa from the NAP sum to ensure these taxa were not biasing the 311 
GAM results. In each simulation, we used a Gaussian distribution with an identity link function.  312 
 313 
A principal component analysis (PCA) was used to describe the main features of the 314 
palynological record and assess whether the primary, adventive and apophyte pollen taxa 315 
clustered together. Correlation matrices were used using PAST software (Hammer et al., 2001).  316 
 317 
4 Results 318 
4.1 Chronology and core lithology 319 
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The calibrated modeled mean baVal age foU PƟkni iV 12,600 cal yr BP (Figure 2). Peat deposition 320 
rates were relatively steady with a mean of 30 years per centimeter throughout the entire record.  321 
The lower unit of Whe PƟkni peaW coUe (12,640-11,430 cal yr BP) contains Carex peat with 322 
decomposed fragments of ligneous and herbaceous materials along with fine and coarse sand (SI 323 
Figure 1). Sand disappears fUom Whe PƟkni peaW coUe a11,279 cal \U BP and Carex continues to 324 
dominate until ~8850 cal yr BP. A transition to Eriophorum peat was recorded at 8850 cal yr BP 325 
until ~7900 cal yr BP. Sphagnum peat with Eriophorum then dominates until 6500 cal yr BP, and 326 
then switches to Eriophorum peat until 2500 cal yr BP. Brief episodes of Sphagnum-dominated 327 
peat occurred during that time frame, specifically between 5400±5200 cal yr BP and 4700±3900 328 
cal yr BP. The profile then briefly switches to Sphagnum peat ~2500 cal yr BP until 1700 cal yr 329 
BP when it returns to Eriophorum peat mixed with Ericaceae roots until ~500 cal yr BP. The last 330 
500 years have been Sphagnum-dominated peat (SI Figure 1).  331 
 332 
The calibUaWed baVal age foU BlaWenVki VlaW¶ is 7300 cal yr BP (Schafstall et al., 2024). Peat 333 
deposition rates were relatively steady with a mean of 20 years per centimeter throughout the 334 
entire record. The liWholog\ of Whe BlaWenVki VlaW¶ is mainly comprised of reddish brown or dark 335 
brown slightly fibrous decomposed material, except between 4800±4450 cal yr BP (depths 336 
~182±210 cm) and the last ~100 years (i.e., the top 10cm), which is comprised of slightly 337 
reddish/dark brown undecomposed peat (see Schafstall et al. 2024). Sphagnum medium/S. 338 
divinum dominates throughout the entire profile, with S. cf angustifolium only being present from 339 
7300±2000 cal yr BP (SI Figure 2). Sphagnum fuscum and S. sect. acutifolia are also only 340 
present between 5500±4500 cal yr BP.   341 
 342 
4.2. Reconstructed water table depth 343 
At PƟkni, UeconVWUXcWed WTDV ZeUe loZ, Uanging beWZeen 28±20 cm below the peat surface 344 
starting ~10,500 until 7500 cal yr BP, with a period of extremely low values ~28±27 cm between 345 
9750±9200 cal yr BP (Figure 3). Cryptodifflugia oviformis and Cryptodifflugia pusilla are high 346 
between 12,500±8000 cal yr BP before decreasing; in the case of C. pusilla it disappears from 347 
the record entirely (SI Figure 3). Around 8000 cal yr BP, Archerella flavum and Assulina 348 
muscorum increase and dominate along with D. pulex. Other taxa that appear ~8000±7500 cal yr 349 
BP include Arcella catinus, Assulina seminulum, Bullinularia indica, Heleopera petricola, and 350 
Hyalosphenia elegans. WTDs increased starting ~7500 cal yr BP and remained relatively high, 351 
oscillating between 18-10 cm until ~1600 cal yr BP before decreasing again in conjunction with 352 
Archerella flavum and Assulina muscorum dominance. WTDs remained low between 1600±0 cal 353 
yr BP, ranging between 24±20 cm in conjunction with Cryptodifflugia oviformis dominance, 354 
before quickly increasing again over the modern period.  355 
 356 
AW BlaWenVki VlaĢ, UeconVWUXcWed WTDV VhoZ VimilaU paWWeUnV aV PƟkni, ZiWh geneUall\ higheU 357 
values (between 18±8 cm) between 7300±2200 cal yr BP in conjunction with Archerella flavum 358 
dominance (SI Figure 4). WTDs decrease ~2200 cal yr BP and remain low, ranging between 26-359 
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24 cm until ~400 cal yr BP in conjunction with a rise in Cryptodifflugia oviformis and Nebela 360 
militaris dominance. WTDs slightly increased over the last few centuries to 16 cm.  361 
 362 
4.3. Reconstructed minerogenic component changes 363 
At PƟkni, mineUogenic inpXW (Rb/SU) ZaV YeU\ VWUong beWZeen 12,600±11,000 cal yr BP and 364 
again between 9500±8200 cal yr BP (Figure 3). Minerogenic input has also increased since the 365 
turn of the 20th century. Authigenic Ca and Fe (Ca/Zr and Fe/Zr) both increase ~10,500 cal yr BP 366 
(Figure 3). However, the increase in Ca is short-lived while Fe remains high until ~6200 cal yr 367 
BP. Authigenic Ca increases again between 8000±5500 cal yr BP and over the last 500 years. 368 
Pb/Zr has only been present at high values in the last 2000 years. ሆLF shows several sporadic 369 
erosional events ~7200, 6000 and 3000 cal yr BP, before increasing over the last 1000 years 370 
(Figure 3).   371 
 372 
AW BlaWenVki VlaĢ, mineUogenic inpXW iV geneUall\ loZ XnWil a4500 cal \U BP, When VpoUadicall\ 373 
fluctuates until ~2500 cal yr BP before remaining high until present (Figure 3). Authigenic Ca 374 
and Fe are both high at the onset of the record until ~4500 cal yr BP when both decline. Ca 375 
increases again between ~3300±2000 cal yr BP and then between 500±100 cal yr BP. Pb/Zr is 376 
only present, at high values, over the last 1000 years. ሆLF shows relatively high erosional activity 377 
between 7300±4200 cal yr BP and then a dramatic increase over the last 50 years (Figure 3).  378 
 379 
4.4 Reconstructed vegetation history  380 
Locall\, Whe PƟkni peaW bog ZaV dominaWed b\ Carex (C. rostrata, C. cf. canescens, C. cf. elata, 381 
C. sp.) from 12,600±8000 cal yr BP before transitioning to Eriophorium vaginatum (SI Figure 5). 382 
Eriophorium vaginatum macrofossils were consistently present throughout the entire record. 383 
Regionally, pioneer species, Pinus and Betula pollen, dominated Whe foUeVW canop\ aW PƟkni 384 
between 12,642±7500 cal yr BP, averaging 42% and 13%, respectively. The AP:NAP ratio was 385 
low during the same time frame, but increases and remains high between 8200±1000 cal yr BP 386 
(Figure 4). Picea abies pollen percentages begin to increase ~8500 cal yr BP, and rise to 387 
dominance between 8500±3500 cal yr BP, ranging between 20%±73%. Between 3500 and -42 388 
cal yr BP, Picea abies pollen percentages increase averaging 19% of the total pollen rain, and 389 
then increase to an average of 30% over the last 70 years. Corylus pollen iV pUeVenW aW PƟkni, bXW 390 
at relatively low percentages (average of 13%) between 12,642±6150 cal yr BP. The 391 
Pioneer:Successional ratio begins to decrease ~8500 cal yr BP, switching to a successional-392 
dominated forest ~7300 cal yr BP. Corylus pollen decreases ~6050 cal yr BP, ranging from 1±393 
9% from 6050 cal yr BP present. Fagus pollen begins to increase ~7950 cal yr BP, remaining 394 
<5% of the total pollen rain between 7950±6400 cal yr BP. Fagus pollen increases and fluctuates 395 
between 8%-23% between 6400±280 cal yr BP, and then decreases to <5% of the total pollen 396 
rain until the present. Abies pollen first appears ~6350 cal yr BP and averages <3% of the total 397 
pollen rain until ~5500 cal yr BP. Abies then increases to an average of 18% between 5500±650 398 
cal yr BP before decreasing to <2% at present. Pinus undiff. pollen percentages begin to increase 399 



