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Abstract

Central European mountains, including the Sumava Mountains located along the
Czechia/Germany border, have a long and rich anthropogenic history. Yet, documenting
prehistoric human impact in central European mountain environments remains a challenge
because of the need to disentangle climate and human-caused responses in terrestrial systems.
Here, we present the first reconstructed water table depths (WTDs) from two sites, Pékna and
Blatenska slat’, located in the Sumava Mountains. We compare these local hydroclimate records
with new and published pollen, non-pollen palynomorphs (NPPs), plant macrofossils,
geochemistry and archeological records to investigate how hydroclimate and human activities
impacted forest succession and fire activity throughout the Holocene across an elevational
gradient. Using a generalized additive model, our results suggest that changes in forest
succession and fire activity have been primarily caused by climate throughout the Holocene.
However, humans have been utilizing mountain environments and their resources continuously
since ~4600—4250 cal yr BP, thus playing a secondary role in modifying forest succession to
increase resources beneficial to both humans and grazers. Over the last 1000 years, we provide
evidence of directly observed human-caused modifications to the landscape. These results
contribute to a growing body of literature illustrating human activities and landscape
modifications in central European mountains.

1. Introduction

European mountain environments have a long and rich history with humans, particularly the
Alps and Carpathians (Schmidl et al., 2005; Lutz and Pernicka, 2013; Geanta et al., 2014;
Kothieringer et al., 2015; Feurdean et al., 2016; Schumacher et al., 2016; Finsinger et al., 2018;
Gilck and Poschlod, 2019; Carter et al., 2020; Florescu et al., 2024). For example, alpine farming
in the Alps has been a beneficial style of land use after 7000-6500 cal yr BP, with the most
unambiguous evidence starting ~4200 cal yr BP, due to the vast open grasslands which were
utilized by humans and livestock during the summer season (Hafner and Schworer, 2018; Gilck
and Poschlod, 2019; Tinner, 2023; Tinner et al., 2023). In the Carpathians, mountain farming has
been documented since ~4400-3500 cal yr BP across a wide spectrum of elevations (Geanta et
al., 2014; Feurdean et al., 2016; Feurdean et al., 2017; Lestienne et al., 2023). However, despite
having a rich archeological history in the lowlands, it is believed that human impact in Central
European mountains with lower elevations was less intense than in other European mountains
(Rosch, 2000; Robin et al., 2013; Henkner et al., 2018) likely because of local contingencies,
including the occurrence of denser forests and the lack of a treeless alpine zone (Dreslerova et
al., 2020a). Documenting prehistoric human impact in Central European mountains remains a
challenge, which inhibits our ability to assess potential legacies of past environmental changes,
including past land uses, on contemporary forest structure and function (Willis and Birks, 2006),
which ultimately also influence modern forest succession (Josefsson et al., 2009).
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One of Central Europe’s largest forested landscapes is located along the Czechia-Germany
border (Sumava National Park, Czechia, and Bavarian Forest National Park, Germany).
Together, both National Parks form the great Bohemian Forest Ecosystem and are part of the
Natura 2000 network and UNESCO Biosphere Reserve, which was established to protect the
most endangered flora and fauna in Central Europe (Krzystek et al., 2020). Upper Palaeolithic
and Mesolithic archeological sites have been found at high elevations in the Sumava Mountains
(Dreslerova et al., 2020b), with pollen taxa indicative of human activity documented since the
Neolithic (Svobodova et al., 2001; Svobodova et al., 2002; Carter et al., 2018a) illustrating that
the region has a long archeological history, making it an ideal place to investigate the extent of
human impact on the landscape (Kozakova et al., 2020). However, there appears to be a
boundary of ~600 m asl separating sub-montane settlements from non-settled land which is
associated with suitable agropastoral farming (Dreslerova et al., 2020a).

Previous paleoecological studies from the region have investigated long-term anthropogenic
impacts in the Sumava Mountains (Carter et al., 2018a; Kozakova et al., 2020). Using a
macrophysical climate model to reconstruct local climate, Carter et al. (2018a) suggest increased
fire activity in the early Holocene was likely driven by climate, despite archeological evidence
illustrating high populations of Mesolithic communities in the region. Additionally, Carter et al.,
(2018a) suggest that increased fire activity ~2500 cal yr BP was not climatically-driven, but
instead a result of increased anthropogenic activities which agrees with recent research by
Kozakova et al. (2020) who found increasing anthropogenic impact, including fire activity, since
the Late Bronze and Iron Ages. Both studies suggest that changes in forest succession since the
last millennia were likely due to increasing human activities. However, validating anthropogenic
impacts from paleoecological records from the Sumava Mountains has been challenging because
of the lack of local proxy-based records of climate which are needed to disentangle climate vs
anthropogenically-induced changes. The only local record of climate that exists from the Sumava
Mountains spans the Late Glacial-Early Holocene transition (Mateo-Beneito et al. 2024). While
the macrophysical climate model attempted to separate any anthropogenic signature from
climatically-driven events (Carter et al., 2018a), until now, no local record of Holocene climate
exists from the Sumava Mountains making it difficult to validate that changes in forest
succession and fire activity are driven by human activity, and not from climate.

To fill in this gap, we present the first records of hydroclimate associated with long-term climate
changes. Specifically, we present reconstructed water table depths (WTDs) from two new peat
bog records, one from a mid-elevation locality located near the 600 m asl agropastoral boundary
(P€kna, 730 m asl), and one from a high elevation locality (Blatenska slat’, 1275 m asl) to
investigate whether the ecological impact of human activities varied spatially across an elevation
gradient. Ombrotrophic peat bogs are excellent recorders of past hydrological changes due to
their surface being directly coupled to rainfall, temperature, and humidity (Blackford, 2000). As
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such, these depositional environments may be useful in disentangling climate versus
anthropogenically-induced changes in vegetation assemblages and fire regimes. By comparing a
local record of climate (via testate amoebae reconstructed WTDs) with new and published
pollen, non-pollen palynomorphs (NPPs), plant macrofossils, geochemistry (see Schafstall et al.,
2024) and archeological records, we aim to determine how 1) Holocene hydroclimate patterns
varied across an elevational gradient and how changes in hydroclimate impacted forest
succession and fire activity throughout the Holocene, and 2) whether changes in forest
succession and fire activity were caused by climate and/or humans.

2. Study Sites

P¢kna (48°50'26.451", 13°56'14.9922") is a mid-elevation (730 m asl) peat bog located in an
open valley near the village of P&kna on the southern margin of the Sumava National Park
(Figure 1). P&na4 is comprised of three bogs that span an area of 1.38 km?, with the coring
locality being located in the middle bog; the middle bog’s area is 0.7 km?. The peat bog is ~50 m
from the Vltava River and ~5 km from Lipno reservoir. Pékna is located <12 km from known
Mesolithic and Bronze Age archeological sites and is roughly ~15 km from the nearest historic
trading route (Dreslerova et al., 2020b). Local vegetation consists of mostly bog pine (Pinus
rotundata), with Betula pubescens, Pinus sylvestris, and Picea abies towards the bog edge. Herb
and shrub vegetation consists of Sphagnum sp., Vaccinium sp., Eriophorum vaginatum,
Andromeda polifolia, Oxycoccus palustris, and Melampyrum.

By contrast, Blatenska slat’ (48°58'19.227"N, 13°27'18.699"E) is a high elevation (1275 m asl)
raised peat bog located at the highest point in the Modravskeé slaté bog complex saddled between
Blatny vrch peak and Studena hora peak near the village of Modrava (Schafstall et al., 2024)
(Figure 1). The bog, with a size of 0.71 km?, includes two large and several smaller peatland
ponds. Blatenska slat’ is located <10 km from known Mesolithic archeological sites and is
roughly ~10 km from the nearest historic trading route. Blatenska slat’ is approximately 33 km
from the Pékna peat bog. Local vegetation is covered by hummocks and hollows comprised of
Andromedo polifoliae- Sphagnetum magellanici with marginal zones formed by Pinus unicinata
subsp. uliginosa (Neuman) Businsky and shrub layers of Vaccinium myrtillus. Towards the bog
edge and regionally, Picea abies dominates with a stand of Abies alba ~2 km away (Schafstall et
al., 2024).

3. Methods

3.1 Core retrieval

In June 2019, sediment cores were extracted from Pékna, and in October 2019, sediment cores
were extracted from Blatenska slat’. For Pékna, a 419 cm composite sediment profile composed
of two cores (PEK1 and PEK?2) was extracted from the center of the Pékna peat bog (48.8420614
N, 13.9382436 E). PEK 1 was extracted using a prototype percussion corer with a sediment
chamber of 3 m in length and 10 cm in diameter, and PEK 2 with a modified Livingstone piston
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corer with a sediment chamber of 1 m in length and a diameter of 6 cm (Merkt and Streif, 1970).
The upper-most 254 cm of continuous, undisturbed peat was collected from the first core
(PEKT), and the lower portion of the composite profile (165 cm) was collected from PEK2. Core
correlation was done on the overlapping sequence based on visual peat stratigraphy and magnetic
susceptibility data. Peat cores were transported to Charles University where they were
subsampled at 1 cm intervals for paleoecological analysis.

