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The ongoing ecological conversion of mountain forests in central Europe from widespread Picea
monocultures to mixed stands conceptually also requires a historical perspective on the very long-
term, i.e. Holocene, vegetation and land-use dynamics. Detailed sources of information for this are
palynological data. The Erzgebirge in focus here, with a maximum height of 1244 ma.s.1., represents
an extreme case of extensive historical deforestation since the Middle Ages due to mining, metal-
lurgy, and other industrial activities, as well as rural and urban colonisation. For this regional review
we collected and evaluated 121 pollen diagrams of different stratigraphic, taxonomic, and chronolog-
ical resolution. This number makes this region an upland area in central Europe with an exceptionally
high density of palynological data. Using well-dated diagrams going back to the early Holocene,
main regional vegetation phases were derived: the Betula—Pinus phase (ca. 11 600-10200 cal yr BP),
the Corylus phase (ca. 10 200-9000 cal yr BP), the Picea phase (ca. 9000-6000 cal yr BP), the Fagus—
Picea phase (ca. 6000-4500 cal yr BP), the Abies—Fagus—Picea phase (ca. 4000—-1000 cal yr BP), and
the anthropogenic vegetation phase (ca. 1000-0 cal yr BP). Some diagrams show the presence or even
continuous curves of potential pasture and meadow indicators from around 2000 cal BCE at the ear-
liest. Even cereal pollen grains occur sporadically already before the High Medieval. These palyno-
logical indications of a local prehistoric human impact also in the higher altitudes find parallels in the
(geo-)archaeologically proven Bronze Age tin placer mining and in the geochemically proven Iron
Age metallurgy in the Erzgebirge. The pollen data show that immediately before the medieval clear-
ing, i.e. beginning at the end of the 12th century CE, forests were mainly dominated by Fagus and
Abies and complemented by Picea with increasing share towards the highest altitudes. According to
historical data, the minimum of the regional forest cover was reached during the 17th—18th centuries
CE. The dominance of Picea in modern pollen spectra is caused by anthropogenic afforestation in
the form of monocultures since that time. Future palynological investigations, preferably within the
framework of altitudinal transect studies, should aim for chronologically and taxonomically high-
resolution and radiometrically well-dated pollen diagrams from the larger peatlands.
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Der okologische Umbau der Gebirgswilder in Mitteleuropa von vorherrschenden Picea-
Monokulturen zu gemischten Bestinden erfordert konzeptionell auch eine historische Perspektive
auf die sehr langfristige, das heiit holozéne Vegetations- und Landnutzungsdynamik. Eine detail-
reiche Informationsquelle dafiir sind palynologische Daten. Das hier im Fokus stehende, maximal
1244 m NN hohe Erzgebirge représentiert einen Extremfall flaichendeckender historischer Entwal-
dung seit dem Mittelalter durch Bergbau, Metallurgie, weitere industrielle Aktivitidten sowie béuer-
liche und stidtische Kolonisation. Fiir dieses regionale Review wurden durch uns 121 Pollendia-
gramme unterschiedlicher stratigraphischer, taxonomischer und chronologischer Auflésung gesam-
melt und evaluiert. Diese Anzahl macht diese Region zu einem Gebirgsareal in Mitteleuropa mit einer
besonders hohen Dichte an palynologischen Daten. Anhand zeitlich bis in das Frithholozén zuriick-
reichender, gut datierter Diagramme wurden regionale Hauptvegetationsphasen abgeleitet: Berula—
Pinus-Phase (ca. 11 600-10200 cal yr BP), Corylus-Phase (ca. 10200-9000 cal yr BP), Picea-Phase
(ca. 9000-6000 cal yr BP), Fagus—Picea-Phase (ca. 6000-4500 cal yr BP), Abies—Fagus—Picea-Phase
(ca. 4000-1000 cal yr BP) und anthropogene Phase (ca. 10000 cal yr BP). Einige Diagramme zeigen
das Vorhandensein oder sogar kontinuierliche Kurven potenzieller Weide- und Wiesenindikatoren ab
frithestens etwa 2000 cal BCE. Auch Getreidepollen kommen vereinzelt schon vor dem Hochmitte-
lalter vor. Diese palynologischen Hinweise auf einen lokalen prihistorischen menschlichen Einfluss
auch in den hoheren Gebirgslagen finden Parallelen in dem (geo-)archdologisch nachgewiesenen
bronzezeitlichen Zinn-Seifenbergbau und in der geochemisch nachgewiesenen eisenzeitlichen Met-
allurgie im Erzgebirge. Die Pollendaten zeigen, dass unmittelbar vor der mittelalterlichen Rodung,
das heiflt beginnend am Ende des 12. Jahrhunderts, in allen Hohenzonen des Gebirges die Wilder
durch Fagus und Abies dominiert waren, ergénzt durch einen zunehmenden Anteil von Picea in den
Hochlagen. Das Minimum der regionalen Waldbedeckung wurde nach historischen Daten im 17.—18.
Jahrhundert erreicht. Die Dominanz von Picea in modernen Pollenspektren wurde durch anthropo-
gene Aufforstungen in Form von Monokulturen seit dieser Zeit verursacht. Kiinftige palynologische
Untersuchungen, bevorzugt im Rahmen von Hohentransekt-Studien, sollten auf chronologisch und
taxonomisch hoch aufgeloste sowie radiometrisch gut datierte Pollendiagramme aus grofieren Mooren
zielen.

1 Introduction: an extreme mountain forest
landscape

With regard to their forests, the Erzgebirge (Czech: Krusne
hoti, English: Ore Mountains; Fig. 1) represent a histori-
cal extreme in central Europe, both in environmental and
scientific—academic terms. Against the background of harsh
but not at all extreme natural conditions in this up to
1244 ma.s.l. high mountain range, extremely intensive min-
ing and other industrial as well as agricultural activities
from the 12th to the 18th centuries CE temporarily led to
almost complete deforestation (Thomasius, 1994; Hempel,
2009). The extent of clearing is certainly unique in the
central European uplands, even though similar medieval
to early modern mountain forest and mining areas, such
as Harz, Schwarzwald, Sudetes, Bohmerwald/Sumava, or
Ceskomoravsk4 vrchovina, were also affected by intensive
overexploitation of its wood resources (Segers-Glocke and
Witthoft, 2000; Hruby et al., 2014; Rosch, 2015; Cem-
brzynski, 2019; Piekalski, 2020; Kozakova et al., 2022).
After the re-establishment of now highly artificial (spruce)
forests in the 18th and 19th centuries CE (Thomasius, 1994),
two further anthropogenically triggered extremes followed
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in the 20th century CE: first, large parts of the Bohemian
Erzgebirge were depopulated by the expatriation of the Ger-
mans after World War II. An open, intensively used land-
scape for centuries widely became a fallow or forested land-
scape here again (Bi¢ik and §tépa’1nek, 1994; Zelinka et al.,
2021). Second, from the 1960s to the 1990s large parts of the
forests died back (German: Waldsterben) due to heavy in-
dustrial air pollution basically by sulfur dioxide emissions
(Zimmermann et al., 2003; Grunewald and Bastian, 2015;
Kupkovd et al., 2018). Together with the nearby Jizera/lzera
Mountains, the Erzgebirge represented a part of the so-called
“Black Triangle region”, which was an industrial pollution
hotspot caused by lignite combustion for energy generation
in the border area between east Germany, the Czech Repub-
lic, and Poland. Nowhere else in central Europe was the ex-
tent of forest dieback and other environmental effects of in-
dustrial air pollution so extreme as here (Kubikova, 1991;
Schmidt, 1993; Scheithauer and Grunewald, 2007).

But the Erzgebirge and its forest also came up with —
this time positively connoted — extremes from a scientific—
academic point of view: the humanistic scholar Georgius
Agricola (1494-1555) developed the mining sciences in
the Erzgebirge. Various geoscientific disciplines were estab-
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Figure 1. Distribution map of pollen diagrams in the Erzgebirge. (a) Situation of the study area in central Europe. (b) Pollen diagrams
collected from the study area (green dots are the pollen diagrams with IDs, blue triangles are prominent mountain tops, red squares are
towns, and the red line is the state border). For decoding and referencing of the IDs see Table 1. The steep southern escarpment of Erzgebirge
to the Ohfe/Eger Graben and the North Bohemian Basin is clearly visible in the underlying digital elevation model, forming a diagonal,
SW-NE trending structure. The digital elevation data are funded under the GMES preparatory action 2009 on Reference Data Access by the
European Commission, DG Enterprise and Industry (https://sdi.eea.europa.eu/, last access: 13 June 2022).

lished at the Mining Academy founded in Freiberg in 1765,
one of the oldest in the world. In 1713, the Saxon mining
official Hans Carl von Carlowitz (1645-1714) developed the
principle of sustainability in forestry due to the pressing re-
gional timber shortage (Grober, 2012; von Carlowitz and
von Rohr, 2012). Today sustainability, although more com-
prehensively defined, is the increasingly influential guiding
principle of a meaningful global development. A little later,
in 1811-1816, one of the oldest forest faculties in the world
was founded in nearby Tharandt, which still influences the
forest practice and the regional forest structure to this day.