11 

~3500 cal yr BP, averaging 20% until ~1150 cal yr BP, and then increasing dramatically to an 400 
average of 34% in the last millennia (reaching a maximum of 51% at the turn of the 20th 401 
century). AP:NAP decreases over the previous 1000 years, overlapping with an increase in 402 
PioneeU:SXcceVVional YalXeV aW PƟkni. Rarefied pollen richness (N0) shows generally low values 403 
throughout the entire record, except for over the last 1000 years (Figure 4). Pollen evenness 404 
(N2/N0) shows elevated diversity between 9000±7500 cal yr BP and again between 4000±1000 405 
cal yr BP. Apophyte percentages have been present since the onset of the record, with high 406 
percentages (>2%) between 12500±11000 cal yr BP and again over the last 1500 years, peaking 407 
at 8% ~74 cal yr BP. Whereas adventive pollen percentages were first documented ~11,150 cal 408 
yr BP, which was one finding of Polygonum aviculare-type (SI Figure 5). Adventives, being 409 
comprised primarily of Plantago lanceolata, appear consistently starting ~4600 cal yr BP at low 410 
values (<1%) before peaking ~2% at 150 cal yr BP. Primary pollen indicators first appear 1450 411 
cal yr BP with the arrival of Secale, and peak ~3% ~260 cal yr BP. Coprophilous fungi were 412 
foXnd aW PƟkni bXW in loZ peUcenWageV (<2%). Sordaria was the most common coprophilous 413 
fungi sporadically found; ~8500 and 8000 cal yr BP, between 3500±750 cal yr BP, and over the 414 
last 500 years. Podospora was also found but was less common than Sordaria; ~4800 cal yr BP, 415 
~2500 cal yr BP, and in the last 300 years. Tripterospora was found at 3750 cal yr BP and again 416 
sporadically between 400±74 cal yr BP.  417 
 418 
AW BlaWenVki VlaĢ, Whe local peaW bog ZaV dominaWed b\ Sphaghnum medium/divinum and 419 
Eriophorium vaginatum the entire Holocene, with occasional findings of S. cf. angustifolium, S. 420 
sect. Acutifolia, S. fuscum, S. majus and S. sect. Subsecunda (SI Figure 2). Regionally, Pinus 421 
pollen peUcenWageV aUe high (ma[imXm of 68%) aW Whe onVeW of Whe BlaWenVki VlaĢ UecoUd, Zhich 422 
overlaps with high Pioneer:Successional values (Figure 4). Pinus pollen then dramatically 423 
declines to 30% ~7200 cal yr BP as Picea abies pollen continues to rise to dominance, averaging 424 
63% between 7200±4250 cal yr BP. Fagus pollen is present but low (<6%) at the onset of the 425 
record until ~6600 cal yr BP, and then increases to an average of 16% until the last 100 years. 426 
Fagus pollen then decreases to an average of 7%. Abies pollen average <2% between 7300±4600 427 
cal yr BP and then dramatically increases to an average of 27% (maximum of 60%) between 428 
4600±250 cal yr BP. Abies pollen percentages average 6% over the last 200 years. High AP:NAP 429 
values occur between 6500±4300 cal yr BP, with a brief increase ~5500 cal yr BP. Low AP:NAP 430 
values occur between 4300±2200 cal yr BP and again over the last 1000 years, while high 431 
AP:NAP values briefly occur between 2200±1000 cal yr BP (Figure 4). Low 432 
Pioneer:Successional values are documented between 6500±1500 cal yr BP, with a short-lived 433 
increase in values centered ~4200 cal yr BP. Pioneer:Successional values then increase and 434 
remain high until present. Rarefied pollen richness (N0) at BlaWenVki VlaĢ shows generally higher 435 
values ~7300±5000 cal yr BP, 4000±3000 cal yr BP and again over the last 1000 years (Figure 436 
4). Pollen evenness (N2/N0) shows a general increasing trend in diversity over time until ~1000 437 
cal yr BP when pollen evenness declines. Apophyte percentages have been present since the 438 
onset of the record, with peaks >2% between 4000±3000 cal yr BP and over the last 1000 years. 439 
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Additionally, adventives, which are comprised primarily of Centaurea cyanus and Plantango 440 
lanceolatea, have been present since the onset of the record, however, have been consistently 441 
present since ~4250 cal yr BP. Primary pollen indicators first appear ~5550 cal yr BP with one 442 
finding of Cannabis. However, primary pollen indicators have been consistently present starting 443 
~950 cal yr BP. Sordaria was sporadically found ~6500 cal yr BP and over the last 1000 years. 444 
Podospora was only found ~6500 and ~4200 cal yr BP.  445 
 446 
4.5 Reconstructed fire history  447 
At PƟkni, local biomass burning (i.e., CHAR) was generally low throughout the record, except 448 
between 8500±7000 cal yr BP, ~6600 cal yr BP and ~5800 cal yr BP when biomass burning 449 
increased (Figure 7). Fire frequency was at its maximum ~10,500 cal yr BP. Fire frequency 450 
ranged from 2±3 fires/1000 years between 8000±3500 cal yr BP before declining to <1 fire/1000 451 
years at present. Charred macrofossils and microCHAR generally follow the same pattern as 452 
CHAR (Figure 7). The analysis of morphology-based fuel types revealed that wood CHAR 453 
dominated with an average of 0.07 particles cm-2 yr-1 throughout the record (Figure 7), reaching 454 
a maximum of 2.7 particles cm-2 yr-1 at ~5550 cal yr BP. Grass CHAR averaged 0.07 particles 455 
cm-2 yr-1 the entire record, reaching a maximum ~8100 cal yr BP. Other noticeable grass CHAR 456 
events occurred ~6300 cal yr BP, ~6250 cal yr BP, and 5550 cal yr BP. Herb CHAR averaged 457 
0.22 particles cm-2 yr-1 throughout the record with seven peaks greater than 2 particles cm-2 yr-1; 458 
~7600, ~ 8670 cal yr BP, ~8000 cal yr BP, ~7650 cal yr BP, ~7700 cal yr BP, ~7660, and ~8650.  459 
 460 
AW BlaWenVki VlaĢ, local biomass burning was low throughout most of the Holocene, except at the 461 
onset of the record ~7250±6500 cal yr BP (Figure 7). Fire frequency was high for this site at the 462 
onset of the record between 7250±5650 cal yr BP and again over the last 250 years. Between 463 
3700±2400 cal yr BP, fire frequency declined to 0 fires/1000 years. Only six fire episodes were 464 
deWecWed fUom Whe BlaWenVki VlaĢ UecoUd. Wood CHAR averaged 0.1 particles cm-2 yr-1 465 
throughout the record with a maximum of 0.27 particles cm-2 yr-1 at 6500 cal yr BP (Figure 7). 466 
Grass CHAR averaged 0.01 particles cm-2 yr-1 throughout the record with a peak at ~6500 cal yr 467 
BP. Finally, Herb CHAR averaged 0.1 particles cm-2 yr-1 with a maximum ~7000 cal yr BP. No 468 
chaUUed macUofoVVilV ZeUe idenWified fUom BlaWenVki VlaĢ dXUing macUofoVVil anal\ViV. 469 
Regionally, biomass burning also follows a similar pattern as CHAR (Figure 7).  470 
 471 
4.6 Generalized Additive Models 472 
4.6.1. Climate response curves 473 
When investigating the response between hydroclimate and forest succession variables, response 474 
curves illustrate a statistically significant decreasing relationship between WTD and the AP:NAP 475 
ratio (p<0.0124), and a significant increasing relationship with the Pioneer:Successional ratio 476 
(p<0.00001) (Figure 5). No significant relationships were found between WTD and pollen 477 
richness (p=0.525), pollen evenness (p=0.338), and coprophilous fungi (p=0.496). WTD was 478 
found to have a significant relationship with sedimentation rate (p<0.0344), the Fe/Zr ratio 479 