For Blatenska slat’, two parallel cores (BL1 and BL2) totaling 319 cm in depth were collected
from the center of Blatenska slat’ using a modified Livingstone piston corer (see Schafstall et al.,
2024 for further details).

3.2 Geochronology and Radiocarbon dating

For P&kn4, peat age-depth relations were established using thirteen *C dates of bulk peat and
macrofossils and a !°Pb series using a Bayesian method in rbacon package in R (Blaauw and
Christen, 2011) (see Table 1). All '*C dates were calibrated using the IntCal20 dataset (Reimer et
al., 2020) (Figure 2). All measured ages were included using a Student-t distribution for “C ages
and a normal distribution for 2!°Pb ages. Based on lithology, two sedimentation zones were
implemented in the age-depth model by adding a boundary at 350 cm and constraining their
mean accumulation rate by 20 yr/cm for the upper part and 50 yr/cm for the lower part. The age-
depth model partitioned the core into 85 sections, estimating the accumulation rate for each
segment using a Markov Chain Monte Carlo (MCMC) approach.

For Blatenska slat’, twelve '“C dates of bulk peat and macrofossils, and a 2!°Pb series were used
to create peat age-depth relations (for details see Schafstall et al., 2024). All '*C dates from both
sites were analyzed at Isotoptech Zrt. located in Debrecen, Hungary, and the 2!°Pb profile was
analyzed at the Faculty of Science, Institute of Geochemistry, Mineralogy and Mineral
Resources, Charles University.

3.3 Testate Amoebae analysis and water table reconstruction

Testate amoebae were used to reconstruct water table depth (i.e., groundwater levels) at both
sites. Testate amoebae were analyzed at 3—5 cm intervals for both Pékna and Blatenska slat’
using 1 cm® of sediment per sample. The samples were prepared following standard procedures
(Hendon and Charman, 1997). At least 150 testate amoebae shells were counted and identified at
each level under a stereomicroscope at 400x magnification using available taxonomic
classifications (e.g. Mazei and Tsyganov, 2006). The quantitative reconstruction of water table
depth was obtained using the pan-European transfer function of Amesbury et al. (2016).

3.4 Analysis of paleoclimate simulations
Following Schafstall et al. (2024), we retrieved simulated climatic variables (mean annual
temperature (MAT °C), temperature of the wettest quarter of the year (T WetQ (°C)), and
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precipitation of the wettest quarter of the year (WetQ PP (mm)) for the past 12,500 years from
the CHELSA climate database (Karger et al., 2023). All data were first cropped to a 1 km
window around P&kné and Blatenska slat’, and then the resulting values were extracted from .tif
files using R statistical software (R Core Team, 2023).

3.5 Geochemical analysis and magnetic susceptibility

Geochemistry and magnetic susceptibility were used to investigate erosional and depositional
activity at both sites. Elemental composition was determined using X-ray fluorescence
spectroscopy (XRF). Individual dried (at 37 °C) samples in plastic bags were analyzed with a
hand-held Innov-X DELTA analyzer in Geochem-Vanad mode. The total measurement time (6
minutes) was automatically divided into two phases: heavy elements (beam 40 kV) and light
elements (beam 10 kV). Similarly, magnetic susceptibility was measured on the same samples.
Using the Kappabridge MFK1-FA (AGICO, Inc.), which allows directly measuring mass-
specific magnetic susceptibility (y), the samples were analyzed at two frequencies (low 976 Hz
and high 15,616 Hz) with an induced magnetic field of 200 A-m™'. Low-frequency magnetic
susceptibility (yLr) and high-frequency magnetic susceptibility (yur) were then obtained, but we
only present yLr. We then verified through experimentation that plastic bags do not affect the
mentioned analyses. In both cases, the values are many orders of magnitude lower, as they are
made of diamagnetic material and thus do not significantly skew the results.

For both sites, heavy metal and carbonate-related elements (i.e., Fe, Ca, Pb) were normalized
with Zr, which is the most stable lithogenic element within our record, to differentiate the source
of Fe and Ca since these elements can have both authigenic and allogenic origin (Engstrom and
Wright, 1984; Boyle, 2001). We also used the ratio, Rb/Sr, as an indicator of weathering
intensity in each catchment (Chen et al., 1999).

3.6 Pollen, coprophilous fungi, plant macrofossils, and pollen richness and diversity

Pollen analysis was used to reconstruct regional changes in vegetation at Pé¢kné and Blatenska
slat’. Pollen analysis was conducted contiguously at 2 cm resolution from both sites (see
Schafstall et al., 2024). Pollen processing utilized acid-base rinse procedures following Faegri et
al. (1989) using 1 cm?® of sediment per sample. For both Pékn4 and Blatenska slat’, two
Lycopodium tablets (X=9,666 grains/tablet, Batch #3862) were added to each sample prior to
pollen processing and used as an exotic tracer to calculate both pollen concentration (grains cm?)
and pollen accumulation rates (pollen influx; grains cm 2 yr!) (Stockmarr, 1972). A minimum of
500 terrestrial pollen grains were identified at a magnification of 400x with the aid of
identification keys (Beug, 2004; Punt, 1976—1996). Pollen counts were converted into pollen
percentages based on the abundance of each pollen type relative to the sum of all identified
terrestrial pollen. To investigate anthropogenic influences at Pékna and Blatenska slat’, we used
anthropogenic pollen indicators (Behre, 1981, 1988; Behre et al., 2023) which were grouped
following Deza-Araujo et al., 2020: (i) primary anthropogenic indicators (cultivars), (ii)
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adventive anthropogenic indicators (plants introduced with agriculture), and (iii) apophytes
(native plant species favored by human activities) (Table 2). We also used the ratio of arboreal
(AP) to non-arboreal pollen (NAP) to investigate canopy openness. A ratio of pioneer species
(Pinus + Betula) to late-successional species (Picea abies + Abies + Fagus) was also used to
investigate trends in forest succession over time. Additionally, coprophilous fungi spores
(Podospora, Sordaria, Tripterospora, and Sporormiella) were used to identify grazing by
domestic or wild herbivores (Baker et al., 2013).

Plant macrofossil analysis was used to explore changes in local vegetation assemblages. For both
sites, plant macrofossils were analyzed using a stereomicroscope at a magnification of 15-50x%
and were identified with the aid of identification keys (Cappers et al., 2006; Bojnansky and
Fargasova, 2007; Katz et al., 1977; Tomlinson, 1985) and the herbarium collection at Charles
University. For Péknd, macrofossils analysis was conducted every 2—3 cm and concentrations of
plant macrofossils were adjusted to a constant volume of 15 cm?® using procedures described by
Birks (2007). For Blatenska slat’, macrofossil analysis was conducted every 2 cm on average,
with the top 14 cm pooled into one sample due to low sample size (see Schafstall et al., 2024).
Plant macrofossils were not adjusted to a constant volume, and instead were presented as
percentages, not concentrations.

To investigate biodiversity dynamics at each site, we calculated pollen-assemblage richness and
diversity (Hill, 1973) following Finsinger et al. (2017). Specifically, we calculated NO, which is
the total number of taxa in an assemblage, N1 which is the number of common taxa, and N2
which is the number of dominant taxa (Hill, 1973). Instead of using an analytical approach
(Birks and Line, 1992), we resampled randomly and without replacement the pollen counts 1000
times to the smallest sample size (here n =177 for Pékn4, and 514 for Blatenska slat’) prior to
estimating NO, N1, and N2, to provide mean estimates and 95% confidence intervals of NO, N1,
and N2 (Felde et al., 2016). Evenness was estimated as the ratio of dominant taxa relative to all
taxa present in an assemblage using the N2/NO ratio (Birks et al., 2016a). Pollen-assemblage
richness and diversity were calculated following Finsinger et al., (2017) using the ‘vegan’
package (Oksanen et al., 2016) in R (R Core Team, 2023).