Finally, at the beginning of the 20th century CE, the Bo-
hemian and Saxon Erzgebirge became the subject of system-
atic, large-scale palynological investigations into the post-
glacial forest history (Rudolph and Firbas, 1924): in the early
days of palynology and for the first time with such intensity
in a central European low mountain range, with astonishing
modernity to this day. In general, it can be said for the Erzge-
birge that in the past extreme forest resource problems re-
sulted in extreme forest scientific and academic innovation
forces!

Now at the beginning of the 21st century CE, after around
200 years of relative climatic stability and after around
30 years of ecological restoration, the Erzgebirge is once
again affected by a rapid change in its environment in gen-
eral and especially in its forests: recent climate change with
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its extreme weather events, such as storms and droughts,
but also initially rather unspectacular, long-term phenomena,
such as the increase in temperatures and decrease in snow
precipitation (Bedndfovd et al., 2014; Vlach et al., 2021),
predictably lead to a more or less “catastrophic end” to the
previous forest management system dominantly comprising
spruce monoculture age class forests. The new forest cri-
sis is expressed by large areas severely damaged (12 200 ha)
and completely cleared (2600 ha) of mainly spruce forest be-
tween 2017 and 2020 by abiotic (drought, storm) and biotic
factors (bark beetles; Gdulova et al., 2021). In general, the
severe bark beetle infestation in spruces that occurred during
the last few years has led to an unheard-of amount of dam-
aged forests since the beginning of regulated forestry in Sax-
ony some 200 years ago (SMEKUL, 2020). Although alter-
native forest management concepts, such as the principle of
natural forest or permanent (mixed) forest, have a long local
tradition in the region and beyond (Mboller, 1922; Krutzsch,
1952), they could not prevail against the industrial engineer-
ing forest mainstream in the 20th century CE (Knapp et al.,
2021). Only in the last two to three decades have the forests
in the Erzgebirge been increasingly “rebuilt” from an ecolog-
ical point of view; that is, a mixed mountain forest mainly
consisting of beech, fir, and spruce has been replanted at the
sites of previous spruce monocultures (Eisenhauer and Son-
nemann, 2009; Staatsbetrieb Sachsenforst, 2017).

E&G Quaternary Sci. J., 72, 127-161, 2023
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The underlying theoretical concept is based on both forest
ecological observations and ecological-theoretical consider-
ations in the region and beyond (e.g. Ellenberg, 1996; Kiiss-
ner and Mosandl, 2002), as well as, but to a very limited ex-
tent, on forest historical analyses for the past few centuries
(Thomasius, 1994; Hempel, 2009). However, the region also
has a not yet fully exploited potential for very long-term anal-
yses of forest dynamics depending on natural and anthro-
pogenic processes: more than 120 pollen diagrams have been
produced from the Erzgebirge since the 1920s (see Sects. 3
and 4). This number makes this region an upland area in cen-
tral Europe with an exceptionally high density of palynolog-
ical data on forest and land-use history.

Initiated by current research on the medieval and early
modern mining and environmental history in the Erzgebirge
(e.g. Derner, 2018; Hemker, 2018; Tolksdorf, 2018; Cappen-
berg et al., 2020; Kaiser et al., 2021), the opportunity arose to
systematically compile the palynological data available from
the region, make it accessible for further research, and carry
out overview analyses on it. This review paper therefore fo-
cuses on data presentation and certain data reflection, espe-
cially in methodical terms, as well as on selected research
questions about regional forest and land-use dynamics in the
Holocene.

(1) What were the general trends in Holocene forest devel-
opment in the Erzgebirge? (2) What were the distributional
patterns of the main tree taxa (e.g. with respect to altitude and
soil) in certain forest vegetation phases? (3) Are there any
palynological signals that indicate an already pre-medieval
anthropogenic influence on the mountain forests? (4) How
were forests composed at different altitudes before extensive
clearings in the High Middle Ages (12th—13th centuries CE)?
(5) How is the deforestation and the subsequent replacement
vegetation reflected palynologically? (6) Are there sediment
sequences in the Erzgebirge that could reveal the vegetation
development of the recent past, i.e. the last ca. 300 years?

2 Study area

Identified in early medieval sources as Miriquidi (also Mir-
cwidu; old Low German for “dark forest”), the area was re-
ferred to as Bohmerwald, Bohmischer Wald, or Bohmisches
Gebirge in the high and late Middle Ages up to the Early
Modern Period (Hengst, 2006). It was not until the end of
the 16th century CE that the name Erzgebirge came up, re-
ferring to the character of this area by ore mining (Peschel
and Wetzel, 2010). The mountain range has formed a natu-
ral border between the territories of Saxony (Germany) and
Bohemia (Czech Republic) for around 800 years (Thoma-
sius, 1994; Lauterbach, 2018). For centuries the Erzgebirge
played an outstanding role in the mining and other indus-
tries in central Europe and made important contributions to
ores, metallurgical and other products as well as to techni-
cal and academic innovations. Parts of the Erzgebirge were
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therefore assigned as a UNESCO world heritage site Erzge-
birge/Krusnohof{ mining region in 2019 (ICOMOS, 2019;
Hansell, 2022).

The Erzgebirge has a larger German/Saxon and a smaller
Czech/Bohemian part with a total area of ca. 5300km?.
The around 130km long and 40km wide Erzgebirge ex-
tends from the Elbsandsteingebirge in the northeast to the El-
stergebirge (Vogtland) in the southwest (Bramer et al., 1991;
Fig. 1). In the north the Erzgebirge Basin and the Mulde-
Losshiigelland (loess hills) and in the south the Eger/Ohie
Graben and the North Bohemian Basin/Mosteckd panev limit
the mountains. The transition from the foothills to the moun-
tains is around 300 m a.s.l. The Erzgebirge is divided into an
eastern, central, and western part with different characteris-
tics, especially in terms of geology, geomorphology, and cli-
mate.

The Erzgebirge is a Hercynian fault-block mountain range
with a steep and high escarpment in the southeast and a
gentle slope in the northwest, forming a half-horst (Ger-
man: Pultscholle) as a whole. As a basement unit, similar to
Schwarzwald and Harz, it was folded by the Variscan moun-
tain formation in the Carboniferous, eroded in the Permian,
and raised in the Tertiary (Sebastian, 2013; Vilimek and
Raska, 2016). In addition to the dominant metamorphic rocks
(mainly gneiss but also phyllite, clay, and mica schist), there
are plutonites (granite, rhyolite), locally also Cretaceous sed-
iments (mainly sandstone), and tertiary volcanites (basalt,
phonolite). Plateaus with deeply incised and terraced valleys
that follow the northern slope of the mountains characterise
the area. The crest region in particular has wide flat or only
flat sloping areas, which formed the topographical prerequi-
site of Holocene peatland formation. The highest summits
are the Klinovec/Keilberg (1244 m a.s.l.) and the Fichtelberg
(1215ma.s.l.) in the central Erzgebirge (Fig. 1). The Pleis-
tocene inland ice reached the edge of the Erzgebirge from
the north in the Elsterian glaciation (ca. 500-300 ka) around
Freiberg and Chemnitz (Sebastian, 2013). A possible, very
local glaciation of the higher elevations of the mountains re-
mains uncertain (Kaubler, 1969).

Periglacial debris layers (cover beds) with a high propor-
tion of loess cover almost the entire Erzgebirge and are pre-
dominantly the substrates for Holocene soil formation (Kle-
ber et al., 2013). Cambisols and Podzol-Cambisols domi-
nate, supplemented by Podzols, Stagnosols, Gleysols, Flu-
visols, and Anthrosols (Sebastian, 2013). Characteristic of
the higher elevations of the Erzgebirge are mires, which are
mainly formed as raised bogs (i.e. rain-fed mires) and swamp
mires (fens; Fig. 2g, h). They are mostly found at watershed
positions and in spring basins. In terms of the ecological
type, mesotrophic and oligotrophic acidic mires dominate.
The area of the peat deposits that existed in the Saxon Erzge-
birge up to the end of the 19th century CE is estimated to
be 60km? (today 42km?; Zinke, 2002). The original mire
area for the entire Erzgebirge is estimated to be 100 km? (Fir-
bas, 1952). All of the mires in the area were drained, and
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many were used for peat extraction. For about 30 years, the
mires have been the focus of restoration measures in both
Saxony and Bohemia (Sichsische Landesstiftung Natur und
Umwelt, 2007).

The Erzgebirge belongs entirely to the Elbe/Labe Catch-
ment, with the mountain crest separating the Mulde from the
Eger/Ohte sub-catchments. Zwickauer Mulde and Freiberger
Mulde are the main rivers, while Schwarzwasser, Chemnitz,
and Zschopau are the most important tributaries. Charac-
teristic of these rivers are deeply incised and steep valleys
(Bramer et al., 1991). Since the Middle Ages, the hydro-
logical system in the region has been intensively reshaped
through anthropogenic measures, following the energetic
needs of mining, metallurgy, and other purposes. The result
is a large number of ponds, weirs, ditches, aqueducts, and
water pipe tunnels (Wagenbreth and Wichtler, 1988). The
Erzgebirge has a number of larger dam lakes, most of which
were built in the 20th century CE for flood protection and
drinking water production (Landestalsperrenverwaltung des
Freistaates Sachsen, 2017).