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(p<0.00001), and the Rb/Sr ratio (p<0.0001) (Figure 6). Additionally, no significant relationship 480 
was found between WTD and the Ca/Zr ratio (p=0.0622), although this is trending towards 481 
significant. Finally, when investigating the response between hydroclimate and fire variables, 482 
UeVponVe cXUYeV foU PƟkni VhoZ a VWaWiVWicall\ VignificanW incUeaVing UelaWionVhip ZiWh CHAR 483 
(p<0.0145), grass CHAR (p<0.0262), charred macrofossils (p<0.00556), and microcharcoal 484 
(p<0.00001) (Figure 8). In significant relationships were found between WTD and wood CHAR 485 
(p=0.116) and herb CHAR (p=0.38) (not shown in figures).  486 
 487 
ReVponVe cXUYeV foU BlaWenVki VlaĢ illustrate significant relationships between hydroclimate and 488 
the Pioneer:Successional ratio (p<0.000271), pollen richness (p<0.0878), and pollen evenness 489 
(p<0.0222) (Figure 5). No significant relationships were found between climate and the AP:NAP 490 
ratio (p=0.988). Significant relationships were found between hydroclimate and the Ca/Zr ratio 491 
(p<0.000134), the Fe/Zr ratio (p<0.00001) and the Rb/Sr ratio (p<0.00001) (Figure 6). No 492 
significant relationship was found between WTD and sedimentation rate (p=0.283) at Blatenská 493 
VlaĢ. Lastly, modeled response curves suggest no significant relationships between hydroclimate 494 
and fire variables; CHAR (p=0.363), grass CHAR (p=0.329), micro-charcoal (p=0.714) (Figure 495 
8). No significant relationships were found between climate and wood CHAR (p=0.759) and 496 
herb CHAR (p=0.374) (not shown).  497 
 498 
4.6.2. Anthropogenic response curves 499 
FoU PƟkni, VignificanW UelaWionVhipV were found between primary and adventive pollen indicators 500 
and coprophilous fungi (p<0.00001), and pollen richness (p<0.00001) (Figure 5). Insignificant 501 
relationships were found with the AP:NAP ratio (p=0.196), the Pioneer:Successional ratio 502 
(p=0.194), pollen evenness (p=0.347) (Figure 5), the Ca/Zr ratio (p=0.224), Fe/Zr ratio 503 
(p=0.093), Rb/Sr ratio (0.424), and sedimentation rate (p=0.0826) (Figure 6), and CHAR 504 
(p=0.176), grass CHAR (p=0.228), microcharcoal (p=0.892), charred macrofossils (p=0.185) 505 
(Figure 8). Additionally, no significant relationship was found between primary and adventive 506 
pollen indicators and wood CHAR (p=0.318) and herb CHAR (p=0.386) (not shown). The only 507 
VignificanW UelaWionVhipV foXnd beWZeen apoph\We pollen indicaWoUV aW PƟkni ZeUe ZiWh  508 
AP:NAP (p<0.00001), pioneer:successional (p<0.0299), pollen evenness (p<0.00161), pollen 509 
richness (p<0.00001), coprophilous fungi (p<0.00001) (SI Figure 6), and sedimentation rate 510 
(0.0122) (SI Figure 7). No significant relationships were found with apophytes and Ca/Zr 511 
(p=0.0912), Fe/Zr (p=0.136), and Rb/Sr (p=0.381) (SI Figure 7), or any fire variable; CHAR 512 
(p=0.258), Grass CHAR (p=0.249), charred macrofossils (p=0.23), microCHAR (p=0.398) (SI 513 
Figure 8), herb CHAR (p=0.681), or wood CHAR (p=0.534) (not shown). 514 
 515 
ReVponVe cXUYeV foU BlaWenVki VlaĢ illXVWUaWe VignificanW UelaWionVhipV beWZeen pUimaU\ and 516 
adventive pollen indicators and the AP:NAP ratio (p<0.000202), pollen richness (p<0.00001), 517 
pollen evenness (p<0.0274) and coprophilous fungi (p<0.00278) (Figure 5), sedimentation rates 518 
(p<0.00104) and the Ca/Zr (p<0.00001), Fe/Zr (p<0.00001) and Rb/Sr ratios (p<0.00001) 519 
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(Figure 6). No significant relationships were found with the pioneer:successional ratio (p=0.116) 520 
(Figure 5), CHAR (p=0.474), grass CHAR (p=0.209), microCHAR (p=0.423) (Figure 8), and 521 
herb CHAR (p=0.933) (not shown). While not significant, a relationship trending towards 522 
significant was found between primary and adventive pollen indicators and wood CHAR 523 
(p=0.0619) (not shown). The only significant relationships found between apophyte pollen 524 
indicaWoUV aW BlaWenVki VlaĢ ZeUe ZiWh AP:NAP (p<0.00001), pioneeU:VXcceVVional (p<0.00431), 525 
coprophilous fungi (p<0.0428), pollen richness (p<0.00001) (SI Figure 6), all geochemistry 526 
variables, Ca/Zr (p=0.00283), Fe/Zr (p=0.00236), Rb/Sr (p=0.000175) and sedimentation rate 527 
(0.0404) (SI Figure 7). No significant relationships were found between apophytes and pollen 528 
evenness (p<0.85) (SI Figure 7), CHAR (p=0.615), grass CHAR (p=0.54), microCHAR 529 
(p=0.601) (SI Figure 8), or herb CHAR (p=0.872), and wood CHAR (p=0.488) (not shown).  530 
 531 
4.7 Principal Component Analysis 532 
For both sites, the PCA results based on selected pollen types and the total number of samples 533 
are shown in SI Figure 9 and 10. FoU PƟkni, the eigenvalues of the first two principal 534 
components were 9.52 and 6.8, respectively. The first and second principal components 535 
altogether accounted for 28.7% of the variance in fossil pollen assemblages. Taxa having large 536 
scores on PC1 are predominately primarily primary, adventive and apophyte pollen types.  537 
 538 
For BlaWenVki VlaĢ, the eigenvalues of the first two principal components were 7.72 and 5.3, 539 
respectively. The first and second principal components altogether accounted for 24.3% of the 540 
variance in fossil pollen assemblages. Fossil pollen that corresponds with PC1 are mainly 541 
primary, adventive and apophyte pollen types. 542 
 543 
5 Discussion 544 
5.1 Local wetland vegetation dynamics and establishment of testate amoebae records 545 
At PƟkni, at the onset of the record ~12,500 cal yr BP until ~9000 cal yr BP, macrofossils of 546 
several Carex taxa (C. vesicaria, C. canescens, C. elata, C. rostrata), and other wetland plants 547 
such as Eriophorum vaginatum, Equisetum fluviatile, Filipendula ulmaria and Comarum 548 
palustre (SI Figure 1) along with maximum Cyperaceae and Poaceae pollen percentages (SI 549 
Figure 5) indicate a tall-sedge marsh vegetation of Magno-Caricion elatae alliance. This alliance 550 
occupies the littoral zones of oligotrophic and mesotrophic water bodies where the water table is 551 
above the soil surface during moVW of Whe gUoZing VeaVon (âXmbeUoYi eW al. 2011). Magno-552 
Caricion elatae alliance also represents the later stages in hydric succession of cut-off meanders 553 
within the floodplain of the Upper Vltava River (Bufková et al. 2005), suggesting that the PČkni 554 
peat bog was originally an oxbow lake along the Upper Vltava River in the final stage of 555 
terrestrialization. High Rb/Sr, which is an indicator of erosion, suggests the oxbow lake was 556 
regularly influenced by local flooding until ~11,000 cal yr BP (Figure 3). High concentrations 557 
and percentages of pioneer species, such as Pinus sp. (likely Pinus rotundata and/or P. sylvestris 558 
based on modern vegetation assemblages) and Betula pendula/pubescens macrofossils and pollen 559 
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indicate both regional forestation and forestation of the peatland surface ~10,500 cal yr BP. Peat 560 
growth comprised primarily of Eriophorum peat coupled with wood fragments suggests a 561 
transition of a tall-sedge marsh into an oligotrophic groundwater-fed fen overgrown by trees 562 
starting ~10,500 cal yr BP and transitioning into peatbog shortly thereafter. As a result of peat 563 