3.7 Charcoal analysis

Microscopic-charcoal was counted simultaneously with pollen analysis on the pollen slides
(Finsinger and Tinner, 2005) at a magnification of 400x and was used to reconstruct regional fire
activity (Tinner et al., 1998). Microscopic charcoal counts were transformed to concentrations
(particles cm ) and charcoal accumulation rates (CHAR; the number of particles cm ™2 yr )
using the software program, Tilia (Grimm, 2004). Macroscopic charcoal was used to reconstruct
local-to-regional fire activity at P€knd and Blatenska slat’. Macroscopic charcoal was analyzed at
1 cm resolution at Pékna and 0.5 cm resolution at Blatenska slat’ using sub-samples of 2 cm?
from each site. Samples from both sites were left in 10 ml of sodium hexametaphosphate for 24
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hr to disaggregate organic matter, and then 5 ml of sodium hypochlorite (10% NaOCI) to bleach
non-charred material. Macroscopic charcoal was gently sieved through a 125 um sieve and was
analyzed using a stereomicroscope at a magnification of 15-50x%.

Macrocharcoal morphologies were used to reconstruct the type of biomass burned from each site
(i.e., a qualitative metric of fuel burnt/fire intensity) (Umbanhowar and Mcgrath, 1998; Enache
and Cumming, 2006). Macrocharcoal morphologies were identified following Enache and
Cumming (2006) and Mustaphi and Pisaric (2014), and were classified as wood, herb, grass and
undifferentiated. Macroscopic charcoal counts, including macrocharcoal morphologies, were
transformed to concentrations (particles cm ) and charcoal accumulation rates (CHAR; the
number of particles cm 2 yr ). Macroscopic charcoal counts were then broken into a low-
frequency component, known as charcoal background (BCHAR), and a peaks component
(CHARpeak) using an interpolated temporal resolution of 30-years sample™! (for P&kn4) and 35-
years sample™! (for Blatensk4 slat)) using the program, CharAnalysis (Higuera et al., 2009).
BCHAR was determined using a robust LOWESS regression with a moving-window width of
900 years (for P€knd) and 1000 years (for Blatenska slat’) which resulted in a robust signal-to-
noise index (SNI) > 3.0 (Kelly et al., 2011). CHARpeak values were calculated as residuals from
BCHAR and were separated from the background noise with a locally defined threshold using
the 99th percentile of a Gaussian mixture model. The identified CHARpeaks were then screened
with a minimum count peak-screening test (Higuera et al., 2010).

3.8 Statistical Analyses

To disentangle climate versus human-induced activities across an elevational gradient, we used a
multivariate generalized additive model (GAM; Hastie and Tibshirani, 1986) implemented in the
‘mgcv’ package (Wood, 2006). To account for the high temporal variability within each of the
time-series, all datasets were first binned into 100-year intervals by taking the average of each
binned window. We then tested the relationships between hydroclimate (i.e., WTD) and humans
(i.e., the sum of primary and adventive pollen indicators) set as the predictor variables, and
different response variables that document changes in vegetation, fire and geochemistry.
Additionally, because many of the primary and adventive pollen indicators are included in the
NAP sum, we removed these taxa from the NAP sum to ensure these taxa were not biasing the
GAM results. In each simulation, we used a Gaussian distribution with an identity link function.

A principal component analysis (PCA) was used to describe the main features of the
palynological record and assess whether the primary, adventive and apophyte pollen taxa
clustered together. Correlation matrices were used using PAST software (Hammer et al., 2001).

4 Results
4.1 Chronology and core lithology



320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

The calibrated modeled mean basal age for P&kna is 12,600 cal yr BP (Figure 2). Peat deposition
rates were relatively steady with a mean of 30 years per centimeter throughout the entire record.
The lower unit of the Pékna peat core (12,640-11,430 cal yr BP) contains Carex peat with
decomposed fragments of ligneous and herbaceous materials along with fine and coarse sand (SI
Figure 1). Sand disappears from the P&kna peat core ~11,279 cal yr BP and Carex continues to
dominate until ~8850 cal yr BP. A transition to Eriophorum peat was recorded at 8850 cal yr BP
until ~7900 cal yr BP. Sphagnum peat with Eriophorum then dominates until 6500 cal yr BP, and
then switches to Eriophorum peat until 2500 cal yr BP. Brief episodes of Sphagnum-dominated
peat occurred during that time frame, specifically between 5400—-5200 cal yr BP and 4700-3900
cal yr BP. The profile then briefly switches to Sphagnum peat ~2500 cal yr BP until 1700 cal yr
BP when it returns to Eriophorum peat mixed with Ericaceae roots until ~500 cal yr BP. The last
500 years have been Sphagnum-dominated peat (SI Figure 1).

The calibrated basal age for Blatenska slat’ is 7300 cal yr BP (Schafstall et al., 2024). Peat
deposition rates were relatively steady with a mean of 20 years per centimeter throughout the
entire record. The lithology of the Blatenska slat’ is mainly comprised of reddish brown or dark
brown slightly fibrous decomposed material, except between 4800—4450 cal yr BP (depths
~182-210 cm) and the last ~100 years (i.e., the top 10cm), which is comprised of slightly
reddish/dark brown undecomposed peat (see Schafstall et al. 2024). Sphagnum medium/S.
divinum dominates throughout the entire profile, with S. ¢f angustifolium only being present from
73002000 cal yr BP (SI Figure 2). Sphagnum fuscum and S. sect. acutifolia are also only
present between 5500—4500 cal yr BP.

4.2. Reconstructed water table depth

At Pekna, reconstructed WTDs were low, ranging between 28—20 cm below the peat surface
starting ~10,500 until 7500 cal yr BP, with a period of extremely low values ~28—27 cm between
9750-9200 cal yr BP (Figure 3). Cryptodifflugia oviformis and Cryptodifflugia pusilla are high
between 12,500-8000 cal yr BP before decreasing; in the case of C. pusilla it disappears from
the record entirely (SI Figure 3). Around 8000 cal yr BP, Archerella flavum and Assulina
muscorum increase and dominate along with D. pulex. Other taxa that appear ~8000—7500 cal yr
BP include Arcella catinus, Assulina seminulum, Bullinularia indica, Heleopera petricola, and
Hyalosphenia elegans. WTDs increased starting ~7500 cal yr BP and remained relatively high,
oscillating between 18-10 cm until ~1600 cal yr BP before decreasing again in conjunction with
Archerella flavum and Assulina muscorum dominance. WTDs remained low between 16000 cal
yr BP, ranging between 24-20 cm in conjunction with Cryptodifflugia oviformis dominance,
before quickly increasing again over the modern period.

At Blatenska slat’, reconstructed WTDs show similar patterns as P€kna, with generally higher
values (between 18—8 cm) between 7300-2200 cal yr BP in conjunction with Archerella flavum
dominance (SI Figure 4). WTDs decrease ~2200 cal yr BP and remain low, ranging between 26-
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24 cm until ~400 cal yr BP in conjunction with a rise in Cryptodifflugia oviformis and Nebela
militaris dominance. WTDs slightly increased over the last few centuries to 16 cm.

4.3. Reconstructed minerogenic component changes

At P&kna, minerogenic input (Rb/Sr) was very strong between 12,600—11,000 cal yr BP and
again between 9500-8200 cal yr BP (Figure 3). Minerogenic input has also increased since the
turn of the 20" century. Authigenic Ca and Fe (Ca/Zr and Fe/Zr) both increase ~10,500 cal yr BP
(Figure 3). However, the increase in Ca is short-lived while Fe remains high until ~6200 cal yr
BP. Authigenic Ca increases again between 8000—5500 cal yr BP and over the last 500 years.
Pb/Zr has only been present at high values in the last 2000 years. yLr shows several sporadic
erosional events ~7200, 6000 and 3000 cal yr BP, before increasing over the last 1000 years
(Figure 3).

At Blatenska slat’, minerogenic input is generally low until ~4500 cal yr BP, then sporadically
fluctuates until ~2500 cal yr BP before remaining high until present (Figure 3). Authigenic Ca
and Fe are both high at the onset of the record until ~4500 cal yr BP when both decline. Ca
increases again between ~3300-2000 cal yr BP and then between 500-100 cal yr BP. Pb/Zr is
only present, at high values, over the last 1000 years. yLr shows relatively high erosional activity
between 7300—4200 cal yr BP and then a dramatic increase over the last 50 years (Figure 3).