The Erzgebirge shows a climatic differentiation between
a wetter western and a drier eastern part. The average an-
nual precipitation also declines from 1000-1200 mm in the
crest area to about 750 mm at the mountain foot (Bramer et
al., 1991). Average January and July temperatures show a
strong vertical gradient from the mountain foot to the crest at
only a short horizontal distance (Chemnitz, 420 ma.s.l.: an-
nual average 7.9 °C, July 16.6 °C, January —1.2 °C; Fichtel-
berg, 1215 ma.s.l.: annual average 2.9 °C, July 11.2 °C, Jan-
uvary —5.1°C; https://www.dwd.de/DE/Home/home_node.
html, last access: 15 April 2022). The Erzgebirge shows a
number of impressive weather extremes. These include over
the last 100 years a snow depth of 335 cm on 24 March 1944
and a wind peak of 216kmh™' on 3 January 1976 on
the Fichtelberg (1215ma.s.l.), a temperature minimum of
—33.5°C on 1 February 1998 in Kiihnhaide (723 ma.s.l.),
and an extreme rain event with 312mm on 12-13 Au-
gust 2002 in Zinnwald (877 ma.s.l.; https://www.dwd.de/
DE/Home/home_node.html, last access: 15 April 2022).

The Erzgebirge contributes to three ecological altitude lev-
els (Ellenberg, 1996), whose original forest vegetation was
reconstructed for the High Middle Ages by Hempel (2009)
and whose potentially natural vegetation (PNV) was char-
acterised by Schmidt et al. (2002; Fig. 3). In view of
the PNV on dry, i.e. zonal locations, oak—beech forests
dominate on the submontane level (ca. 300-500ma.s.l.),
fir—spruce-beech forests dominate on the montane level
(ca. 500-900ma.s.l.), and first beech—spruce forests then
spruce forests with a high proportion of mountain ash/rowan
dominate in the high-montane level (ca. 900-1200 ma.s.L.;
Fig. 2a—f). Some substantial differences between original for-
est vegetation and PNV are discussed in Sect. 6.6. In the
central Erzgebirge, the tree line is at ca. 1200 m a.s.l. on the
summits of Fichtelberg and Klinovec/Keilberg (Fig. 2e, f),
which were in historical times anthropogenically deforested
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Figure 2. Photographs of typical near-natural forest communities
and mires in the Erzgebirge. (a) West-exposed slope covered with
oak, beech, and yew in the nature reserve Miiglitzhang bei Schlot-
twitz, eastern Erzgebirge, ca. 300 ma.s.l. (photo: K. Kaiser). (b)
West-exposed slope covered with beech, maple, fir, and spruce in
the nature reserve Weilitannenbestand Pobeltal, eastern Erzgebirge,
ca. 570ma.s.l. (photo: K. Kaiser). (¢) East-exposed slope covered
with beech, maple, fir, and spruce in the nature reserve Hofehiibel
Birenfels, eastern Erzgebirge, ca. 660 ma.s.l. (photo: K. Kaiser).
(d) North-exposed slope covered with beech, spruce, and fir in the
nature reserve Riedert, western Erzgebirge, ca. 720 m a.s.1. (photo:
F. Jacob). (e) South-exposed slope covered with a patchy stand
of spruce and mountain ash/rowan in the nature reserve Fichtel-
berg, central Erzgebirge, ca. 1170 ma.s.l. (photo: K. Kaiser). (f):
Summit plateau of Fichtelberg covered with mountain ash/rowan,
dwarf mountain pine, and low individuals of spruce, central Erzge-
birge, ca. 1210 ma.s.l. (photo: K. Kaiser). The view is directed to-
wards the highest mountain top of Erzgebirge, the Klinovec/Keil-
berg (1244 ma.s.l.). (g) Mothéduser Heide mire, central Erzgebirge,
ca. 770 ma.s.l. (photo: Wikimedia/K. KeBler). (h) Kleiner Kranich-
see mire, western Erzgebirge, ca. 930 ma.s.1. (photo: Wikimedia/K.
KeBler).
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and later reforested (Heynert, 1964). Thus, the highest moun-
tain peaks in the region protrude just a few metres above
this assumed tree line. At particular locations such as block
heaps, wind lanes, or cold-air-collecting basins, the tree line
can very locally drop to ca. 900 ma.s.l. (Heynert, 1964).
Damp and wet, i.e. azonal, sites are characterised by differ-
ent tree species such as ash, black alder, downy birch, and
bog pine (Fig. 2g, h). These general orographic—geobotanical
features are confronted with special local deviations. Beech,
for example, locally reaches altitudes of ca. 1000ma.s.1.,
larger (natural) spruce stands come down to ca. 700 ma.s.1.,
and very deep fir occurrences can also be found well below
300ma.s.]. Currently, vegetation of the Saxon Erzgebirge
is predominantly open (ca. 60 % of open land), the largest
area being intensively used for agriculture and forestry, and
densely populated and industrialised, especially in the stream
and river valleys. Agriculture is characterised in the lower al-
titudes by cultivation of cereals, oilseeds, and fodder crops.
Livestock farming dominates in the upper elevations. Forest
has been preserved along steep valley flanks and partly in
the watershed areas. With respect to forest structure, planted
spruce monocultures dominate (ca. 80 %). The immediate
vicinity of Erzgebirge is characterised by climatically very
advantageous and settlement-favourable areas such as the
Saxon Elbe Valley and the North Bohemian Basin land-
scapes, both since the Middle Ages even with cultivation of
thermophilic crops such as grapes and hops.

Detailed information on the prehistoric and historic set-
tlement and land-use history of the Erzgebirge is given in
Sect. 6.4 to 6.6.

3 History of regional palynological research

Research on regional forest history using palynology be-
gan in the Erzgebirge in the 1920s with the investiga-
tion of several peatlands along the mountain crest, such
as GroBler Kranichsee, Gottesgab/Bozi Dar, Sebastians-
berg/Hora Svatého Sebestidna, and Georgenfeld near Zin-
nwald/Cinovec (Fig. 1, Table 1). This work was carried out
by the botanists Karl Rudolph and Franz Firbas at the Ger-
man Charles-Ferdinand University in Prague and is con-
sidered a pioneer study of palynology in central Europe
(Rudolph and Firbas, 1922, 1924; Rudolph, 1928; Firbas,
1952; Beug, 1965, 2003; Tolksdorf et al., 2018). Inspired by
this, a short time later further palynological work was carried
out in the peat bogs of the Saxon and Bohemian Erzgebirge
(Frenzel, 1930; Schmeidl, 1940).

In the 1950s to 1970s, some pollen analyses with a geob-
otanical, geological, and archaeological focus in the eastern
and western Erzgebirge and in the neighbouring Vogtland
followed (Jacob, 1956; Gross, 1958; Heynert, 1961, 1964;
Heinrich and Lange, 1969; Lange and Heinrich, 1970). On
the southern foothills of the Erzgebirge around Most/Briix,
extensive palynological investigations have been carried out
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since the 1970s in the former lake Komotanské jezero/Kom-
merner See, which has now been completely devastated by
lignite mining (see overviews in Jankovskd and Pokorny,
2013; Houfkova et al., 2017).

With the political changes in 1989-1990, a strong re-
vival of palynological research began on both the German
and the Czech side of the Erzgebirge, which was primarily
aimed at questions on the history of the environment, mires,
mining, and settlements. In addition to some radiocarbon-
dated pollen diagrams, such as from the raised bogs Geor-
genfeld (Stebich and Litt, 1997), Flaje/Fleyh (Jankovskd et
al., 2007), Bozi Dar/Gottesgab (Veron et al., 2014), and
Kovarska/Schmiedeberg (Bohdalkova et al., 2018), as well
as the deserted villages Spindelbach (Houfkov4 et al., 2019)
and Ullersdorf (Tolksdorf et al., 2020a), further diagrams
are available but without radiocarbon data (e.g. Grofler et
al., 2006; Schwabenicky, 2009; Schloffel, 2011). The Moth-
duser Heide pollen diagram presented in detail below (Lange
et al., 2005; Theuerkauf et al., 2007; Edom et al., 2011) is
also a result of this research period. In addition, there are
20 pollen profiles that were only published in 2016 (Seifert-
Eulen, 2016), which were mainly obtained from raised bogs
between the 1960s and 2000s.

Comprehensive palynological data were finally produced
in the course of the interdisciplinary ArchaeoMontan project,
which was dedicated to research into medieval mining his-
tory in the Erzgebirge from 2012 to 2018 (Derner, 2018;
Hemker, 2018; Tolksdorf, 2018). From this project context,
there are now several pollen diagrams and a large number
of individual samples that come from alluvial sediment se-
quences and fens in stream valleys. These diagrams are ra-
diocarbon dated, mostly combined with macro-botanical and
anthracological, as well as often also with geochemical—
sedimentological data, and above all illuminate the medieval
to modern development of vegetation and land use in the cen-
tral and eastern Erzgebirge. The follow-up project Archaeo-
Forest (2019-2023) is aimed at the forest history of the last
millennium in the Erzgebirge and combines new palynolog-
ical results, anthracological data from charcoal kilns, den-
drochronological material from an archaeological context,
and historical sources (Cappenberg et al., 2020).