formation, testate amoebae first appear ~10,500 cal yr BP (SI Figure 3), and thus provide a 564 
record of hydroclimate since ~10,500 cal yr BP at PƟkni (Figure 3). At BlaWenVki VlaĢ, Whe peaW 565 
bog established ~7250 cal yr BP (Schafstall et al., 2024), which coincides with the first 566 
appearance of testate amoebae (SI Figure 4), thus providing a record of hydroclimate overlap 567 
between the two sites over the last ~7200 years.  568 
 569 
5.2 Synchronous Holocene hydroclimate and forest succession, yet asynchronous fire regimes 570 
across the Šumava Mountains  571 
Early Holocene hydroclimate reflects dry conditions above the modern agropastoral boundary 572 
Dreslerová et al., 2020a), likely in response to high summer insolation which induced warmer- 573 
and drier-than-present continental conditions (Berger and Loutre, 1991; Heiri et al., 2003; 574 
Fohlmeister et al., 2013) (Figure 3). This is further supported by the CHELSA model which 575 
shows the lowest precipitation values for the entire Holocene occurring between 12,000±8000 576 
cal yr BP. Additionally, the CHELSA simulated climate shows the warmest temperatures during 577 
the wettest quarter (i.e., summer) occurred between 10,000±8000 cal yr BP. This time period 578 
oYeUlapV ZiWh Whe foUeVWaWion of Whe PƟkni peaWbog b\ eaUl\ VXcceVVional VpecieV Pinus and 579 
Betula (Figure 4). Modeled response curves illustrate local climate as the dominant driver of 580 
forest succession, with early pioneer species dominating when the water table is low (<20 cm) 581 
(Figure 5). Additionally, response curves show a significant relationship with local hydroclimate 582 
and landVcape openneVV aW PƟkni, ZiWh NAP dominating when the WTD is low. Moreover, 583 
authigenic Ca and Fe (Ca:Zr and Fe:Zr) increase ~10,500 cal yr BP suggesting the peatbog 584 
surface was seasonally dry and exposed to oxygen at this time (Figure 3). Modeled response 585 
curves illustrate strong relationships between WTDs and the Fe/Zr and Rb/Sr ratios (Figure 6), 586 
demonstrating hydroclimates influence on local peatbog surface dynamics. Warm and dry 587 
summer conditions coupled with a landscape dominated by early successional fire-adapted 588 
species resulted in more frequent biomass burning. For example, the first appearance of charred 589 
macrofossils, specifically charred bryophytes and wood, occurred around ~10,500 cal yr BP, 590 
with high concentrations of other charred macrofossils such as pine needles, leaves, moss, Carex 591 
and Eriophorum until ~7300 cal yr BP (Figure 7). GAM response curves further support a 592 
significant relationship between hydroclimate (WTD) and local biomass burning (charred 593 
macrofossils) (Figure 8). Additionally, the highest CHAR and microCHAR values of the entire 594 
record also occur between 11,000±7300 cal yr BP (Figure 7), with response curves illustrating a 595 
strong influence of hydroclimate on local and regional fire activity. Specifically, when WTDs are 596 
low, ranging between 15±25 cm, all charcoal-related variables drastically increase suggesting 597 
that when peat surface conditions are dU\, Whe enYiUonmenW aW PƟkni is especially prone to fire 598 
activity (Figure 8). The significant relationship between WTD and macrocharcoal, particularly 599 
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grass charcoal, supports the fact that fine fuels burned better under drier conditions (Turetski et 600 
al., 2014; Feurdean et al., 2022). Furthermore, macrocharcoal morphology data further support 601 
the charred macrofossil data in that both understory (herbs) and canopy (shrubs and wood) were 602 
burning, potentially indicating both low and high severity fires on the peat surface (Figure 7). 603 
High-severity fires are also inferred from the dramatic decrease in forest canopy pollen ~8,500 604 
cal yr BP (Figure 4), as well as by high concentrations of Cenococcum geophilum, a soil fungus 605 
that can be used as a proxy for soil erosion (Kroll, 1988), and an indicator of stress on vegetation 606 
as a result of chronic drought (Pigott, 1982; Coleman et al., 1989; Hasselquist et al., 2005) 607 
(Figure 7), as well as the presence of Gelasinospora, another soil fungus indicative of fire 608 
activity (van Geel, 1978). Interestingly, the highest peaks in CHAR occurred ~8000 cal yr BP, 609 
which is similar to other findings of high CHAR at this time (Carter et al., 2018a; Florescu et al., 610 
in review). This supports other regional paleofire reconstructions that indicate high fire activity 611 
in the âXmaYa MoXnWainV in the early Holocene (Carter et al., 2018a; Mateo-Beneito et al., 2024; 612 
Florescu et al., in review), Czechia (Bobek et al., 2019), and across Europe (Vannière et al., 613 
2016; Feurdean et al., 2020). Similarly, Cagliero et al. (2023) also illustrate a positive 614 
relationship between climate (i.e., July temperature) and biomass burning in the Dinaric Alps 615 
supporting the strong influence of summer temperatures on fire activity. While the BlaWenVki VlaĢ 616 
record does not extend beyond 7300 cal yr BP, the highest peaks in CHAR occurred at the onset 617 
of the record (Schafstall et al., 2024), further supporting regional burning across all elevations in 618 
the âXmaYa MoXnWainV at this time (Figure 7).  619 
 620 
Starting ~7250 cal yr BP until 2200 cal yr BP, local hydroclimate records illustrate generally 621 
higher WTDs at both sites during this time, suggesting relatively cooler and wetter conditions 622 
overall, an inference supported by the CHELSA climate model which simulates cooler 623 
temperatures of the wettest quarter (Figure 3). However, WTDs do fluctuate indicating drought 624 
episodes and drying of the peat bog surfaces, which is supported by generally higher Ca/Zr 625 
and/or Fe/Zr at both sites until ~5500±4500 cal yr BP. Relatively synchronous responses in 626 
forest succession were recorded near the agropastoral boundary and at the highest elevations in 627 
the âXmaYa MoXnWainV as a result of cooler and wetter conditions. Specifically, Picea abies 628 
dominated at both sites (Figure 4), which mirror other paleoecological reconstructions 629 
illustrating P. abies as the dominant forest canopy cover during the mid-Holocene (Svobodová et 630 
al., 2001, 2002; Carter et al., 2018a; Florescu et al., in review). Carter et al. (2018b) suggested 631 
that approximately 50% of the total land-coYeU acUoVV Whe enWiUe âXmaYa MoXnWainV was 632 
comprised of P. abies during the mid-Holocene. Our records suggest that higher elevations (i.e., 633 
BlaWenVki VlaĢ, 1275 m asl) was comprised of ~75% P. abies, while mid-eleYaWionV (i.e., PƟkni, 634 
730 m asl) was comprised of ~40%. Increased forest density, low species richness and low 635 
evenness and wetter conditions coincided with P. abies dominance at both sites, indicating fewer 636 
species in the environment (Figure 5). Understory microclimates in P. abies-dominated forests 637 
are typically cooler, with abundant surface litter and acidic soils (Augusto et al., 2003; 638 
Colombaroli et al., 2012), which would impact pollen richness, particularly understory taxa in 639 