4.4 Reconstructed vegetation history

Locally, the P€kna peat bog was dominated by Carex (C. rostrata, C. cf. canescens, C. cf. elata,
C. sp.) from 12,600-8000 cal yr BP before transitioning to Eriophorium vaginatum (SI Figure 5).
Eriophorium vaginatum macrofossils were consistently present throughout the entire record.
Regionally, pioneer species, Pinus and Betula pollen, dominated the forest canopy at P€kna
between 12,642—-7500 cal yr BP, averaging 42% and 13%, respectively. The AP:NAP ratio was
low during the same time frame, but increases and remains high between 82001000 cal yr BP
(Figure 4). Picea abies pollen percentages begin to increase ~8500 cal yr BP, and rise to
dominance between 8500-3500 cal yr BP, ranging between 20%—73%. Between 3500 and -42
cal yr BP, Picea abies pollen percentages increase averaging 19% of the total pollen rain, and
then increase to an average of 30% over the last 70 years. Corylus pollen is present at P€kna, but
at relatively low percentages (average of 13%) between 12,642—-6150 cal yr BP. The
Pioneer:Successional ratio begins to decrease ~8500 cal yr BP, switching to a successional-
dominated forest ~7300 cal yr BP. Corylus pollen decreases ~6050 cal yr BP, ranging from 1—
9% from 6050 cal yr BP present. Fagus pollen begins to increase ~7950 cal yr BP, remaining
<5% of the total pollen rain between 7950-6400 cal yr BP. Fagus pollen increases and fluctuates
between 8%-23% between 6400280 cal yr BP, and then decreases to <5% of the total pollen
rain until the present. Abies pollen first appears ~6350 cal yr BP and averages <3% of the total
pollen rain until ~5500 cal yr BP. Abies then increases to an average of 18% between 5500—-650
cal yr BP before decreasing to <2% at present. Pinus undiff. pollen percentages begin to increase
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~3500 cal yr BP, averaging 20% until ~1150 cal yr BP, and then increasing dramatically to an
average of 34% in the last millennia (reaching a maximum of 51% at the turn of the 20™
century). AP:NAP decreases over the previous 1000 years, overlapping with an increase in
Pioneer:Successional values at Pékna. Rarefied pollen richness (NO) shows generally low values
throughout the entire record, except for over the last 1000 years (Figure 4). Pollen evenness
(N2/NO0) shows elevated diversity between 9000—7500 cal yr BP and again between 4000—1000
cal yr BP. Apophyte percentages have been present since the onset of the record, with high
percentages (>2%) between 12500—11000 cal yr BP and again over the last 1500 years, peaking
at 8% ~74 cal yr BP. Whereas adventive pollen percentages were first documented ~11,150 cal
yr BP, which was one finding of Polygonum aviculare-type (SI Figure 5). Adventives, being
comprised primarily of Plantago lanceolata, appear consistently starting ~4600 cal yr BP at low
values (<1%) before peaking ~2% at 150 cal yr BP. Primary pollen indicators first appear 1450
cal yr BP with the arrival of Secale, and peak ~3% ~260 cal yr BP. Coprophilous fungi were
found at Pékna but in low percentages (<2%). Sordaria was the most common coprophilous
fungi sporadically found; ~8500 and 8000 cal yr BP, between 3500—750 cal yr BP, and over the
last 500 years. Podospora was also found but was less common than Sordaria; ~4800 cal yr BP,
~2500 cal yr BP, and in the last 300 years. Tripterospora was found at 3750 cal yr BP and again
sporadically between 400—74 cal yr BP.

At Blatenska slat’, the local peat bog was dominated by Sphaghnum medium/divinum and
Eriophorium vaginatum the entire Holocene, with occasional findings of S. cf. angustifolium, S.
sect. Acutifolia, S. fuscum, S. majus and S. sect. Subsecunda (SI Figure 2). Regionally, Pinus
pollen percentages are high (maximum of 68%) at the onset of the Blatenska slat’ record, which
overlaps with high Pioneer:Successional values (Figure 4). Pinus pollen then dramatically
declines to 30% ~7200 cal yr BP as Picea abies pollen continues to rise to dominance, averaging
63% between 7200-4250 cal yr BP. Fagus pollen is present but low (<6%) at the onset of the
record until ~6600 cal yr BP, and then increases to an average of 16% until the last 100 years.
Fagus pollen then decreases to an average of 7%. Abies pollen average <2% between 7300—4600
cal yr BP and then dramatically increases to an average of 27% (maximum of 60%) between
4600-250 cal yr BP. Abies pollen percentages average 6% over the last 200 years. High AP:NAP
values occur between 6500—4300 cal yr BP, with a brief increase ~5500 cal yr BP. Low AP:NAP
values occur between 4300-2200 cal yr BP and again over the last 1000 years, while high
AP:NAP values briefly occur between 2200—1000 cal yr BP (Figure 4). Low
Pioneer:Successional values are documented between 6500—-1500 cal yr BP, with a short-lived
increase in values centered ~4200 cal yr BP. Pioneer:Successional values then increase and
remain high until present. Rarefied pollen richness (NO) at Blatenské slat’ shows generally higher
values ~7300-5000 cal yr BP, 4000-3000 cal yr BP and again over the last 1000 years (Figure
4). Pollen evenness (N2/NO) shows a general increasing trend in diversity over time until ~1000
cal yr BP when pollen evenness declines. Apophyte percentages have been present since the
onset of the record, with peaks >2% between 4000-3000 cal yr BP and over the last 1000 years.
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Additionally, adventives, which are comprised primarily of Centaurea cyanus and Plantango
lanceolatea, have been present since the onset of the record, however, have been consistently
present since ~4250 cal yr BP. Primary pollen indicators first appear ~5550 cal yr BP with one
finding of Cannabis. However, primary pollen indicators have been consistently present starting
~950 cal yr BP. Sordaria was sporadically found ~6500 cal yr BP and over the last 1000 years.
Podospora was only found ~6500 and ~4200 cal yr BP.

4.5 Reconstructed fire history

At P&kna, local biomass burning (i.e., CHAR) was generally low throughout the record, except
between 8500—7000 cal yr BP, ~6600 cal yr BP and ~5800 cal yr BP when biomass burning
increased (Figure 7). Fire frequency was at its maximum ~10,500 cal yr BP. Fire frequency
ranged from 2-3 fires/1000 years between 8000—3500 cal yr BP before declining to <1 fire/1000
years at present. Charred macrofossils and microCHAR generally follow the same pattern as
CHAR (Figure 7). The analysis of morphology-based fuel types revealed that wood CHAR
dominated with an average of 0.07 particles cm™ yr'! throughout the record (Figure 7), reaching
a maximum of 2.7 particles cm yr'! at ~5550 cal yr BP. Grass CHAR averaged 0.07 particles
cm™ yr'! the entire record, reaching a maximum ~8100 cal yr BP. Other noticeable grass CHAR
events occurred ~6300 cal yr BP, ~6250 cal yr BP, and 5550 cal yr BP. Herb CHAR averaged
0.22 particles cm™ yr'! throughout the record with seven peaks greater than 2 particles cm™? yr!;
~7600, ~ 8670 cal yr BP, ~8000 cal yr BP, ~7650 cal yr BP, ~7700 cal yr BP, ~7660, and ~8650.

At Blatenska slat’, local biomass burning was low throughout most of the Holocene, except at the
onset of the record ~7250—-6500 cal yr BP (Figure 7). Fire frequency was high for this site at the
onset of the record between 7250-5650 cal yr BP and again over the last 250 years. Between
3700-2400 cal yr BP, fire frequency declined to 0 fires/1000 years. Only six fire episodes were
detected from the Blatenska slat’ record. Wood CHAR averaged 0.1 particles cm™ yr!
throughout the record with a maximum of 0.27 particles cm™ yr'! at 6500 cal yr BP (Figure 7).
Grass CHAR averaged 0.01 particles cm™ yr'! throughout the record with a peak at ~6500 cal yr
BP. Finally, Herb CHAR averaged 0.1 particles cm™ yr! with a maximum ~7000 cal yr BP. No
charred macrofossils were identified from Blatenska slat’ during macrofossil analysis.
Regionally, biomass burning also follows a similar pattern as CHAR (Figure 7).

4.6 Generalized Additive Models

4.6.1. Climate response curves

When investigating the response between hydroclimate and forest succession variables, response
curves illustrate a statistically significant decreasing relationship between WTD and the AP:NAP
ratio (p<0.0124), and a significant increasing relationship with the Pioneer:Successional ratio
(p<0.00001) (Figure 5). No significant relationships were found between WTD and pollen
richness (p=0.525), pollen evenness (p=0.338), and coprophilous fungi (p=0.496). WTD was
found to have a significant relationship with sedimentation rate (p<0.0344), the Fe/Zr ratio
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(p<0.00001), and the Rb/Sr ratio (p<0.0001) (Figure 6). Additionally, no significant relationship
was found between WTD and the Ca/Zr ratio (p=0.0622), although this is trending towards
significant. Finally, when investigating the response between hydroclimate and fire variables,
response curves for Pekna show a statistically significant increasing relationship with CHAR
(p<0.0145), grass CHAR (p<0.0262), charred macrofossils (p<0.00556), and microcharcoal
(p<0.00001) (Figure 8). In significant relationships were found between WTD and wood CHAR
(p=0.116) and herb CHAR (p=0.38) (not shown in figures).