To sum up, the Erzgebirge can be called a “cradle” of paly-
nological vegetation history in central Europe. With currently
more than 120 pollen diagrams, this area has now been ex-
amined rather in depth with 100 years of research by means
of palynological analyses (Fig. 1, Table 1). While the early
palynological work had its starting point primarily in the
academic sphere, later project-related investigations by vari-
ous non-academic institutions prevailed. Recently, however,
there has been a revival of academic palynological interest
in the region, particularly on the Czech side (e.g. Abraham,
2014; Abraham et al., 2016; Bobek et al., 2019; MareSova,
2022). It shall be noted, however, that most of the existing
pollen diagrams cover only (short) sections of the Holocene,
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Table 1. Continued.

Altitude  Depositional
ID Diagram name Country Northing Easting (ma.s.l.) environment Reference
33 Dolina 1 cz 50.451796  13.129818 740  Stream Kocar et al. (2018)
34 Dolina 2 (674 50.451178  13.121950 745  Stream Kocar et al. (2018)
35 Prisecnice, Profile 2016 (/4 50.458309 13.117877 752 Stream Kocar et al. (2018)
36 @25\\ Potok, Profile 2016 (674 50.492521 13.080784 738  Stream Kocar et al. (2018)
37 Kovarska CczZ 50.435715  13.054742 810  Stream Kocir et al. (2018)
38a 025\\ Potok, Profile 1/2019 (/4 50.496996  13.083778 704  Stream L. Petr, Brno (unpublished data)
38b @o:d\\ Potok, Profile 2/2019 cz 50.496864  13.083648 704  Stream L. Petr, Brno (unpublished data)
39a  Prisecnice, Kremsiger 1/2019 Ccz 50.491372  13.101919 815  Slope L. Petr, Brno (unpublished data)
39b  Prisecnice, Kremsiger 2/2019 CczZ 50.491372  13.101919 815  Slope L. Petr, Brno (unpublished data)
40 E2 — Streitberg Ccz 50.436048  12.780404 842  Stream L. Petr, Brno (unpublished data)
41 E3 — Zwittermiihl (/4 50.414602  12.800985 877  Stream L. Petr, Brno (unpublished data)
42 E4 — Pernink (/4 50.375338  12.785298 871  Stream L. Petr, Brno (unpublished data)
43 Pfahlbergmoor DE 50.444850 12.913946 1017  Peat bog Seifert-Eulen (2016)
44a  Kleiner Kranichsee DE 50.417435 12.674855 927  Peat bog Seifert-Eulen (2016)
44b  Kleiner Kranichsee DE 50.417435 12.674855 928  Peat bog Frenzel (1930)
45 Grofer Kranichsee Ccz 50.404886 12.58905 930  Peat bog Rudolph and Firbas (1924)
46 Ober-Schonheide DE 50.506131  12.521578 687  Peat bog Frenzel (1930)
47 Jagersgriin DE 50.451283 12461019 628  Peat bog Frenzel (1930)
48a  Filzteich Ia+b DE 50.566733  12.599628 568 Peat bog Frenzel (1930)
48b  Filzteich II DE 50.566733  12.599628 568 Peat bog Frenzel (1930)
49a  Siebensdure DE 50.473192  12.950203 830  Peat bog Seifert-Eulen (2016)
49b  Siebensdure DE 50.473192  12.950203 830  Peat bog Frenzel (1930)
50 Riibenau I DE 50.610686  13.279661 761  Peat bog Frenzel (1930)
51 Riibenau IT DE 50.596042  13.264764 755  Peat bog Frenzel (1930)
52 Hiihnerheide, Hiih-S-3 DE 50.596372  13.273293 753  Peat bog Seifert-Eulen (2016)
53 Schwarze Heide, Sh-1 DE 50.612427  13.292942 758  Peat bog Seifert-Eulen (2016)
54 Lehmheide, LNE-1b DE 50.611640 13.282818 770  Peat bog Seifert-Eulen (2016)
55a  Lehmheide, LNW-3a DE 50.610156  13.282877 774  Peat bog Seifert-Eulen (2016)
55b  Lehmheide, LNW-3 DE 50.609974  13.283055 774  Peat bog Seifert-Eulen (2016)
56 Deutsch-Einsiedel DE 50.639010 13.521595 725  Peat bog Frenzel (1930)
57a  Georgenfelder Hochmoor DE 50.729162  13.743231 867  Peat bog Seifert-Eulen (2016)
57b  Georgenfelder Hochmoor DE 50.729162  13.743231 867  Peat bog Stebich and Litt (1997)
58 Seeheide bei Georgenfeld-Zinnwald cz 50.727092  13.743069 870  Peat bog Rudolph and Firbas (1924)
59 Grofle Auerhahnbalz Cz 50.712814  13.743614 856  Peat bog Rudolph and Firbas (1924)
60 Stadtgebiet Olbernhau, Olb 1-47 DE 50.650181  13.352660 462  River Seifert-Eulen (2016)
61 Stadtgebiet Olbernhau, Olb 1-50 DE 50.649714  13.355729 462  River Seifert-Eulen (2016)
62 Blumenau bei Olbernhau DE 50.671042  13.302336 435 Peat bog Frenzel (1930)
63 Mtbl. Adorf-Saaliger Bach, Sa 1/65 DE 50.354053  12.278436 487  Stream Seifert-Eulen (2016)
64 Mtbl. Adorf-Elstertal bei Adorf, Ad 1/65 DE 50.334543  12.255990 443  River Seifert-Eulen (2016)
65a  Mtbl. Adorf-Schoneck/Bockmiihle, P Sch6 I  DE 50.383593  12.324094 600  Stream Seifert-Eulen (2016)
65b  Mtbl. Adorf-Schéneck/Bockmiihle, P Scho I  DE 50.383474  12.324712 597  Stream Seifert-Eulen (2016)
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1 Calamagrostis vill.-Picea forest 6 Luzula luzu.-Quercus-Fagus forest with upland Pinus

\ A 7 ==

o

o ETVA
A Wet forests
~ )
o S 11 Alnus-Fraxinus forest
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9 Galium sylv.-Carpinus-Quercus forest

10 Galium sylv.-Carpinus-Quercus forest
with Carex briz.

" Fagus mixed forests
2 Calamagrostis vill.-Picea-Fagus forest
3 Luzula luzu.-(Abies-Picea-)Fagus forest
4 Luzula luzu.-(Abies-Picea-)Fagus forest with upland Pinus
5 Submontane Luzula luzu.-Quercus-Fagus forest

7 Luzula luzu.-Quercus-Fagus forest with upland Pinus /
Galium odor.-Fagus forest complex

8 High colline Luzula luzu.-Quercus-Fagus forest

Figure 3. Potentially natural vegetation of the Erzgebirge (Saxon part) and surroundings (Séchsisches Landesamt fiir Umwelt und Geologie

2006, adapted, following Schmidt et al., 2002).

usually with low sample resolution and no or only very few
independent dating control by radiocarbon ages.

4 Available data

4.1 Pollen diagrams and their metadata

At present, i.e. the end of 2022, a total of 121 pollen diagrams
from the Erzgebirge, its immediate foothills, and the Vogt-
land are available. We here include the Vogtland mountain
area, adjoining to the west, because it is difficult to separate
from the Erzgebirge in terms of nature and landscape history.
Two-thirds of the diagrams are located in Saxony (n = 80)
and one third in Bohemia (n = 41; Fig. 1, Table 1, Table S1
in the Supplement). This compilation includes all palynolog-
ical records with at least three vertically superimposed pollen
spectra. Thus, in addition to classic pollen diagrams, which
often comprise several-metre-thick (mostly peat) and in some
cases several tens of pollen spectra, very short pollen dia-
grams of a few centimetres to decimetres are also available
from the region and will be considered for this review. How-
ever, the number of the latter with 17 diagrams (14 %) is quite
small compared to the classic diagrams (n = 104, 86 %).

The taxonomic resolution of the older pollen diagrams
prepared before about 1950 is limited; i.e. mostly only tree
pollen types are included. Only younger records also include
herbal pollen. However, published versions even of many re-
cent records often include only selected arboreal and non-
arboreal taxa. Only very few records (ca. 10) have been
stored in digital repositories.

Of all diagrams, 27 % were published from 1924 to 1940;
only 20 % between the 1950s and 1980s; and 53 % after

E&G Quaternary Sci. J., 72, 127-161, 2023

1989-1990, many of them (35 %) between 2010 and 2020
(Fig. 4a).

The majority of the pollen diagrams, i.e. 35 %, origi-
nates from sites between 700 and 900 ma.s.l., 33 % from
300-500m a.s.l., 18 % from 500-700 m a.s.l., and only 14 %
from above 900 ma.s.l. (Fig. 4b). The highest pollen dia-
grams (IDs 16-18) come from the slope of the Fichtelberg
at 1125-1170 ma.s.l. (Heynert, 1964), while the immediate
summit positions on this mountain and on the neighbouring
Klinovec/Keilberg have not been studied yet.

With regard to the palynologically examined depositional
environment, two types dominate: peat bogs (42 %), i.e. rain-
fed mires at various topographic positions (Slobodda, 1998;
Bohm, 2006; Wendel, 2010) and, with increasing importance
in the last decade, river and stream valleys (31 %; Fig. 4c).
The latter is mainly represented by flood loam stratigraphies.
The rest of the sites (27 %) are distributed among (palaeo-
)lakes; fens; slopes (colluvial deposits); and organic soil sur-
faces, i.e. raw humus layers.