https://link.springer.com/article/10.1007/s10021-019-00455-w%23ref-CR73
https://link.springer.com/article/10.1007/s10021-019-00455-w%23ref-CR20
https://link.springer.com/article/10.1007/s10021-019-00455-w%23ref-CR42
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these forested ecosystems (Figure 4). Modeled relationships further support the notion that 640 
regional forest succession and composition was climatically-driven between 7000±4000 cal yr 641 
BP. 642 
 643 
Because of cooler and wetter conditions, coupled with P. abies dominance, it would be expected 644 
that fire activity decreases as P. abies is a fire-avoidant species. However, P. abies establishment 645 
and rise to dominance in the âXmaYa MoXnWainV occurred under elevated fire activity (Carter et 646 
al., 2018a). The rise to dominance of P. abies under elevated fire activity has also been witnessed 647 
in the Dinaric Alps (Cagliero et al., 2023) and Carpathians (Feurdean et al., 2012; Finsinger et 648 
al., 2018) suggesting a similar driver at the regional scale. At PƟkni, local fire activity is inferred 649 
from sporadic increases in charred macrofossils between 7700±4500 cal yr BP (Figure 3). 650 
Seasonally dry peatbog surfaces, which led to local fire activity at PƟkni, is supported by 651 
increased concentrations of E. vaginatum macrofossils and increased authigenic Ca. However, 652 
while increased authigenic Ca is also witnessed at BlaWenVki VlaĢ between 7000±4000 cal yr BP, 653 
local fire activity essentially disappears from the record ~6000 cal yr BP. The synchroneity in 654 
forest composition points to climate as the primary driver, yet asynchronous fire regimes points 655 
to another ignition source (i.e. not climate) for fires at mid-elevations.  656 
 657 
Picea abies began to decrease aW PƟkni starting ~5000 cal yr BP, likely because mean annual 658 
temperatures were too warm at this particular elevation (Figure 3). Mean annual temperatures 659 
may have reached a critical threshold ~4000 cal yr BP at higher elevations, which resulted in a 660 
drastic change in vegetation composition. Specifically, forests drastically changed from a P. 661 
abies-dominated forest to Abies alba-dominated forest aW BlaWenVki VlaĢ, with higher pollen 662 
richness and slightly higher pollen evenness (Figure 4). The high proportion of A. alba at 663 
BlaWenVki VlaĢ (a60%) aUe Whe fiUVW-ever reported at any site in Whe âXmaYa MoXnWainV, Zhich 664 
Schafstall et al. (2024) suggest may be a result of climate conditions becoming drier coupled 665 
with essentially no disturbance events in the surrounding environment. While a brief period of 666 
increased Eriophorum vaginatum ~4000 cal yr BP may suggest drier conditions locally (Figure 667 
3), the testate-derived hydroclimate does not illustrate any drastic decrease in WTDs ~4000 cal 668 
yr BP. In fact, WTDs continued to oscillate at higher values until ~2000 cal yr BP before 669 
decreasing to some of the lowest values recorded. We therefore propose that the increase in 670 
Abies alba was related to warming winter temperatures, likely spreading the species upslope 671 
from refuge from warmer temperatures at lower elevations. This assumption is based on the fact 672 
that temperate Abies alba is far more sensitive to winter frost and late frost than boreal Picea 673 
abies (Ellenberg, 2009; Lang et al., 2023).  674 
 675 
Local WTDs illustrate a major drought occurring between 2200±500 cal yr BP across the 676 
âXmaYa MoXnWainV. WTDV decUeaVe eaUlieU aW BlaWenVki VlaĢ aUoXnd a2200 cal \U BP with 677 
consistently high percentages of E. vaginatum macrofossils indicating unstable hydrological 678 
conditions, ZheUeaV WTDV decUeaVe a1500 cal \U BP aW PƟkni. The presence of Calluna 679 
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macrofossils fXUWheU VXppoUWV dUieU condiWionV aW PƟkni oYeU Whe laVW 1000 \eaUV (SI FigXUe 1). As 680 
a result of exceptionally dry conditions, similar to those witnessed in the early Holocene, forest 681 
density shifted to a more open landscape dominated by early pioneer species, which is supported 682 
by modeled response curves. Picea abies increases ~1000 cal yr BP aW BlaWenVki VlaĢ (FigXUe 4), 683 
likely in response to warmer temperatures (i.e. upslope migration). However, the Little Ice Age 684 
(LIA, 1450±1500 CE; Matthews and Briffa, 2005) does overlap with part of this time. Thus, the 685 
cool and wet LIA conditions may have favored P. abies growth (Grabner, 2017). Because of 686 
warm and exceptionally dry conditions, coupled with a landscape abundant with pioneer species, 687 
it would be expected that fire activity increases over the last 2000 years. Interestingly, we see a 688 
VlighW incUeaVe in CHAR aW BlaWenVki VlaĢ and decUeaVing CHAR aW PƟkni (FigXUe 7). We 689 
speculate that the major drought witnessed between 2200±500 cal yr BP may have been 690 
primarily a winter-season drought, resulting in less snow at higher elevations. This may 691 
poWenWiall\ e[plain Zh\ BlaWenVki VlaĢ e[peUienced VlighWl\ moUe fiUe acWiYiW\ Whan PƟkni due to 692 
fuels being drier-than-normal. Alternatively, these results may indicate that humans were 693 
primarily using fire at higher elevations. However, because no significant relationships were 694 
foXnd beWZeen h\dUoclimaWe and an\ fiUe YaUiable aW BlaWenVki VlaĢ, WhiV allXdeV Wo oWheU facWoUV 695 
being the primary driver behind the increase in fire activity at higher elevations over the last 696 
2000 years.  697 
 698 
5.3 How did human activities influence forest succession and composition?  699 
While hydroclimate has been the dominant driver of forest succession and composition, we 700 
cannot refute the possibility of humans as a secondary driver of landscape change. Archeological 701 
eYidence docXmenWV hXman pUeVence aV eaUl\ aV Whe MeVoliWhic acUoVV Whe enWiUe âXmaYa 702 
Mountain region (Fröhlich, 2003; âtda eW al., 2011; ýXlikoYi eW al., 2012; EigneU eW al., 2017; 703 
Kapustka et al., 2019; Ko]ikoYi eW al., 2020), and neaU Whe YiciniW\ of PƟkni (Vencl, 2006; âtda 704 
et al., 2008; 2012). AddiWionall\, BlaWenVki VlaĢ iV locaWed <1 km of an old MedieYal UoXWe 705 
(Kozáková et al., 2020), which was important for trading salt, metals and other goods 706 
(Svobodová et al., 2001). At the mid-eleYaWion ViWe, PƟkni, boWh copUophiloXV fXngi and 707 
adventive pollen indicators have been continuously present since ~4600 cal yr BP, which reflects 708 
livestock roaming on the landscape (Ptáková et al., 2021). Modeled response curves demonstrate 709 
a significant relationship between primary and adventive pollen indicators and coprophilous 710 
fungi, pollen evenness and pollen richness at (Figure 5), as well as apophyte pollen indicators 711 
and all forest succession/landscape openness variables (SI Figure 6). Over the last 3000 years, 712 
pollen richness (N0) has been slowly incUeaVing aW PƟkni in conjunction with a slow transition 713 
from a successional-dominated canopy to an early pioneer-dominated canopy (Figure 4). While 714 
the AP:NAP ratio suggests the landscape was still very much dominated by trees, pioneer taxa 715 
such as Betula pubescens, Pinus sylvestris and P. rotunda were increasing at this time. These 716 
taxa are more light-demanding than late-successional species like Picea abies (Beck et al., 2016; 717 
Houston Durrant et al., 2016), suggesting the landscape was not as dense as the AP:NAP ratio 718 
suggests. Macrofossil evidence further supports the relatively consistent presence of Pinus on the 719 