Response curves for Blatenska slat’ illustrate significant relationships between hydroclimate and
the Pioneer:Successional ratio (p<<0.000271), pollen richness (p<0.0878), and pollen evenness
(p<0.0222) (Figure 5). No significant relationships were found between climate and the AP:NAP
ratio (p=0.988). Significant relationships were found between hydroclimate and the Ca/Zr ratio
(p<0.000134), the Fe/Zr ratio (p<0.00001) and the Rb/Sr ratio (p<0.00001) (Figure 6). No
significant relationship was found between WTD and sedimentation rate (p=0.283) at Blatenska
slat’. Lastly, modeled response curves suggest no significant relationships between hydroclimate
and fire variables; CHAR (p=0.363), grass CHAR (p=0.329), micro-charcoal (p=0.714) (Figure
8). No significant relationships were found between climate and wood CHAR (p=0.759) and
herb CHAR (p=0.374) (not shown).

4.6.2. Anthropogenic response curves

For Pékna, significant relationships were found between primary and adventive pollen indicators
and coprophilous fungi (p<0.00001), and pollen richness (p<0.00001) (Figure 5). Insignificant
relationships were found with the AP:NAP ratio (p=0.196), the Pioneer:Successional ratio
(p=0.194), pollen evenness (p=0.347) (Figure 5), the Ca/Zr ratio (p=0.224), Fe/Zr ratio
(p=0.093), Rb/Sr ratio (0.424), and sedimentation rate (p=0.0826) (Figure 6), and CHAR
(p=0.176), grass CHAR (p=0.228), microcharcoal (p=0.892), charred macrofossils (p=0.185)
(Figure 8). Additionally, no significant relationship was found between primary and adventive
pollen indicators and wood CHAR (p=0.318) and herb CHAR (p=0.386) (not shown). The only
significant relationships found between apophyte pollen indicators at P€kna were with
AP:NAP (p<0.00001), pioneer:successional (p<0.0299), pollen evenness (p<0.00161), pollen
richness (p<0.00001), coprophilous fungi (p<0.00001) (SI Figure 6), and sedimentation rate
(0.0122) (SI Figure 7). No significant relationships were found with apophytes and Ca/Zr
(p=0.0912), Fe/Zr (p=0.136), and Rb/Sr (p=0.381) (SI Figure 7), or any fire variable; CHAR
(p=0.258), Grass CHAR (p=0.249), charred macrofossils (p=0.23), microCHAR (p=0.398) (SI
Figure 8), herb CHAR (p=0.681), or wood CHAR (p=0.534) (not shown).

Response curves for Blatenska slat’ illustrate significant relationships between primary and
adventive pollen indicators and the AP:NAP ratio (p<<0.000202), pollen richness (p<0.00001),
pollen evenness (p<0.0274) and coprophilous fungi (p<0.00278) (Figure 5), sedimentation rates
(p<0.00104) and the Ca/Zr (p<0.00001), Fe/Zr (p<0.00001) and Rb/Sr ratios (p<0.00001)
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(Figure 6). No significant relationships were found with the pioneer:successional ratio (p=0.116)
(Figure 5), CHAR (p=0.474), grass CHAR (p=0.209), microCHAR (p=0.423) (Figure 8), and
herb CHAR (p=0.933) (not shown). While not significant, a relationship trending towards
significant was found between primary and adventive pollen indicators and wood CHAR
(p=0.0619) (not shown). The only significant relationships found between apophyte pollen
indicators at Blatenska slat’ were with AP:NAP (p<0.00001), pioneer:successional (p<0.00431),
coprophilous fungi (p<0.0428), pollen richness (p<0.00001) (SI Figure 6), all geochemistry
variables, Ca/Zr (p=0.00283), Fe/Zr (p=0.00236), Rb/Sr (p=0.000175) and sedimentation rate
(0.0404) (SI Figure 7). No significant relationships were found between apophytes and pollen
evenness (p<0.85) (SI Figure 7), CHAR (p=0.615), grass CHAR (p=0.54), microCHAR
(p=0.601) (SI Figure 8), or herb CHAR (p=0.872), and wood CHAR (p=0.488) (not shown).

4.7 Principal Component Analysis

For both sites, the PCA results based on selected pollen types and the total number of samples
are shown in SI Figure 9 and 10. For P&kn4, the eigenvalues of the first two principal
components were 9.52 and 6.8, respectively. The first and second principal components
altogether accounted for 28.7% of the variance in fossil pollen assemblages. Taxa having large
scores on PC1 are predominately primarily primary, adventive and apophyte pollen types.

For Blatenska slat’, the eigenvalues of the first two principal components were 7.72 and 5.3,
respectively. The first and second principal components altogether accounted for 24.3% of the
variance in fossil pollen assemblages. Fossil pollen that corresponds with PC1 are mainly
primary, adventive and apophyte pollen types.

5 Discussion

5.1 Local wetland vegetation dynamics and establishment of testate amoebae records

At P&kna, at the onset of the record ~12,500 cal yr BP until ~9000 cal yr BP, macrofossils of
several Carex taxa (C. vesicaria, C. canescens, C. elata, C. rostrata), and other wetland plants
such as Eriophorum vaginatum, Equisetum fluviatile, Filipendula ulmaria and Comarum
palustre (S1 Figure 1) along with maximum Cyperaceae and Poaceae pollen percentages (SI
Figure 5) indicate a tall-sedge marsh vegetation of Magno-Caricion elatae alliance. This alliance
occupies the littoral zones of oligotrophic and mesotrophic water bodies where the water table is
above the soil surface during most of the growing season (Sumberova et al. 2011). Magno-
Caricion elatae alliance also represents the later stages in hydric succession of cut-off meanders
within the floodplain of the Upper Vltava River (Bufkova et al. 2005), suggesting that the P¢kna
peat bog was originally an oxbow lake along the Upper VItava River in the final stage of
terrestrialization. High Rb/Sr, which is an indicator of erosion, suggests the oxbow lake was
regularly influenced by local flooding until ~11,000 cal yr BP (Figure 3). High concentrations
and percentages of pioneer species, such as Pinus sp. (likely Pinus rotundata and/or P. sylvestris
based on modern vegetation assemblages) and Betula pendula/pubescens macrofossils and pollen
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indicate both regional forestation and forestation of the peatland surface ~10,500 cal yr BP. Peat
growth comprised primarily of Eriophorum peat coupled with wood fragments suggests a
transition of a tall-sedge marsh into an oligotrophic groundwater-fed fen overgrown by trees
starting ~10,500 cal yr BP and transitioning into peatbog shortly thereafter. As a result of peat
formation, testate amoebae first appear ~10,500 cal yr BP (SI Figure 3), and thus provide a
record of hydroclimate since ~10,500 cal yr BP at P&kna (Figure 3). At Blatenska slat’, the peat
bog established ~7250 cal yr BP (Schafstall et al., 2024), which coincides with the first
appearance of testate amoebae (SI Figure 4), thus providing a record of hydroclimate overlap
between the two sites over the last ~7200 years.