The depth of most pollen diagrams is very small with a
value between 50 and 100 cm (24 %), followed by the depth
ranges 100-200 cm (23 %) and 200-300 cm (18 %; Fig. 4d).
The longest pollen diagram so far, at 790 cm, comes from the
peat bog Mothéduser Heide in the central Erzgebirge (Lange
et al., 2005; Theuerkauf et al., 2007; ID 1 in Fig. 1). The
largest peat thickness is reported from the raised bog Pod
novoveskym vrchem near Hora Svatého Sebestidna/Sebas-
tiansberg with 10.5m. This is also the largest known peat
thickness in the Czech Republic (https://www.kr-ustecky.cz/,
last access: 8 March 2022).

More than a third of the pollen diagrams (40 %) are young;
i.e. the base is palynologically dated to the Subatlantic bio-
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Figure 4. Metadata of pollen diagrams from the Erzgebirge. The
respective data and further information are given in Tables 1 and S1.
(a) Publication date, (b) altitude, (c) depositional environment, (d)
depth, (e) and onset of basal organic sedimentation (AL, Allergd;
YD, Younger Dryas; PB, Preboreal; BO, Boreal; AT, Atlantic; SB,
Subboreal; SA, Subatlantic).

zone (ca. 2400-0 cal yr BP; Fig. 4e). The second most fre-
quent onset of sedimentation, on the other hand, dates to the
Boreal (ca. 10640 to 9220 cal yr BP; 24 %), followed by the
Preboreal (ca. 11560 to 10 640 cal yr BP, 14 %) and Atlantic
(ca. 9220-5660 cal yr BP, 11 %). Remarkably, 7 % of pollen
diagrams already started in the Late Glacial, the oldest of
which date to the Allergd (ca. 13 350-12 700 cal yr BP).

Micro-charcoal analysis, which is a powerful tool to recon-
struct natural and anthropogenic fire dynamics (e.g. Bobek
et al., 2019), has only been applied in 27 pollen diagrams
(22 %), most of them of a young age with low depth (Coned-
era et al., 2009; Knapp et al., 2013).

4.2 Chronological control by radiocarbon data

Most pollen records from the Erzgebirge are poorly dated.
So far only 118 radiocarbon dates from 43 pollen diagrams
are available, with usually only one to three dates per record
(Table S1). The majority of 78 profiles (64 %) has no in-
dependent age control; i.e. dating is solely based on paly-
nostratigraphy. The latter is calibrated to supra-regional veg-
etation phenomena or, more recently, to regional historical
events (such as the extensive clearing of mountain forests
assumed for the 12th and 13th centuries CE; e.g. Hempel,
2009; Kenzler, 2012). Accordingly, the zonation suggested
by Firbas (1949, 1952), which is based on the not unproblem-
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Figure 5. Temporal distribution of calibrated radiocarbon ages
from pollen diagrams from the Erzgebirge using the OxCal pro-
gramme (https://c14.arch.ox.ac.uk/oxcal.html, last access: 18 Jan-
uary 2022; Bronk Ramsey, 2017).

atic Blytt—Sernander scheme (Birks and Seppi, 2010), must
also be used for the regional Holocene biozone stratigraphy
(comprising terms such as Preboreal, for instance), which
was used anyway in the older regional literature and is there-
fore necessary for a comparison.

The radiocarbon dates are from bulk peat (41 %), plant
macro-remains (17 %), gyttja and organic detritus (15 %),
wood (14 %), and charcoal (13 %). Most of the dates were
obtained by accelerator mass spectrometry (AMS). The
ages dominantly cluster in the Subatlantic biozone, fol-
lowed by clustering in the Atlantic, Subboreal (5660 to
2400 cal yr BP), and Boreal (Fig. 5). Seven Late Glacial dates
(Younger Dryas, 12700-11 560 cal yr BP; Allergd) are par-
ticularly noteworthy, while only one date originates from the
earliest Holocene (Preboreal).

On the Saxon side of Erzgebirge, the pollen diagrams
with both the highest number of radiocarbon dates (> n =
five each) and a multi-millennial record are those of Geor-
genfelder Hochmoor (ID 57b in Fig. 1, 867ma.s.l., nine
radiocarbon dates; Stebich and Litt, 1997), Pfahlbergmoor
(ID 43, 1017 ma.s.1., seven dates; Seifert-Eulen, 2016), and
Mothéuser Heide (ID 1, 768 m a.s.1., six dates; Lange et al.,
2005; Theuerkauf et al., 2007). For the Bohemian side, dia-
grams are available from BoZi Dar (ID 23, 1015 ma.s.1., eight
dates; Veron et al., 2014) and Komoranské jezero (ID 6d,
230 ma.s.l., six dates; Jankovska and Pokorny, 2013).

In addition, a general comment on the use of absolute
chronological terms in this paper is that we deliberately do
not use a uniform terminology here but one that is adapted to
the context and thus to the usual application. When address-
ing the dating of pollen diagrams and Holocene vegetation
phases, which is a natural-scientific data aspect, we refer to
calibrated radiocarbon dates (cal yr BP). However, when con-
textualising prehistorical or historical anthropogenic devel-
opments, calendar years (years BCE/CE or centuries CE) are
used, following common practice in the historical sciences.
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4.3 Further palaeobotanical data sources from the
region

In addition to pollen and archaeological-historical data, there
are further natural-scientific data sources from the Erzge-
birge that provide palaeobotanical information on Holocene
forest and land-use history. Some findings from peat
stratigraphy, anthracology, dendrochronology, and botanical
macro-remain analysis, briefly outlined below, are largely
data sources that have mainly been used regionally no ear-
lier than the 2010s. Accordingly, in contrast to the pollen
data and with a certain exception to subfossil wood and den-
drochronology, there are no older datasets available.

Since the beginning of palynological and peat stratigraph-
ical studies, special attention has been paid to “tree stump
horizons” that have often been exposed or drilled in the
raised bogs of Erzgebirge (Schreiber, 1921; Rudolph and
Firbas, 1924; Frenzel, 1930; Schmeidl, 1940; Seifert-Eulen,
2016). This refers to subfossil tree remains found in situ
(mostly stumps, rarely trunks), representing mostly Pinus
mugo, Picea, and Betula. They occur at certain positions
in the mire stratigraphy, usually as a single horizon, rarely
as several superimposed horizons. In the early phase of re-
gional mire research, i.e. in the first half of the 20th century
CE, many peatlands were exposed by peat cuttings, which
enabled an excellent investigation of the local stratigraphy
and thus also the observation of these tree stump horizons
in a frontal view. The peat horizon in which the tree re-
mains were embedded was mostly heavily decomposed. By
contrast, the peat below and above this horizon was much
less decomposed. The palynostratigraphical dating of the
tree stump horizons yielded different ages from the early
Holocene to the late Holocene with a certain accumulation
at the turn from Subboreal to Subatlantic (Frenzel, 1930).
Already Rudolph and Firbas (1924) paralleled this striking
change (i.e. hiatus) in the peat stratigraphy with the so-called
Grenzhorizont (“border horizon”) or, more recently, with
the Rekurrenzfliche (“recurrence surface”) or Schwarztorf—
Weifstorf-Kontakt (“black peat—white peat contact”), repre-
senting a widespread peat marker horizon in northwestern
Germany and beyond (Weber, 1926; Behre, 2008). Such hori-
zons, indicating a temporary cessation of peat formation and
afforestation, have also been detected in raised bogs in other
low mountain ranges in central Europe, for instance in the
Harz, Rhon, and Fichtelgebirge (Overbeck and Griéz, 1954;
Firbas et al., 1958; Willutzki, 1962; Beug et al., 1999). Most
of these were dated to the late Holocene and partially paral-
leled with the peatland stratigraphy in northwestern Germany
and the Netherlands. In fact, the dates available from the
northwestern German plain show a maximum age range from
2300 BCE to 700 CE with a data cluster between 800 BCE
and 100 CE (Behre, 2008). This sequence of more and less
decomposed peat layers is currently interpreted as mostly
locally caused phases of weaker and stronger peat growth,
respectively (Lang, 1994). Furthermore, in the peatlands of
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this lowland region there are numerous tree stump horizons
under and in peat sequences that date back to the mid- and
late Holocene (Achterberg et al., 2016). With regard to the
state of knowledge in the Erzgebirge, it should be noted that
neither dendrological and dendrochronological nor radiomet-
ric investigations have been carried out on these tree stump
horizons. Botanical macro-remain, charcoal, and pedological
data are also missing. As a result, their dating and genesis
cannot be presented in detail at present, and a systematic ref-
erence to regional peatland development or even to the supra-
regional climate development cannot be established thus far.

Recently, a so-called “forest-clearing horizon” with the
preservation of subfossil wood as well as charcoal and
wooden chips was discovered during a geoarchaeological
re-evaluation of the abandoned medieval settlement site of
Warnsdorf in the Tharandt Forest (ca. 360ma.s.l., ID 91;
Kaiser et al., 2020a; Fig. 1). A larger in situ root of Pi-
nus, dating 997-1155CE, was embedded in a peat layer
covered by anthropogenic sediments. Additional pollen and
plant macro-remain data from the peat together with the sub-
fossil wood and sedimentological data allow for insights into
the local vegetation and land-use history of this site during
the High Medieval Period. Although the Pinus root exposed
no clear-cutting marks, wooden chips from Abies in the same
horizon indicate intentional tree cutting (Spehr, 2002). In
general, Pinus, Abies, Picea, and Betula were documented
as subfossil wood. In addition, Fagus, Quercus, and Cory-
lus were detected in the local pollen record. Similar forest-
clearing horizons could also be studied in the Harz and in the
Bohemian—Moravian Highlands. This generally constitutes
a new and promising geoarchaeological-palacopedological
feature for central Europe, documenting the medieval clear-
ing of mountain forests by human exploitation (Kaiser et
al., 2020a).