19 

PƟkni peaWbog Vince a4000 cal \U BP (SI FigXUe 1). Regular grazing would have maintained an 720 
intermediate state between open pasture and closed woodland, typical of a woodland pasture 721 
environment (Vera, 2000; Hartel et al. 2015). This intermediate state would have favored 722 
understory herb and shrub growth beneficial for grazers. These results suggest that the Vltava 723 
River floodplain neaU PƟkni was likely frequently visited by grazers, which likely attracted 724 
hunters, should these have been wild game instead of domesticated livestock. However, if these 725 
were domesticated livestock, either scenario points to human presence. Additionally, the 726 
proximity to the Vltava River would have been beneficial for human occupation not only for 727 
mobility purposes, but also easy access to water and food. Increases in adventive pollen 728 
indicators overlap with the first appearance, and continued presence of primary pollen indicators 729 
including cultivars ~1450 cal yr BP (Figure 4). This suggests that humans were beginning to 730 
XWili]e agUopaVWoUal faUming neaU PƟkni, which is ~100 m upslope from the modern-day 731 
agropastoral farming boundary (Dreslerová et al., 2020a). Increasing Pb/Zr over the last 2000 732 
years is likely associated with the regional mining of ore (Veron et al., 2014) (Figure 3). Forests 733 
in Whe âXmaYa MoXnWainV ZeUe XVed foU chaUcoal and poWaVh pUodXcWion foU local iUon VmelWeUV in 734 
the 16th century (Veselý et al., 1993), and glassworks in the 14th century (Fröhlich, 2003). Pb as 735 
well as Cu and Co are common colorant elements used in glassworks, especially blue glassworks 736 
(Bidegaray and Pollard, 2018; Zlámalová Cílová et al., 2021) which were popular glassworks for 737 
the region. Starting ~1200 cal yr BP, evidence of human activities directly modifying the local 738 
enYiUonmenW iV eYidenW in Whe PƟkni UecoUd, ZiWh a relatively large increase in primary and 739 
adventive pollen indicators (Figure 4). This overlaps with the pioneer:successional ratio 740 
illustrating more early pioneer taxa on the landscape. The largest ecosystem change has occurred 741 
over the last 500 years, with the decline of Abies alba aW PƟkni likely associated with 742 
deforestation (KoliĜ eW al., 2021). The large increase in NAP over the last 500 years illustrates a 743 
growing demand of agriculture and pasture area at lower elevations.  744 
 745 
While Ze h\poWheVi]ed hXman impacW ZoXld be gUeaWeU aW PƟkni dXe Wo iWV pUo[imiW\ Wo Whe 746 
modern-day agropastoral farming boundary, surprisingly, we found comparable evidence of 747 
hXman impacW aW BlaWenVki VlaĢ. SimilaU Wo PƟkni, adventive pollen indicators have been 748 
consistently present since ~4250 cal yr BP suggesting human utilization of high elevation forests. 749 
Modeled response curves demonstrate that a more open landscape with higher NAP species and 750 
pollen richness is associated with higher primary and adventive human indicator pollen (Figure 751 
5) and apophyte pollen indicators at BlaWenVki VlaĢ (SI Figure 6). Two time periods with higher 752 
NAP species and pollen richness occurred, first between 4000±2000 cal yr BP and then over the 753 
last 1000 years. During each of these periods, a similar environmental scenario that occurred at 754 
PƟkni alVo occXUUed aW BlaWenVki VlaĢ. FoU e[ample, pollen UichneVV (N0) ZaV e[cepWionall\ high 755 
during these two time periods, with rapid fluctuations in the pioneer:successional ratio 756 
suggesting a mixture of each forest type. While not significant, there appears to be a relationship 757 
trending towards significant with human activities and both the pioneer:successional ratio 758 
(p=0.07280), and coprophilous fungi (p=0.074). The modeled relationships between human 759 
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pollen indicator taxa, pollen richness and coprophilous potentially point to an environment with a 760 
higher mosaic of species richness that would have been favorable for gathering seasonally 761 
ethnobotanically important species found at higher elevations. Additionally, the potentially semi-762 
open woodland may have been favorable for seasonal pastoralism. While we cannot say for 763 
certain that the time period between 4000±2000 cal yr BP with higher pollen richness and 764 
landscape openness was attributed directly to human influence, we can speculate that humans 765 
were utilizing resources at higher elevations during this period. However, there is more 766 
circumstantial evidence suggesting direct human impact at higher elevations over the last 1000±767 
500 years. Notably, the drastic increase in Pb/Zr and primary indicator pollen taxa point to direct 768 
human influence in the region. Additionally, the drastic increase in Picea abies over the last 769 
1000 years may have been a result of human management. Specifically, historical timber 770 
construction in the present-day Czech Republic included P. abies and Abies alba (KoliĜ eW al., 771 
2021). Starting in the mid-17th century onward, but perhaps as early as the end of the 14th century 772 
(e.g. in southern Germany), Picea abies was likely planted across the study region due to 773 
increasing construction demand (cf. Hölzl, 2010; Antoine et al., 2024). Additionally, Picea abies 774 
has also been shown to benefit from grazing and browsing (Ellenberg, 2009; Rey et al., 2013; 775 
Schwörer et al., 2015; Lang et al., 2023). Our results indeed illustrate the consistent presence of 776 
Sporormiella over the last 500 years which may have contributed to the recent expansion of P. 777 
abies (Figure 4). Deforestation at higher elevations likely increased local weathering of the 778 
BlaWenVki VlaĢ caWchmenW over the last 1000 years, as indicated by increasing Rb/Sr (Figure 3). 779 
Modeled response curves demonstrate a significant relationship between primary and adventive 780 
pollen indicator taxa and the Rb/Sr ratio (Figure 6). Lastly, the decrease in forest cover and 781 
decline in pollen evenness over the last 1000 years supports previous quantitative REVEALS 782 
land-cover reconstructions which illustrate increasing landscape openness, especially over the 783 
last 500 years (Carter et al., 2018b). These data contribute to the growing body of literature 784 
illustrating how human deforestation has impacted vegetation composition and diversity over 785 
time (Antoine et al., 2024).  786 
 787 
5.4 What drove the observed asynchronous changes in fire activity? 788 
Approximately 96% of all modern wildfires in the European Union are caused by humans, which 789 
are being exacerbated by recent climate change (European Commission Joint Research Centre, 790 
2023). Historic fires were likely also dominated by human ignition sources for pastoral purposes 791 
across Europe and in the âXmaYa MoXnWainV. However, pastoral fires in the âXmaYa MoXnWainV 792 
are unlikely to be detected by anthropogenic indicators, likely because there is a lack of pollen or 793 
spore evidence for pastoralism in this region (Kozáková et al., 2020). As such, modeled response 794 
curves do not show a relationship between primary and adventive pollen indicators, apophyte 795 
pollen indicators, and any fire variable. Instead GAM response curves illustrate a strong positive 796 
relationship between hydroclimate and every fire variable at PƟkni (FigXUe 8). However, this 797 
could be an artifact of the GAMs, as there are fewer observations using the sum of primary and 798 
adventive pollen indicator taxa as the predictor variable than the number of testate amoebae 799 
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observations as the predictor variables (see vertical dashed lines on GAMS x-axes; Figures 5, 6 800 
and 8).  801 
 802 
It was likely that humans were utilizing fire, but not enough to override climate as the dominant 803 
driver of fire. This is supported by local paleofire lacustrine-based reconstructions that document 804 
an increase in fire frequency in response to human occupation (Carter et al., 2018a; Florescu et 805 
al., in review). Lacustrine-based paleofire records are likely more reflective of regional activity, 806 
whereas peatbog-based paleofire records are more localized. Therefore, without direct 807 
aUcheological eYidence docXmenWing Whe ph\Vical pUeVence of hXmanV aW PƟkni and BlaWenVki 808 
VlaĢ, Whe likelihood of finding an\ anWhUopogenicall\-related fire signal decreases, as does that 809 
ability to create a realistic estimate of population size of prehistoric communities from the area, 810 
Zhich iV a cXUUenW challenge in Whe field of aUcheolog\ (KoliĜ eW al., 2022). Other studies from 811 
Europe have demonstrated the ability of humans to override climate as the primary driver of fire 812 
activity (e.g. Rey et al., 2013; 2019). However, these studies come from the Alps where the use 813 
of fire to create of maintain high-altitude pastures has been well documented (Pini et al., 2017; 814 
Gilck and Poschlod, 2019; Dietre et al., 2020). As Kozáková et al. (2020) suggest, the absence of 815 
a treeless zone in âXmaYa MoXnWainV makes it more challenging to identify pastoral fires or other 816 
human-fire related activities. Such inferences showing a close link between land use and fire 817 
may depend on different climatic, vegetational and cultural settings as well as the sufficient 818 
preservation or investigation of the archeological remains. For example, Carter et al. (2021) 819 
showed that humans overrode climate as the dominant driver of fire in a high-elevation fire-820 
prone mixed-conifer forest in south-central Utah, USA. Specifically, they showed that a 600-year 821 
period of elevated CHAR was associated with the farming-based Fremont culture, who likely 822 
used frequent, low-severity fire to increase plant resources beneficial for human usage. Because 823 
that specific study site had onsite archeological evidence (i.e., hearths), the odds of identifying a 824 
human-fire signature increased substantially. Additionally, the high prevalence of radiocarbon-825 
dated archeological sites surrounding their study site allowed for creating a summed probability 826 
distribution (SPDs) which was used to distinguish human-caused fires from naturally caused 827 
ones. However, we acknowledge that the climate, vegetation, and fire regimes vary substantially 828 
between south-central Utah, USA (Carter et al., 2021) and Central Europe (this study or the 829 
Alps).  830 
 831 
Conclusions 832 
Documenting prehistoric human impact in Central European mountain environments has been a 833 
challenge. However, our study has demonstrated that long-term human impacts have left legacy 834 
effects on modern forest succession in central European mountain environments. By presenting 835 
Whe fiUVW UecoUdV of UeconVWUXcWed ZaWeU Wable depWhV (WTDV) fUom Whe âXmaYa MoXnWainV, oXU 836 
study demonstrated that major changes in forest succession primarily resulted from climate. Yet 837 
humans likely played a secondary role in modifying forest succession to increase resources 838 
beneficial to both humans and grazers over the last ~4600 years. However, the influence of 839 
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human activities in modifying forest succession increased substantially over the past 1000 years 840 
at both sites. We expected to see a larger anthropogenic footprint at PƟkni, as there is a higher 841 
prevalence of human settlements nearby. However, we found comparable evidence of human 842 
impact at BlaWenVki VlaĢ, especially over the last 1000 years. We were unable to document the 843 
use of fire as a tool to manipulate landscapes, and that the main driver of local and regional fire 844 
is climate. Our inability to provide direct evidence of people utilizing fire as a landscape 845 
management tool may be attributed to the lack of archeological evidence documenting human 846 
habitation at PƟkni and BlaWenVki VlaĢ or to local settings (e.g. lacking natural grasslands at 847 
higher elevations, humid conditions preventing large-scale burning, a lack of flammable 848 
vegetation, or the more localized nature of peatbog records versus regional-scale lacustrine 849 
records). Additional archeological evidence and sedimentary DNA data fUom Whe âXmaYa 850 
Mountains are desperately needed to better disentangle humans¶ role in altering vegetation 851 
assemblages and fire regimes prior-to the High Middle Ages. 852 
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Figure 1. Map showing the location of PƟkQi (730 m asl) and BOaWeQVki VOaĢ (1275 m asl) peat 
bogs located in âXPaYa NaWiRQaO Park on the border of Czechia, Germany and Austria (small 
inset figure), in relation to known archeological sites (main figure); Mesolithic sites (yellow µ+¶), 
Neolithic sites (green dots), Bronze Age sites (blue squares), Early Iron Age ± Hallstatt sites 
(pink hexagon), Late Iron Age ± La Tène sites (orange triangles); black triangles are our study 
sites. The three black lines that transect the Bohemian Forest Ecosystem are known historic 
trading routes. IPage b\ ý. ýiãeckê. 