5.2 Synchronous Holocene hydroclimate and forest succession, yet asynchronous fire regimes
across the Sumava Mountains

Early Holocene hydroclimate reflects dry conditions above the modern agropastoral boundary
Dreslerova et al., 2020a), likely in response to high summer insolation which induced warmer-
and drier-than-present continental conditions (Berger and Loutre, 1991; Heiri et al., 2003;
Fohlmeister et al., 2013) (Figure 3). This is further supported by the CHELSA model which
shows the lowest precipitation values for the entire Holocene occurring between 12,000-8000
cal yr BP. Additionally, the CHELSA simulated climate shows the warmest temperatures during
the wettest quarter (i.e., summer) occurred between 10,000-8000 cal yr BP. This time period
overlaps with the forestation of the P&kna peatbog by early successional species Pinus and
Betula (Figure 4). Modeled response curves illustrate local climate as the dominant driver of
forest succession, with early pioneer species dominating when the water table is low (<20 cm)
(Figure 5). Additionally, response curves show a significant relationship with local hydroclimate
and landscape openness at P€kna, with NAP dominating when the WTD is low. Moreover,
authigenic Ca and Fe (Ca:Zr and Fe:Zr) increase ~10,500 cal yr BP suggesting the peatbog
surface was seasonally dry and exposed to oxygen at this time (Figure 3). Modeled response
curves illustrate strong relationships between WTDs and the Fe/Zr and Rb/Sr ratios (Figure 6),
demonstrating hydroclimates influence on local peatbog surface dynamics. Warm and dry
summer conditions coupled with a landscape dominated by early successional fire-adapted
species resulted in more frequent biomass burning. For example, the first appearance of charred
macrofossils, specifically charred bryophytes and wood, occurred around ~10,500 cal yr BP,
with high concentrations of other charred macrofossils such as pine needles, leaves, moss, Carex
and Eriophorum until ~7300 cal yr BP (Figure 7). GAM response curves further support a
significant relationship between hydroclimate (WTD) and local biomass burning (charred
macrofossils) (Figure 8). Additionally, the highest CHAR and microCHAR values of the entire
record also occur between 11,000-7300 cal yr BP (Figure 7), with response curves illustrating a
strong influence of hydroclimate on local and regional fire activity. Specifically, when WTDs are
low, ranging between 15-25 cm, all charcoal-related variables drastically increase suggesting
that when peat surface conditions are dry, the environment at P€kna is especially prone to fire
activity (Figure 8). The significant relationship between WTD and macrocharcoal, particularly
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grass charcoal, supports the fact that fine fuels burned better under drier conditions (Turetski et
al., 2014; Feurdean et al., 2022). Furthermore, macrocharcoal morphology data further support
the charred macrofossil data in that both understory (herbs) and canopy (shrubs and wood) were
burning, potentially indicating both low and high severity fires on the peat surface (Figure 7).
High-severity fires are also inferred from the dramatic decrease in forest canopy pollen ~8,500
cal yr BP (Figure 4), as well as by high concentrations of Cenococcum geophilum, a soil fungus
that can be used as a proxy for soil erosion (Kroll, 1988), and an indicator of stress on vegetation
as a result of chronic drought (Pigott, 1982; Coleman et al., 1989; Hasselquist et al., 2005)
(Figure 7), as well as the presence of Gelasinospora, another soil fungus indicative of fire
activity (van Geel, 1978). Interestingly, the highest peaks in CHAR occurred ~8000 cal yr BP,
which is similar to other findings of high CHAR at this time (Carter et al., 2018a; Florescu et al.,
in review). This supports other regional paleofire reconstructions that indicate high fire activity
in the Sumava Mountains in the early Holocene (Carter et al., 2018a; Mateo-Beneito et al., 2024;
Florescu et al., in review), Czechia (Bobek et al., 2019), and across Europe (Vanniére et al.,
2016; Feurdean et al., 2020). Similarly, Cagliero et al. (2023) also illustrate a positive
relationship between climate (i.e., July temperature) and biomass burning in the Dinaric Alps
supporting the strong influence of summer temperatures on fire activity. While the Blatenska slat’
record does not extend beyond 7300 cal yr BP, the highest peaks in CHAR occurred at the onset
of the record (Schafstall et al., 2024), further supporting regional burning across all elevations in
the Sumava Mountains at this time (Figure 7).

Starting ~7250 cal yr BP until 2200 cal yr BP, local hydroclimate records illustrate generally
higher WTDs at both sites during this time, suggesting relatively cooler and wetter conditions
overall, an inference supported by the CHELSA climate model which simulates cooler
temperatures of the wettest quarter (Figure 3). However, WTDs do fluctuate indicating drought
episodes and drying of the peat bog surfaces, which is supported by generally higher Ca/Zr
and/or Fe/Zr at both sites until ~5500—4500 cal yr BP. Relatively synchronous responses in
forest succession were recorded near the agropastoral boundary and at the highest elevations in
the Sumava Mountains as a result of cooler and wetter conditions. Specifically, Picea abies
dominated at both sites (Figure 4), which mirror other paleoecological reconstructions
illustrating P. abies as the dominant forest canopy cover during the mid-Holocene (Svobodova et
al., 2001, 2002; Carter et al., 2018a; Florescu et al., in review). Carter et al. (2018b) suggested
that approximately 50% of the total land-cover across the entire Sumava Mountains was
comprised of P. abies during the mid-Holocene. Our records suggest that higher elevations (i.e.,
Blatenska slat’, 1275 m asl) was comprised of ~75% P. abies, while mid-elevations (i.e., P&€kna,
730 m asl) was comprised of ~40%. Increased forest density, low species richness and low
evenness and wetter conditions coincided with P. abies dominance at both sites, indicating fewer
species in the environment (Figure 5). Understory microclimates in P. abies-dominated forests
are typically cooler, with abundant surface litter and acidic soils (Augusto et al., 2003;
Colombaroli et al., 2012), which would impact pollen richness, particularly understory taxa in
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these forested ecosystems (Figure 4). Modeled relationships further support the notion that
regional forest succession and composition was climatically-driven between 7000—4000 cal yr
BP.

Because of cooler and wetter conditions, coupled with P. abies dominance, it would be expected
that fire activity decreases as P. abies is a fire-avoidant species. However, P. abies establishment
and rise to dominance in the Sumava Mountains occurred under elevated fire activity (Carter et
al., 2018a). The rise to dominance of P. abies under elevated fire activity has also been witnessed
in the Dinaric Alps (Cagliero et al., 2023) and Carpathians (Feurdean et al., 2012; Finsinger et
al., 2018) suggesting a similar driver at the regional scale. At P€kna, local fire activity is inferred
from sporadic increases in charred macrofossils between 7700—4500 cal yr BP (Figure 3).
Seasonally dry peatbog surfaces, which led to local fire activity at Pekna, is supported by
increased concentrations of E. vaginatum macrofossils and increased authigenic Ca. However,
while increased authigenic Ca is also witnessed at Blatenska slat’ between 7000—4000 cal yr BP,
local fire activity essentially disappears from the record ~6000 cal yr BP. The synchroneity in
forest composition points to climate as the primary driver, yet asynchronous fire regimes points
to another ignition source (i.e. not climate) for fires at mid-elevations.

Picea abies began to decrease at Pekna starting ~5000 cal yr BP, likely because mean annual
temperatures were too warm at this particular elevation (Figure 3). Mean annual temperatures
may have reached a critical threshold ~4000 cal yr BP at higher elevations, which resulted in a
drastic change in vegetation composition. Specifically, forests drastically changed from a P.
abies-dominated forest to Abies alba-dominated forest at Blatenska slat’, with higher pollen
richness and slightly higher pollen evenness (Figure 4). The high proportion of 4. alba at
Blatenska slat’ (~60%) are the first-ever reported at any site in the Sumava Mountains, which
Schafstall et al. (2024) suggest may be a result of climate conditions becoming drier coupled
with essentially no disturbance events in the surrounding environment. While a brief period of
increased Eriophorum vaginatum ~4000 cal yr BP may suggest drier conditions locally (Figure
3), the testate-derived hydroclimate does not illustrate any drastic decrease in WTDs ~4000 cal
yr BP. In fact, WTDs continued to oscillate at higher values until ~2000 cal yr BP before
decreasing to some of the lowest values recorded. We therefore propose that the increase in
Abies alba was related to warming winter temperatures, likely spreading the species upslope
from refuge from warmer temperatures at lower elevations. This assumption is based on the fact
that temperate Abies alba is far more sensitive to winter frost and late frost than boreal Picea
abies (Ellenberg, 2009; Lang et al., 2023).

Local WTDs illustrate a major drought occurring between 2200500 cal yr BP across the
Sumava Mountains. WTDs decrease earlier at Blatenska slat’ around ~2200 cal yr BP with
consistently high percentages of E. vaginatum macrofossils indicating unstable hydrological
conditions, whereas WTDs decrease ~1500 cal yr BP at Pékna. The presence of Calluna
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macrofossils further supports drier conditions at PEkna over the last 1000 years (SI Figure 1). As
a result of exceptionally dry conditions, similar to those witnessed in the early Holocene, forest
density shifted to a more open landscape dominated by early pioneer species, which is supported
by modeled response curves. Picea abies increases ~1000 cal yr BP at Blatenska slat’ (Figure 4),
likely in response to warmer temperatures (i.e. upslope migration). However, the Little Ice Age
(LIA, 1450-1500 CE; Matthews and Briffa, 2005) does overlap with part of this time. Thus, the
cool and wet LIA conditions may have favored P. abies growth (Grabner, 2017). Because of
warm and exceptionally dry conditions, coupled with a landscape abundant with pioneer species,
it would be expected that fire activity increases over the last 2000 years. Interestingly, we see a
slight increase in CHAR at Blatenska slat’ and decreasing CHAR at P&kna (Figure 7). We
speculate that the major drought witnessed between 2200-500 cal yr BP may have been
primarily a winter-season drought, resulting in less snow at higher elevations. This may
potentially explain why Blatenska slat’ experienced slightly more fire activity than P&€kna due to
fuels being drier-than-normal. Alternatively, these results may indicate that humans were
primarily using fire at higher elevations. However, because no significant relationships were
found between hydroclimate and any fire variable at Blatenska slat’, this alludes to other factors
being the primary driver behind the increase in fire activity at higher elevations over the last
2000 years.