In the Erzgebirge, as in all other low mountain ranges and
in the lowlands of central Europe (e.g. Ludemann, 2010;
Schmidt et al., 2016; Rutkiewicz et al., 2019; Kaiser et al.,
2020b; Raab et al., 2022), there are countless remains of his-
torical charcoal production. Remains of so-called charcoal
kilns or charcoal hearths are detectable as circular and thin
accumulations of charcoal several metres in diameter. Small
plateaus were usually dug into slopes for this purpose. Ini-
tial remote sensing investigations using lidar data showed
spatial densities of 40-81 charcoal kilns per square kilome-
tre for three test areas in the central Erzgebirge, which are
comparable with data from other German mountains such
as the Harz, Schwarzwald, and Kellerwald (Tolksdorf et al.,
2020a). Since the 2010s, systematic anthracological inves-
tigations have been carried out in these charcoal kilns on
both the Saxon and the Bohemian sides of the Erzgebirge.
These include botanical determinations of the tree remains
and their dating by radiocarbon analysis and dendrochronol-
ogy (Tolksdorf et al., 2015; Kocar et al., 2018; Tolksdorf,
2018; Tolksdorf et al., 2020a; Neubauer, 2022). The ages
range from the end of the 12th to the 18th centuries CE. Tim-
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ber species determinations show a clear shift in taxa (from
Fagus and Abies to Picea and pioneer deciduous tree species)
and a reduction in timber diameters over this period (Tolks-
dorf et al., 2021).

Dendrochronological dating has been used regularly in
the Erzgebirge for several decades, mostly in the context of
studies on building history, archaeology, forest ecology, and
dendro-geomorphology (e.g. Spitzer, 2010; Hoffmann and
HeuBner, 2013; Tolksdorf and Schroder, 2016; Vejpustkova
et al., 2017; Vilimek et al., 2018). In particular, the ubiqui-
tous use of construction wood since the Middle Ages for ore
mines, ore processing facilities, and water management facil-
ities has subfossilised huge amounts of wood in the region.
After their discovery, there is enormous potential here for
palaeoecological investigations, which has already been used
to some extent. For instance, from the archaeologically inves-
tigated medieval mines of Dippoldiswalde (375 ma.s.l.) and
Niederpobel (500 ma.s.l.) in the eastern Erzgebirge, around
3400 botanically determined timbers are available to date
(Cappenberg et al., 2020). Most common taxa are Abies (n =
2103, 62 %), Picea (n =444, 13 %), and Fagus (n = 333,
10 %), with a minor share also Acer, Pinus, Quercus, and Ul-
mus that occur (together n = 520, 15 %). Of these, the den-
drochronological dates (n = 1112) show a total age interval
from the 12th to the 13th century CE, cumulating in the mid-
dle of the latter. In addition to similarities, i.e. the usage pref-
erence of Abies at the beginning of local mining, differences
at both locations are visible, i.e. a different role and dating of
Picea and deciduous tree species.

A rather new data source for the Erzgebirge is macro-
remain analysis, which has increasingly become available in
the last decade, resulting from (geo-)archaeological investi-
gations (e.g. Kocar et al., 2018; Tolksdorf, 2018; Kaiser et
al., 2021; Herbig, 2022). The preferably determined herb and
shrub species supplement the knowledge on late Holocene
vegetation structure in various ecological details. This ap-
plies above all in view of the local human impact, e.g. on
the deforestation and establishment of a replacement vegeta-
tion. In addition, there is sometimes remarkable evidence on
the regional use of plants, e.g. as food. In the course of lo-
cal archaeological studies, remains of figs (Ficus carica) and
grapes (Vitis vinifera) were found in Kovarska/Schmiedeberg
in Bohemia (810ma.s.l.; Kocar et al., 2018) and remains
of figs, rice (Oryza sativa), and pepper (Piper nigrum) in
Freiberg in Saxony (400 m a.s.l.; Schubert and Herbig, 2017).
This late medieval to early modern evidence proves both that
local elites were supplied with quite luxurious goods and that
there were long-distance trade connections, sometimes as far
as the Mediterranean region and beyond.
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5 Outline of the Holocene vegetation history using
pollen data

5.1 Methodological aspects

Pollen data cannot be interpreted directly in terms of past
plant abundances because single taxa produce pollen in
very different amounts, and different pollen types may
be dispersed differently. As a result, taxa may be over-
/underrepresented in the pollen record. Methods to account
for that bias have become available over the past decades,
e.g. REVEALS (Sugita, 2007a) and ROPES (Theuerkauf and
Couwenberg, 2018) for pollen records from larger lakes and
LOVE (Sugita, 2007b) and MARCO POLO (Mrotzek et al.,
2017) for pollen records from small forest hollows. Hitherto,
such methods have not been applied for the interpretation of
pollen records from the Erzgebirge. Moreover, most of the
methods require pollen productivity estimates (PPEs), which
have not been available from this area to date.

All these methods are suited for the interpretation of a
single pollen record. To interpret the larger number of pollen
records from the Erzgebirge, we here apply the extended
downscaling approach (EDA; Theuerkauf and Couwenberg,
2017; Abraham et al., 2023). This approach explores whether
the distribution of plant taxa in the past has been determined
by abiotic landscape patterns, e.g. the underlying soils,
including site water and relief conditions. The EDA is a
forward-modelling approach that determines the most likely
vegetation composition with a given landscape pattern, e.g.
represented by the soil pattern. We apply the EDA for four
distinct pollen stratigraphic phases of the Holocene, which
are also well distinguishable in the early pollen records
(see Sect. 5.3): the Corylus phase, the Picea phase, the
Fagus—Picea phase, and finally the Abies—Fagus—Picea
phase. For each phase, we include raw pollen counts from 12
and 15 pollen records from higher altitudes, i.e. in between
ca. 400 and 1000 m a.s.l. (Table S2). EDA was not applied to
the Late Glacial and very early Holocene periods because in
the Erzgebirge the number of records from these particular
periods is too low and dating too uncertain. As most of the
early records from the 1920s to 1960s do not include herbal
pollen, EDA analysis only includes the tree taxa. PPEs are
derived by applying ROPES with a pollen record from Lake
Cerné jezero in the Sumava Mountains (Carter et al., 2018).
As alandscape pattern for Erzgebirge we use the soil pattern
from the Soil Map of Germany on the scale 1:200000
for the Saxonian part (https://www.boden.sachsen.de/, last
access: 7 January 2022) and the European Soil Database for
the Bohemian part (https://esdac.jrc.ec.europa.eu/content/
european-soil-database-v20-vector-and-attribute-data, last
access: 7 January 2022). For comparison of pollen diagrams,
we, whenever raw counts were available, recalculated pollen
percentage values based on an upland pollen sum (excluding
pollen types attributable to taxa growing on peatlands, such
as grass type or Calluna).

E&G Quaternary Sci. J., 72, 127-161, 2023


https://www.boden.sachsen.de/
https://esdac.jrc.ec.europa.eu/content/european-soil-database-v20-vector-and-attribute-data
https://esdac.jrc.ec.europa.eu/content/european-soil-database-v20-vector-and-attribute-data

[ carex peat
Sphagnum-Eriophorum peat
Sphagnum-Phragmites peat
[[&] Eriophorum-Carex peat
[[5] Sphagnum-Carex peat [_9_] Betula-Carex peat
756 BN Phragmites-Carex peat Weathered gneiss
754~ Scheuchzeria peat Charcoal

752-  [IEll Alnus-Carex peat [W1] Coring

750 T T T T T T T T T T 1
100 200 300 400 500 600 700 800 900 1000 1100m

758

Figure 6. Cross-section through the Mothduser Heide mire, central
Erzgebirge (from Edom, et al., 2011, adapted).

5.2 Overview

The, so far, the best overview of the Holocene vegetation
history of the higher altitudes of the Erzgebirge is provided
by the pollen diagram Mothduser Heide (ID 1, 768 ma.s.1.),
which is also one of the best dated, long pollen records
from the region (Lange et al., 2005; Theuerkauf et al., 2007,
Edom et al., 2011; Figs. 1, 6, 7). For the early and mid-
Holocene, the very early analysed, high-resolution pollen di-
agram Sebastiansberg (ID 29c¢, 842 m a.s.l.; Schmeidl, 1940;
Fig. 1) is also useful, although limited to tree pollen. For
the early Holocene, the pollen diagram Pfahlbergmoor (ID
43,1017 ma.s.1.; Seifert-Eulen, 2016; Fig. 1) also provides a
record of herb pollen.