 

 

 



 

Figure 2. Age-deSWh PRdeO aQd OiWhRORg\ fRU PƟkQi, C]echia. Age-depth relationships were 
established using thirteen 14C dates of bulk peat and macrofossil origin, and a 210Pb series 
(ASSOeb\, 1978), aQd ZeUe PRdeOed iQ µUbacRQ¶ (BOaaXZ aQd ChUiVWeQ, 2011) XViQg Whe IQWCaO20 
dataset for 14C ages (Reimer et al., 2020). The horizontal dotted line represents the sedimentation 
boundary between decomposed herbaceous peat and Eriophorum peat (see lithology in SI Figure 
2). Different prior accumulation rate means were used for these two sections. 

 

 

 



 

Figure 3. Reconstructed hydroclimate and geochemistry for PƟkQi and BOaWeQVki VOaĢ. From top 
to bottom (with BOaWeQVki VOaĢ presented first since it is higher in elevation (1275 m asl) and 

PƟkQi presented second (mid-elevation site, 730 m asl); Different archaeological time periods; 
testate amoebae reconstructed water table depths (WTDs; brown = drier, blue =  wetter) with 
Eriophorum vaginatum macrofossils, an indicator of dry conditions, overlaid (black vertical 

bars); CHELSA modeled climate variables including mean annual temperatures (MAT; salmon = 
Blatenská slat, red = PƟkQi), temperature of the wettest quarter (T WetQ; black  = Blatenská slat, 

gray = PƟkQi), precipitation for the wettest quarter (WetQ pp; light blue = Blatenská slat, dark 
blue = PƟkQi) (Karger et al., 2023); Rb/Sr, an indicator of mineralogic input (gold = increased 
mineralogic input, black = decreased mineralogic input); Ca/Zr, an indicator of authigenic Ca 
(brown = decreased Ca, blue  = increased Ca); Fe/Zr, an indicator of authigenic Fe (brown = 

decreased Fe, red = increased Fe); Pb/Zr, an anthropogenic indicator for mining activity (brown 
= decreased Pb, gray = increased Pb); low frequency magnetic susceptibility (ሆLF), an indicator 

of erosion (brow curves). 



 

 

Figure 4. RecRQVWUXcWed YegeWaWiRQ hiVWRU\ fRU PƟkQi aQd BOaWeQVki VOaĢ. FURP WRS WR bRWWRP 
(ZiWh BOaWeQVki VOaĢ SUeVeQWed fiUVW ViQce iW iV higheU iQ eOeYaWiRQ (1275 P aVO) aQd PƟkQi 
presented second (mid-elevation site, 730 m asl); Different archaeological time periods; 

Dominant forest canopy pollen percentages (dark green curve= Picea abies, light green curve = 
Pinus, yellow curve = Corylus, olive curve = Fagus, dark blue curve = Betula, light blue curve = 

Abies); index of forest openness (arboreal pollen = dark green curve, non-arboreal pollen = 
orange curve), index of forest succession (light green curve = pioneer tree taxa, dark green curve 

= successional tree taxa); rarefied pollen richness (N0; green curve with gray confidence 
intervals) indicating periods of increased pollen diversity; pollen evenness (N2/N0; gray lines) 
indicating the potential dominance of pollen taxa within an ecosystem; primary (brow curve), 

adventive (red curve) and apophyte (gold curve) pollen indicator taxa indicating human activities 
overlaid with coprophilous fungi, an indicator of grazers (Podospora = orange dots, Sordaria = 

black dots, Sporomiella = brown dots, Tripterospora = green dots). 



 

 

Figure 5. Model response curves showing the relationship between hydroclimate and 
anthropogenic indicators as independent variables and various forest succession, forest 

composition and pollen diversity variables at BOaWeQVki VOaW¶ aQd PƟkQi, C]echia. BOXe cXUYeV aUe 
results for testate amoebae reconstructed water table depths (WTDs). Yellow curves are results 
for the sum of primary and adventive pollen indicators following Deza-Aruajo et al. 2020. Bold 

p-values indicate the relationship is statistically significant. 