5.3 How did human activities influence forest succession and composition?

While hydroclimate has been the dominant driver of forest succession and composition, we
cannot refute the possibility of humans as a secondary driver of landscape change. Archeological
evidence documents human presence as early as the Mesolithic across the entire Sumava
Mountain region (Frohlich, 2003; Sida et al., 2011; Culakova et al., 2012; Eigner et al., 2017;
Kapustka et al., 2019; Kozakova et al., 2020), and near the vicinity of P€kna (Vencl, 2006; Sida
et al., 2008; 2012). Additionally, Blatenska slat’ is located <I km of an old Medieval route
(Kozdkova et al., 2020), which was important for trading salt, metals and other goods
(Svobodova et al., 2001). At the mid-elevation site, P€kna, both coprophilous fungi and
adventive pollen indicators have been continuously present since ~4600 cal yr BP, which reflects
livestock roaming on the landscape (Ptakova et al., 2021). Modeled response curves demonstrate
a significant relationship between primary and adventive pollen indicators and coprophilous
fungi, pollen evenness and pollen richness at (Figure 5), as well as apophyte pollen indicators
and all forest succession/landscape openness variables (SI Figure 6). Over the last 3000 years,
pollen richness (NO) has been slowly increasing at P€kna in conjunction with a slow transition
from a successional-dominated canopy to an early pioneer-dominated canopy (Figure 4). While
the AP:NAP ratio suggests the landscape was still very much dominated by trees, pioneer taxa
such as Betula pubescens, Pinus sylvestris and P. rotunda were increasing at this time. These
taxa are more light-demanding than late-successional species like Picea abies (Beck et al., 2016;
Houston Durrant et al., 2016), suggesting the landscape was not as dense as the AP:NAP ratio
suggests. Macrofossil evidence further supports the relatively consistent presence of Pinus on the
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Pé&kna peatbog since ~4000 cal yr BP (SI Figure 1). Regular grazing would have maintained an
intermediate state between open pasture and closed woodland, typical of a woodland pasture
environment (Vera, 2000; Hartel et al. 2015). This intermediate state would have favored
understory herb and shrub growth beneficial for grazers. These results suggest that the Vltava
River floodplain near P&kna was likely frequently visited by grazers, which likely attracted
hunters, should these have been wild game instead of domesticated livestock. However, if these
were domesticated livestock, either scenario points to human presence. Additionally, the
proximity to the VItava River would have been beneficial for human occupation not only for
mobility purposes, but also easy access to water and food. Increases in adventive pollen
indicators overlap with the first appearance, and continued presence of primary pollen indicators
including cultivars ~1450 cal yr BP (Figure 4). This suggests that humans were beginning to
utilize agropastoral farming near P&kna, which is ~100 m upslope from the modern-day
agropastoral farming boundary (Dreslerova et al., 2020a). Increasing Pb/Zr over the last 2000
years is likely associated with the regional mining of ore (Veron et al., 2014) (Figure 3). Forests
in the Sumava Mountains were used for charcoal and potash production for local iron smelters in
the 16™ century (Vesely et al., 1993), and glassworks in the 14" century (Frohlich, 2003). Pb as
well as Cu and Co are common colorant elements used in glassworks, especially blue glassworks
(Bidegaray and Pollard, 2018; Zlamalovéa Cilova et al., 2021) which were popular glassworks for
the region. Starting ~1200 cal yr BP, evidence of human activities directly modifying the local
environment is evident in the P&kna record, with a relatively large increase in primary and
adventive pollen indicators (Figure 4). This overlaps with the pioneer:successional ratio
illustrating more early pioneer taxa on the landscape. The largest ecosystem change has occurred
over the last 500 years, with the decline of Abies alba at P&kna likely associated with
deforestation (Kolaf et al., 2021). The large increase in NAP over the last 500 years illustrates a
growing demand of agriculture and pasture area at lower elevations.

While we hypothesized human impact would be greater at Pekna due to its proximity to the
modern-day agropastoral farming boundary, surprisingly, we found comparable evidence of
human impact at Blatenska slat’. Similar to P€kna, adventive pollen indicators have been
consistently present since ~4250 cal yr BP suggesting human utilization of high elevation forests.
Modeled response curves demonstrate that a more open landscape with higher NAP species and
pollen richness is associated with higher primary and adventive human indicator pollen (Figure
5) and apophyte pollen indicators at Blatenska slat’ (SI Figure 6). Two time periods with higher
NAP species and pollen richness occurred, first between 4000-2000 cal yr BP and then over the
last 1000 years. During each of these periods, a similar environmental scenario that occurred at
P&kna also occurred at Blatenska slat’. For example, pollen richness (NO) was exceptionally high
during these two time periods, with rapid fluctuations in the pioneer:successional ratio
suggesting a mixture of each forest type. While not significant, there appears to be a relationship
trending towards significant with human activities and both the pioneer:successional ratio
(p=0.07280), and coprophilous fungi (p=0.074). The modeled relationships between human
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pollen indicator taxa, pollen richness and coprophilous potentially point to an environment with a
higher mosaic of species richness that would have been favorable for gathering seasonally
ethnobotanically important species found at higher elevations. Additionally, the potentially semi-
open woodland may have been favorable for seasonal pastoralism. While we cannot say for
certain that the time period between 4000—2000 cal yr BP with higher pollen richness and
landscape openness was attributed directly to human influence, we can speculate that humans
were utilizing resources at higher elevations during this period. However, there is more
circumstantial evidence suggesting direct human impact at higher elevations over the last 1000—
500 years. Notably, the drastic increase in Pb/Zr and primary indicator pollen taxa point to direct
human influence in the region. Additionally, the drastic increase in Picea abies over the last
1000 years may have been a result of human management. Specifically, historical timber
construction in the present-day Czech Republic included P. abies and Abies alba (Kolarf et al.,
2021). Starting in the mid-17" century onward, but perhaps as early as the end of the 14™ century
(e.g. in southern Germany), Picea abies was likely planted across the study region due to
increasing construction demand (cf. Holzl, 2010; Antoine et al., 2024). Additionally, Picea abies
has also been shown to benefit from grazing and browsing (Ellenberg, 2009; Rey et al., 2013;
Schworer et al., 2015; Lang et al., 2023). Our results indeed illustrate the consistent presence of
Sporormiella over the last 500 years which may have contributed to the recent expansion of P.
abies (Figure 4). Deforestation at higher elevations likely increased local weathering of the
Blatenska slat’ catchment over the last 1000 years, as indicated by increasing Rb/Sr (Figure 3).
Modeled response curves demonstrate a significant relationship between primary and adventive
pollen indicator taxa and the Rb/Sr ratio (Figure 6). Lastly, the decrease in forest cover and
decline in pollen evenness over the last 1000 years supports previous quantitative REVEALS
land-cover reconstructions which illustrate increasing landscape openness, especially over the
last 500 years (Carter et al., 2018b). These data contribute to the growing body of literature
illustrating how human deforestation has impacted vegetation composition and diversity over
time (Antoine et al., 2024).

5.4 What drove the observed asynchronous changes in fire activity?

Approximately 96% of all modern wildfires in the European Union are caused by humans, which
are being exacerbated by recent climate change (European Commission Joint Research Centre,
2023). Historic fires were likely also dominated by human ignition sources for pastoral purposes
across Europe and in the Sumava Mountains. However, pastoral fires in the Sumava Mountains
are unlikely to be detected by anthropogenic indicators, likely because there is a lack of pollen or
spore evidence for pastoralism in this region (Kozékova et al., 2020). As such, modeled response
curves do not show a relationship between primary and adventive pollen indicators, apophyte
pollen indicators, and any fire variable. Instead GAM response curves illustrate a strong positive
relationship between hydroclimate and every fire variable at Pekna (Figure 8). However, this
could be an artifact of the GAMs, as there are fewer observations using the sum of primary and
adventive pollen indicator taxa as the predictor variable than the number of testate amoebae
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observations as the predictor variables (see vertical dashed lines on GAMS x-axes; Figures 5, 6
and 8).