The latter diagram shows that, like in the northern low-
lands, Pinus and Betula were the first tree taxa present in
the early Holocene (Firbas, 1952). Corylus was the first
thermophilic, deciduous taxon that expanded in the early
Holocene, soon followed by Ulmus, Quercus, Tilia, and fi-
nally Alnus. As radiocarbon dates from this early period are
not available, it yet remains unknown whether the expan-
sion of thermophilic taxa started at ca. 10500 cal yr BP, as
in the northern lowlands (Giesecke et al., 2011), or with
some delay. This Corylus-dominated forest phase (see below
for details) lasted for about 500-1000 years. The available
pollen data are insufficient to evaluate whether the forests of
that period were fully closed or if open spots remained. The
Pfahlbergmoor diagram shows still clearly elevated pollen
percentages of grass pollen during that period, which may
indicate some degree of forest openness. However, the grass
pollen may also originate from local wetland vegetation.

Forest composition in the Erzgebirge then changed at
ca. 9000 cal yr BP due to the expansion of Picea (see Picea
phase below), at ca. 6000 calyr BP due to the expansion
of Fagus (see Fagus—Picea phase below), and finally at
ca. 4200 cal yr BP due to the expansion of Abies (see Abies—
Fagus—Picea phase below; Fig. 7).

Despite the widespread historic evidence of forest clear-
ance also at higher altitudes of the Erzgebirge for the last
millennium (e.g. Kenzler, 2012; Tolksdorf, 2018), some long
pollen records from larger peatlands in the high altitudes
show no clear signal of increased forest openness. In the
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Mothiuser Heide diagram, for instance, pollen percentages
of open indicators such as Poaceae, Artemisia, or Plantago
lanceolata remain low. One possible explanation is that the
youngest peat layers are missing due to earlier drainage of
the peatland (see Sect. 6.4). Nonetheless, Secale pollen is
continuously present in low percentages (0.5 %—1 %) in the
top 1.5m of the record comprising the last ca. 2000 years
(Fig. 7). Whether these pollen finds indicate that local cereal
cultivation in the mountains already started 2000 years ago
or rather originated from distant transport from the adjacent
southern lowlands, being only ca. 20 km away, remains un-
clear.

In general, the clearing and occupation period from around
the late 12th to the 15th—16th centuries CE saw a drastic
decrease in Fagus and Abies; an increase in non-arboreal
pollen; and an increase in Picea, Pinus, and other pioneer
tree species (Fig. 7). In the last ca. 300—400 years, many dia-
grams reflect very open landscape conditions, with a renewed
forest increase in the last ca. 150 years.

A conceivable establishment of a summary pollen diagram
and anthropogenic impact phases for the Erzgebirge, as pub-
lished in the synthesis of many diagrams, for example, for
the Sumava Mountains, Czech Republic, or the Auvergne
Mountains (Miras et al., 2018; Kozakova et al., 2022) and
the Morvan Mountains, both in France (Jouffroy-Bapicot et
al., 2013), respectively, has failed so far due to the lack of
digitally available palynological raw data (pollen counts) and
well radiometrically dated diagrams.

5.3 Main Holocene vegetation phases of Erzgebirge
5.3.1 Vegetation phases
Betula—Pinus phase, ca. 11 600—-10 200 cal yr BP

The pattern and timing of vegetation succession after the
onset of the Holocene remain yet unclear because the first
millennium of the Holocene is represented in very few, no,
or poorly dated diagram sections only. The existing pollen
records have been interpreted as the onset of the Holocene
triggered immediate forest expansion in the Erzgebirge, start-
ing with a short Betula-dominated phase and followed by
a short Pinus-dominated phase. A basal radiocarbon date
from the pollen diagram Pfahlbergmoor (ID 43, 1017 ma.s.l.;
Seifert-Eulen, 2016; Fig. 1) may instead suggest that early
Holocene forest expansion was delayed by at least several
centuries. Moreover, pollen of open vegetation indicators,
such as Juniperus and Artemisia, is still well present dur-
ing the Betula- and Pinus-rich sub-phases. Hence, patches of
open vegetation likely also existed during these sub-phases.
Besides Betula and Pinus, further tree taxa that are poorly
represented in the pollen records, such as Populus or Sorbus,
may also have played some role.
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Figure 7. Typical pollen diagram from a mire in the montane ecological zone of the central part of the Erzgebirge: Mothiuser Heide (ID 1),
768 ma.s.l. (selected taxa; Lange et al., 2005; Theuerkauf et al., 2007, adapted). The units of the diagram axes below are percentages, except
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Corylus phase; P, Picea phase; FP, Fagus—Picea phase; AFP, Abies—Fagus—Picea phase; AV, anthropogenic vegetation).

Corylus phase, ca. 10200-9000 cal yr BP

In this phase, forests of the Erzgebirge were dominated by
deciduous tree taxa. Altitudinal trends are not recognisable
for this period (Fig. 8).

Picea phase, ca. 9000—6000 cal yr BP

Forest composition then changed around 9000 cal yr BP due
to the expansion of Picea in the Erzgebirge. Still, the forests
of the following Picea phase were dominated by deciduous
tree taxa, i.e. mostly Tilia, Ulmus, Quercus, Corylus, and
Fraxinus. The altitudinal gradient suggests that Picea was
increasingly abundant in higher altitudes, while Corylus and
Quercus were less abundant (Fig. 8).

Fagus—Picea phase, ca. 6000—4500 cal yr BP

At around 6000 cal yr BP, Fagus expanded in the Erzgebirge,
while Ulmus and Tilia and later Quercus sharply declined.
The decline in Ulmus likely corresponds to the mid-Holocene
elm decline well known from sites across central and north-
western Europe (Giesecke et al., 2017). The altitudinal gra-
dients show that Picea was present in the highest altitudes of
the mountains, whereas Fagus and other deciduous taxa were
the most abundant in the lower and mid-altitudes (Fig. 8).

Abies—Fagus—Picea phase, ca. 4500—1000 cal yr BP

At around 4500 cal yr BP, forest composition again changed
due to the expansion of Abies. Until about 1000 cal yr BP,
Abies and Fagus became the dominating tree taxa in the
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Erzgebirge. Picea existed more frequently than before and
was mainly limited to the highest altitudes (Fig. 8).

Anthropogenic vegetation, ca. 1000-0 cal yr BP

The past millennium is generally poorly represented in pollen
records from the large Erzgebirge peatlands. Older pollen
records mostly lack herbal pollen and hence are unsuited
for exploring the role of anthropogenic vegetation. Younger
records suffer from the decomposition of upper peat lay-
ers due to modern drainage. Hence, the past millennium is
generally represented with a few samples in longer peat se-
quences only. Only the pollen diagram Kleiner Kranichsee
shows a somewhat higher resolution (ID 44a, 927 ma.s.l;
Seifert-Eulen, 2016; Fig. 1). Moreover, due to the lack of
radiocarbon dates, dating mostly relies on biostratigraphy.
The widespread prominent increase in synanthropic pollen
types, i.e. Cerealia, Secale, Plantago lanceolata, and Rumex
acetosella, is attributed to the high medieval colonisation of
that area in the late 12th to 13th centuries CE (e.g. GroBer
et al., 2006). Even in the highest altitudes of the Erzge-
birge does the sum of synanthropic indicators arrive at about
10 % and the sum of all terrestrial open indicators (includ-
ing grasses) at 30 %-50 %, indicating largely open conditions
and widespread agricultural activity. At lower altitudes the
sum of synanthropic pollen types arrives at about 20 %, in-
dicating even more open vegetation and stronger agricultural
activity.

While the increase in synanthropic pollen types indicates
a decline in forest cover, changes in tree pollen composition
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Figure 8. Pollen percentages of selected tree taxa versus altitude for four Holocene vegetation phases in the Erzgebirge.

indicate additional changes in forest composition. Clearly
lower pollen percentages in Fagus and Abies and higher per-
centages in Pinus and Picea indicate a shift in overall forest
composition towards Pinus and Picea. Whether, with overall
declining forests, Pinus and Picea indeed expanded cannot
be estimated with the data available. The increasing values
of Pinus could possibly also partly be attributed to Pinus
mugo on the peatlands in higher altitudes and widespread
Pinus sylvestris plantation in lower altitudes since the late
18th century CE. The observation that Abies and Fagus, but
not Picea, declined due to more intense land use possibly
reflects that Abies and Fagus formerly occupied sites more
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suitable for land-use activities, i.e. better drained and climat-
ically favourable sites.

5.3.2 EDA analysis

For the early Holocene Corylus phase, EDA analysis sug-
gests that the forests on the widespread loamy soils were
dominated by Corylus, Tilia, and Ulmus, whereas on the
sandy soils Corylus, Tilia, and Betula were most abundant
(Fig. 9). For the areas with debris-rich soils, a higher cover
of Fraxinus is indicated. Pinus as the only coniferous taxon
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of that phase was probably mostly rare, covering only about
10 % of the main substrate types.

For the following Picea phase, EDA analysis indicates
small differences in forest composition between sandy and
loamy soils, with 7ilia being somewhat more abundant on
loamy soils (ca. 35 %) than on sandy soils (ca. 20 %; Fig. 9).
Coniferous trees, mostly Picea, probably covered about one-
third of the mountains. Pinus was also present, except on
loamy soils.

For the Fagus—Picea phase, EDA analysis suggests that
Fagus became the dominant tree taxon on sandy soils, possi-
bly covering ca. 75 % of those areas (Fig. 9). Other decid-
uous tree taxa largely disappeared from these sites. Picea
and Pinus played only a minor role. For loamy soils, a co-
dominance of Fagus and Picea is indicated; other tree taxa
were rare. EDA analysis indicates dominance of Picea, Quer-
cus, Corylus, and Tilia on debris-rich soils; Fagus was likely
rare here. For the rare sites with thicker loess substrate, first
stands of Abies are also indicated.