 



 

Figure 6. Model response curves showing the relationship between hydroclimate and primary 
and adventive pollen indicators, (i.e., anthropogenic indicators) as independent variables and 

various geochemistry variables used as indicators of erosional and depositional activity at 
BOaWeQVki VOaW¶ aQd PƟkQi, C]echia. BOXe cXUYeV aUe UeVXOWV fRU testate amoebae reconstructed 

water table depths (WTDs). Yellow curves are results for the sum of all primary and secondary 
pollen indicators. Bold p-values indicate the relationship is statistically significant. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 7. Reconstructed fire history for PƟkQi and BOaWeQVki VOaĢ. From top to bottom (with 
BOaWeQVki VOaĢ presented first since it is higher in elevation (1275 m asl) than PƟkQi (730 m asl); 
Different archaeological time periods; CHAR (particles per cmí2 yrí1) (dark gray curve), with 
BCHAR (red line) indicates regional fire activity; fire frequency indicates fires/1000 years (filled 
colour curve); fire episodes are represented ZiWh a Ued µ+¶ V\PbRO; Microcharcoal (particles per 
cmí2 yrí1) (dark gray curve), indicates regional biomass burning; Cenococcum geophilum 
concentrations (black curve), an indicator of soil erosion after fire (only observed at PƟkQi); 
Charred macrofossil concentrations (black histogram) is the sum of all charred macrofossil data 
(only observed at PƟkQi); Gelasinospora percentages (olive curve) indicates fire activity; Wood 
CHAR (brown curve), Grass CHAR (green curve), and Herb CHAR (salmon curve) indicate fuel 
source type; presented on a log scale to visually demonstrate the large abundance of woody 
charcoal. 

 



 

Figure 8. Model response curves showing the relationship between hydroclimate and 
anthropogenic indicators as independent variables and various fire variables indicator of fire 

activity at BOaWeQVki VOaW¶ aQd PƟkQi, C]echia. BOXe cXUYeV aUe UeVXOWV fRU testate amoebae 
reconstructed water table depths (WTDs). Yellow curves are results for the sum of primary and 

adventive pollen indicators following Dezu-Aruajo et al., 2020. Bold p-values indicate the 
relationship is statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Age-depth relations for PƟkQi, Czechia.  

Isotope Lab Code Depth 
(cm) 

Age (210Pb 
/ 14C yr BP) 

Sample  
Material 

210Pb  1 2017 ± 8.4 Bulk peat 
210Pb  2 2015 ± 8.3 Bulk peat 
210Pb  3 2012 ± 8.3 Bulk peat 
210Pb  4 2009 ±8.4 Bulk peat 
210Pb  6 2001 ± 8.5 Bulk peat 
210Pb  8 1990 ± 8.8 Bulk peat 
210Pb  10 1965 ± 

11.4 
Bulk peat 

210Pb  12 1918 ± 
17.3 

Bulk peat 

14C DeA-22180 41 250 ± 25 Conifer needle, Ericaceae bud 
14C DeA-26077 62 1653 ± 27 Sphagnum stems 
14C DeA-22181 79 2289 ± 26 Betula twig 
14C DeA-26078 101 3383 ± 38 Sphagnum stems 
14C DeA-23068 115 3649 ± 46 Oxycoccus leaves, pine needle, Carex 

seeds 
14C DeA-26079 140 4409 ± 36 Sphagnum stems 
14C DeA-22181 158 4576 ± 35 Sphagnum stems 
14C DeA-26080 180 4941 ± 37 Sphagnum stems 
14C DeA-26081 200 5402 ± 41 Sphagnum stems 
14C DeA-22183 236 6101 ± 41 Sphagnum stems 
14C DeA-22184 267 6825 ± 68 Charred Oxycoccus leaves 
14C DeA-22185 304 7143 ± 72 Sphagnum stems 
14C DeA-26082 347 7852 ± 48 Carex seeds 
14C DeA-22186 356 8608 ± 68 Carex seeds 
14C DeA-22187 377 9348 ± 73 Carex seeds 
14C DeA-26083 398 8800 ± 69 Carex seeds and leaf fragments 
14C DeA-22188 416 10746 ± 73 Carex seeds and leaves 

 

 

 

 

 

 

 

 



Table 2. Pollen taxa used to calculate primary and secondary pollen indicators, indicative of 
hXPaQ iQfOXeQce RQ aW Whe OaQdVcaSe aW PƟkQi aQd BOaWeQVki VOaĢ, Czechia. Taxa were selected 
following Dezu-Aruajo et al., 2020.  

 PƟkni BlaWenVki VlaĢ 
Primary Indicators Secale, Juglans Cannabis-type, Fagopyrum, 

Juglans, Secale, Triticum-type, 
Vicia 

Secondary Indicators 
(Adventives) 

Plantago lanceolata, Plantago 
major, Plantago sp., Polygonum 

aviculare-type  

Plantago lanceolata, Plantago 
major, Plantago sp., Polygonum 

aviculare-type, 
Secondary Indicators 

(Apophytes) 
Juniperus, Calluna vulgaris, 

Artemisia, Melampyrum, Rumex, 
Trifolim, Urtica 

Artemisia, Calluna vulgaris, 
Campanula, Juniperus, 
Melampyrum, Pteridium 

aquilinum, Rumex, Urtica 
 

 

 

 



 

 

 



SI FigXUe 1. FXOO SOaQW PacURfRVViO diagUaP ZiWh cRUe OiWhRORg\ fRU PƟNQi, C]echia. TRS SaQeO aUe WUee, VhUXb aQd heUb PacURfRVViOV. 
BRWWRP SaQeO aUe chaUUed PacURfRVViOV RQO\. 

 

SI FigXUe 2. FXOO SOaQW PacURfRVViO diagUaP fRU BOaWeQVNi VOaĢ, C]echia. 

 



 

 

 

SI FigXUe 3. FXOO WeVWaWe aPRebae aQd UecRQVWUXcWed ZaWeU WabOe deSWh diagUaP fRU PƟNQi, C]echia.  

 

 

 

 

 

 

 



 

 

 

SI FigXUe 4. FXOO WeVWaWe aPRebae aQd UecRQVWUXcWed ZaWeU WabOe deSWh diagUaP fRU BOaWeQVNi VOaĢ, C]echia. 

 

 

 

 

  

 



 

 

SI FigXUe 5. FXOO SROOeQ diagUaP fRU PƟNQi, C]echia. TRS SaQeO aUe WUee, VhUXb aQd heUb Wa[a. BRWWRP SaQeO aUe aTXaWic aQd QRQ-SROOeQ 
SaO\QRPRUSh Wa[a. 



 

SI FigXUe 6. MRdeO UeVSRQVe cXUYeV VhRZiQg Whe UeOaWiRQVhiS beWZeeQ aSRSh\We SROOeQ iQdicaWRUV aV iQdeSeQdeQW YaUiabOeV aQd YaUiRXV 
fRUeVW VXcceVViRQ, fRUeVW cRPSRViWiRQ aQd SROOeQ diYeUViW\ YaUiabOeV aW BOaWeQVNi VOaW¶ aQd PƟNQi, C]echia. BROd S-YaOXeV iQdicaWe Whe 
UeOaWiRQVhiS iV VWaWiVWicaOO\ VigQificaQW. 



 

SI FigXUe 7. MRdeO UeVSRQVe cXUYeV VhRZiQg Whe UeOaWiRQVhiS beWZeeQ aSRSh\We SROOeQ iQdicaWRUV aV iQdeSeQdeQW YaUiabOeV aQd YaUiRXV 
geRchePiVWU\ YaUiabOeV XVed aV iQdicaWRUV Rf eURViRQaO aQd deSRViWiRQaO acWiYiW\ aW BOaWeQVNi VOaW¶ aQd PƟNQi, C]echia. BROd S-YaOXeV 
iQdicaWe Whe UeOaWiRQVhiS iV VWaWiVWicaOO\ VigQificaQW. 



 

SI FigXUe 8. MRdeO UeVSRQVe cXUYeV VhRZiQg Whe UeOaWiRQVhiS beWZeeQ aSRSh\We SROOeQ aV iQdeSeQdeQW YaUiabOeV aQd YaUiRXV fiUe 
YaUiabOeV iQdicaWRU Rf fiUe acWiYiW\ aW BOaWeQVNi VOaW¶ aQd PƟNQi, C]echia. BROd S-YaOXeV iQdicaWe Whe UeOaWiRQVhiS iV VWaWiVWicaOO\ 
VigQificaQW. 



 

SI FigXUe 9. PCA UeVXOWV fRU fRVViO SROOeQ daWa fURP PƟNQi, C]echia. 

 



 

SI FigXUe 10. PCA UeVXOWV fRU fRVViO SROOeQ daWa fURP BOaWeQVNi VOaW, C]echia. 

 