It was likely that humans were utilizing fire, but not enough to override climate as the dominant
driver of fire. This is supported by local paleofire lacustrine-based reconstructions that document
an increase in fire frequency in response to human occupation (Carter et al., 2018a; Florescu et
al., in review). Lacustrine-based paleofire records are likely more reflective of regional activity,
whereas peatbog-based paleofire records are more localized. Therefore, without direct
archeological evidence documenting the physical presence of humans at P€kna and Blatenska
slat’, the likelihood of finding any anthropogenically-related fire signal decreases, as does that
ability to create a realistic estimate of population size of prehistoric communities from the area,
which is a current challenge in the field of archeology (Kolaf et al., 2022). Other studies from
Europe have demonstrated the ability of humans to override climate as the primary driver of fire
activity (e.g. Rey et al., 2013; 2019). However, these studies come from the Alps where the use
of fire to create of maintain high-altitude pastures has been well documented (Pini et al., 2017;
Gilck and Poschlod, 2019; Dietre et al., 2020). As Kozékova et al. (2020) suggest, the absence of
a treeless zone in Sumava Mountains makes it more challenging to identify pastoral fires or other
human-fire related activities. Such inferences showing a close link between land use and fire
may depend on different climatic, vegetational and cultural settings as well as the sufficient
preservation or investigation of the archeological remains. For example, Carter et al. (2021)
showed that humans overrode climate as the dominant driver of fire in a high-elevation fire-
prone mixed-conifer forest in south-central Utah, USA. Specifically, they showed that a 600-year
period of elevated CHAR was associated with the farming-based Fremont culture, who likely
used frequent, low-severity fire to increase plant resources beneficial for human usage. Because
that specific study site had onsite archeological evidence (i.e., hearths), the odds of identifying a
human-fire signature increased substantially. Additionally, the high prevalence of radiocarbon-
dated archeological sites surrounding their study site allowed for creating a summed probability
distribution (SPDs) which was used to distinguish human-caused fires from naturally caused
ones. However, we acknowledge that the climate, vegetation, and fire regimes vary substantially
between south-central Utah, USA (Carter et al., 2021) and Central Europe (this study or the
Alps).

Conclusions

Documenting prehistoric human impact in Central European mountain environments has been a
challenge. However, our study has demonstrated that long-term human impacts have left legacy
effects on modern forest succession in central European mountain environments. By presenting
the first records of reconstructed water table depths (WTDs) from the Sumava Mountains, our
study demonstrated that major changes in forest succession primarily resulted from climate. Yet
humans likely played a secondary role in modifying forest succession to increase resources
beneficial to both humans and grazers over the last ~4600 years. However, the influence of
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human activities in modifying forest succession increased substantially over the past 1000 years
at both sites. We expected to see a larger anthropogenic footprint at Pekna, as there is a higher
prevalence of human settlements nearby. However, we found comparable evidence of human
impact at Blatenska slat’, especially over the last 1000 years. We were unable to document the
use of fire as a tool to manipulate landscapes, and that the main driver of local and regional fire
is climate. Our inability to provide direct evidence of people utilizing fire as a landscape
management tool may be attributed to the lack of archeological evidence documenting human
habitation at P&kna and Blatenska slat’ or to local settings (e.g. lacking natural grasslands at
higher elevations, humid conditions preventing large-scale burning, a lack of flammable
vegetation, or the more localized nature of peatbog records versus regional-scale lacustrine
records). Additional archeological evidence and sedimentary DNA data from the Sumava
Mountains are desperately needed to better disentangle humans’ role in altering vegetation
assemblages and fire regimes prior-to the High Middle Ages.
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Figure 2. Age-depth model and lithology for P&kna, Czechia. Age-depth relationships were
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Figure 3. Reconstructed hydroclimate and geochemistry for P€kna and Blatenska slat’. From top
to bottom (with Blatenska slat’ presented first since it is higher in elevation (1275 m asl) and
Pé&kna 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 =
Blatenska slat, red = P&kna), temperature of the wettest quarter (T WetQ); black = Blatenska slat,
gray = P&kna), precipitation for the wettest quarter (WetQ pp; light blue = Blatenska slat, dark
blue = Péknd) (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 (yLr), an indicator
of erosion (brow curves).
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Figure 4. Reconstructed vegetation history for P€knéa and Blatenska slat’. From top to bottom
(with Blatenska slat’ presented first since it is higher in elevation (1275 m asl) and P&kna
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 (NO; 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).
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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 Blatenska slat” and Pékna, Czechia. Blue curves are
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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
Blatenska slat’ and Pékna, Czechia. Blue curves are results for 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.
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Figure 7. Reconstructed fire history for Péknéa and Blatenska slat’. From top to bottom (with
Blatenska slat’ presented first since it is higher in elevation (1275 m asl) than Pékna (730 m asl);
Different archaeological time periods; CHAR (particles per cm 2 yr ') (dark gray curve), with
BCHAR (red line) indicates regional fire activity; fire frequency indicates fires/1000 years (filled
colour curve); fire episodes are represented with a red ‘+’ symbol; Microcharcoal (particles per
cm 2 yr ) (dark gray curve), indicates regional biomass burning; Cenococcum geophilum
concentrations (black curve), an indicator of soil erosion after fire (only observed at P&kna);
Charred macrofossil concentrations (black histogram) is the sum of all charred macrofossil data
(only observed at P&knd); 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.
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Table 1. Age-depth relations for Pékna, Czechia.

Isotope | Lab Code | Depth | Age (*°Pb Sample
(cm) | /**CyrBP) Material
210pp 1 2017 +8.4 Bulk peat
210pp 2 2015+8.3 Bulk peat
210py, 3 2012 £ 8.3 Bulk peat
210pp 4 2009 +8.4 Bulk peat
210pp 6 2001+ 8.5 Bulk peat
210pp 8 1990 + 8.8 Bulk peat
210pp 10 1965 + Bulk peat
11.4
210pp 12 1918 + Bulk peat
17.3
14¢ 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
14¢ DeA-26081 200 5402 + 41 Sphagnum stems
14¢ DeA-22183 236 6101 + 41 Sphagnum stems
14¢ DeA-22184 | 267 6825 + 68 Charred Oxycoccus leaves
14¢ DeA-22185 304 7143 + 72 Sphagnum stems
14¢ DeA-26082 347 7852 + 48 Carex seeds
14¢ DeA-22186 356 8608 + 68 Carex seeds
14¢ DeA-22187 377 9348 + 73 Carex seeds
14¢ DeA-26083 398 8800 + 69 Carex seeds and leaf fragments
14¢ DeA-22188 | 416 10746 + 73 Carex seeds and leaves




Table 2. Pollen taxa used to calculate primary and secondary pollen indicators, indicative of
human influence on at the landscape at Pékna and Blatenska slat’, Czechia. Taxa were selected
following Dezu-Aruajo et al., 2020.

Pékna

Blatenska slat’

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
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SI Figure 1. Full plant macrofossil diagram with core lithology for P&kna, Czechia. Top panel are tree, shrub and herb macrofossils.
Bottom panel are charred macrofossils only.
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SI Figure 2. Full plant macrofossil diagram for Blatenska slat’, Czechia.
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SI Figure 3. Full testate amoebae and reconstructed water table depth diagram for Pékna, Czechia.
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SI Figure 4. Full testate amoebae and reconstructed water table depth diagram for Blatenska slat’, Czechia.
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SI Figure 5. Full pollen diagram for P&kna, Czechia. Top panel are tree, shrub and herb taxa. Bottom panel are aquatic and non-pollen
palynomorph taxa.
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SI Figure 6. Model response curves showing the relationship between apophyte pollen indicators as independent variables and various
forest succession, forest composition and pollen diversity variables at Blatenska slat’ and P&€kna, Czechia. Bold p-values indicate the
relationship is statistically significant.
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SI Figure 7. Model response curves showing the relationship between apophyte pollen indicators as independent variables and various
geochemistry variables used as indicators of erosional and depositional activity at Blatenska slat” and P&kna, Czechia. Bold p-values
indicate the relationship is statistically significant.
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SI Figure 8. Model response curves showing the relationship between apophyte pollen as independent variables and various fire
variables indicator of fire activity at Blatenska slat” and P&knd, Czechia. Bold p-values indicate the relationship is statistically
significant.



3.7549

* e . *
. . Siléne_tyge Salix
200 Thalictrum Poaceae
alium, Artemisia _
Eteracea€_subf_Cichorioidede
Betula_p&fa
. ]
. * 2.257 ny; Rosacez Apiaceae
Betula_ungliff. .
orylus
. o 1.50 Zentfcsig
.
— L4 . / Conium_type -
= . Y 4 Pinus
e Tiligmnt hd . * 0757 Bl st lare sype
o . //// * Charcoal -
£ . / ~ penaula
L
9 3 QDN 'z = Asteraceae_subf_Asteroideae
r v T T T - — I - T T T
300 . 225 * o -1.50 ors— = Q 1.50 Pinus_subg Pingis 3.00 3.75

L4 raxinus Ia_ntago .
. ° Y ‘ 0757 \\‘\*\ :
-, . e v . A oo P

Rora_type
g . : ~—

o .
— Rangnculus_acns_type

. . . . Centa ) S porormiella_type
. . . 1,50+ . . Amaranthaceae
Caltha’type . Plantago_TheiQ . .
. Vaccinium Al Rumex
. .
Abies Carpinus Brassicaceae St

Picea Fagus -2.257 Cerealia_gype" Plantago_lanceolata
. .
-3.00~

PC axis 1 (16.7%)

SI Figure 9. PCA results for fossil pollen data from P&kna, Czechia.
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SI Figure 10. PCA results for fossil pollen data from Blatenska slat, Czechia.
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