For the Abies—Fagus—Picea phase, EDA analysis indicates
co-dominance of Fagus and Abies on sandy and loamy soils,
with a somewhat higher cover of Fagus on sandy soils and
a somewhat higher cover of Abies on loamy soils (Fig. 9).
Other deciduous taxa and Picea likely remained limited to
other sites, i.e. debris-rich soils.

5.3.3 Local vegetation differentiation and conceptual
summary

For the area around the Mothiuser Heide pollen diagram (ID
1; Fig. 1), the spatial distribution of the vegetation can be
reconstructed with the help of the EDA analysis for four veg-
etation phases. The diagram itself is at 768 ma.s.l., while
the surrounding area has an altitude range of ca. 620 to
800 ma.s.l. This area is characterised by a rather flat relief,
loamy soil substrates at dry to wet sites, and peat at very
wet sites. The current local climate parameters (1980-2010
period) show an annual average temperature of 4.9 °C and
an annual precipitation of 937 mm (weather station Kiihn-
haide, 723 m a.s.L.; https://wetter-kiithnhaide.de/, last access:
15 April 2022). The distribution of past vegetation is shown
schematically (Fig. 10). Only those species for which clear
connections with the respective site types were observed are
shown. Occurrence of other species in small proportions (e.g.
Acer) are likely. In general, there were clear changes in the
vegetation over time on all site types, with the exception of
the stream sites, which were initially dominated by Corylus
and later by Alnus (Theuerkauf et al., 2007).

The outlines of the Holocene vegetation history described
in the section above are presented as a conceptual pictorial
model for a general, i.e. “normal zonal”, site in the mon-
tane ecological zone in Fig. 11. All previous concepts for the
phase structure of the Holocene vegetation history, including
the new suggestion here, are listed in Table 2.
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6 Discussion

6.1 General considerations

Despite a sometimes-high density of pollen diagrams in
the landscapes of central Europe, regionally oriented di-
agram compilations and syntheses on the Holocene veg-
etation history are rare. A remarkably early example re-
lates to Bohemia, where 130 pollen diagrams were com-
piled and evaluated already in the 1920s (Rudolph, 1928).
More recent examples from central Europe include the Is-
land of Riigen/Baltic Sea (n = 40; Lange et al., 1986), the
Berlin area (n =73; Behre et al., 1996), the eastern Alps
and their forelands (n = 301; Wahlmiiller, 1993), Hruby Je-
senik (n = 16; Dudova et al., 2018), Harz (n = 37; Beug et
al., 1999), Schwarzwald (n = 101; Lang, 2005), Bayerischer
Wald (n = 22; Stojakowits and Friedmann, 2019), the North-
ern Calcareous Alps of Germany and Austria (n = 32; Fried-
mann et al., 2022), Sumava (n = 30; Kozakova et al., 2022),
and the entire territory of Bohemia and Moravia (n = 40;
Bobek et al., 2019). Although some data in online reposi-
tories are available (e.g. https://epdweblog.org/, last access:
3 June 2022; https://www.pangaea.de/, last access: 3 June
2022; https://botany.natur.cuni.cz/palycz/, last access: 3 June
2022), these databases are usually incomplete for the regions
and do not provide any synthetic analyses on the regional
vegetation history “at the push of a button”, so to speak.
For the analysis of a specific region, the only option that
remains is to compile the palynological data, including the
accompanying radiocarbon data, as completely as possible
and, if available, to open up further data sources such as
macro-remain analyses, dendrochronological and anthraco-
logical analyses, or historical data on vegetation and land-use
dynamics.

For the Erzgebirge so far 121 pollen diagrams have been
produced. This is somewhat surprising at first, since even
scholars familiar with the regional data material noted in the
2000s and 2010s that the regional palynological database,
particularly new pollen diagrams, would be rather small (e.g.
Lange et al., 2005; Sadovnik et al., 2013). This “astonishing
growth” since then is certainly due to the fact that in this
paper not only classical pollen diagrams were sought and
found, but also pollen diagrams from a broad disciplinary
perspective, including palynology, geology, geomorphology,
archaeology, and peatland studies; this compilation was done
often providing “unconventional” palynological data. Look-
ing at the point in time when the diagrams were created, it be-
comes clear that despite an undoubted revival of regional pa-
lynology after 1989-1990 (53 % of the diagrams), there was
already a broad base of older pollen diagrams before (47 %
of the diagrams). However, it must be emphasised that many
of the 121 diagrams are of little use for a well-elaborated
vegetation history because (1) most of them were not inde-
pendently dated by radiocarbon ages and can hardly be dated
by pollen stratigraphy; (2) many published diagrams are of
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Table 2. Late Pleistocene and Holocene forest vegetation phases in the Erzgebirge after different authors.

Palyno-  Rudolph and
Chronology 1 Chronology Biozone zone Firbas (1924) Frenzel (1930)  Firbas (1952) Hempel (2009) Brizova (2014a) This study
(Years (calyr BP) (Firbas,
BCE/CE) 1949)2
750 BCE—~ 1150-0 Subatlantic Late Xc Picea Picea (Pinus—)Picea Cleared and used forests Pinus—Betula(—Picea)  Anthropogenic
2000 CE Xb and synanthropic taxa  vegetation
Xa Fagus—Abies LMA*: Quercus—Abies, Abies—Fagus—Picea Abies—Fagus—
2400-1150 Early IX Fagus—Abies Fagus—Abies Abies—Fagus; UMAD3: Abies (?) Picea
3800-750 5660-2400 Subboreal VIII Fagus—Picea Picea—Fagus Picea—Fagus Picea—Fagus—Abies
7500-3800 7500-5660 Atlantic Late vl Quercus mixed Picea Picea—Quercus  LMA: Quercus mixed forest— Picea—Quercus Fagus—Picea
mixed forest Picea; UMA: Picea mixed forest
9220-7500 Early VI Forest®-Picea Quercus mixed  Picea—Quercus LMA: Quercus mixed forest; Picea Picea
forest—Picea mixed forest UMA: Quercus mixed forest—Picea
8500-7500 10 640-9220 Boreal Late Vb Corylus Pinus—Corylus ~ Pinus—Corylus ~ LMA: Quercus mixed forest—Corylus;  Pinus—Corylus Corylus
UMA: Corylus—Pinus—Betula
Early Va Pinus LMA: Pinus; UMA: Pinus—Betula
9500-8500 11560-10640  Preboreal v Pinus with Betula  Betula—Pinus Pinus, LMA: Betula—Pinus; UMA: Betula—Pinus Betula—Pinus
and Salix Pinus—Betula Betula—Pinus or tundra
10 600-9500 12700-11560  Younger Dryas 111 - - - Tundra Tundra -
11400-10600 13350-12700  Allergd 11 - - - Betula—Pinus Forest tundra -
15000-11400 15000-13350  Pleniglacial to Ta-c - - - Tundra Tundra -
Older Dryas

! Correlation of chronology, biozone, and pollen zone is based on Giesecke et al. (2012, adapted). 2 Modified after Lang (1994). 3 Consisting of Quercus, Tilia, Ulmus, Fraxinus, and Acer. 4 LMA, lower mountain area (ca. 300-800 ma.s.1.). > UMA, upper mountain area (ca.

800-1200 ma.s.l.).

https://doi.org/10.5194/egqsj-72-127-2023

E&G Quaternary Sci. J., 72, 127-161, 2023



K. Kaiser et al.: A review of palynological data

Loess (~1 %)

i
sal
A
Fag|
Que A

Car Aln

-

/ Bet

Sandy soils (20 %)

ca. 4500-1000 cal. BP

Abies-Fagus-Picea phase

Pin

An

Fagus-Picea phase
ca. 6000-4500 cal. BP

Fag
Uim Pic

an

Picea phase
ca. 9000-6000 cal. BP

Bet

Fa Fag

Corylus phase
ca. 10200-9000 cal. BP

Ain
Bet

Fra  Cor

Debris-rich soils (10 %)

il

Que
Pic
P\
Abi
Fag| ) ~

145

Loamy soils (65 %) Peat (4 %)

Uim
Abi
Sal e

>

Uim Abi get

Fag_
y

Car

Fag

Ain
Pic

it Ulm Abi
Que

|

/N

Que  Fra

N

il
Pin
An
Cor
Ulm I' Aln
il 1{

sal que Cor

Cor

Figure 9. Results of the extended downscaling approach (EDA) analysis, showing the forest composition for typical soil sites for four
Holocene vegetation phases in the Erzgebirge. The numbers behind the soil types above show their share in the region. Using the example
of Abies during the Abies—Fagus—Picea phase, ca. 4500—-1000 cal yr BP, it becomes clear what a strong influence the soil type has on the
modelled forest composition. Abies dominates the loamy soils with 70 % and shows a much lower share with 45 % and 42 % at the sites with
loess and sandy soils, respectively. Abies has a very low share of 5 % in peat soils and does not occur on debris-rich soils.

poor quality and incomplete, and the pollen counts are not
available digitally; and (3) many diagrams are strongly influ-
enced by local or aquatic pollen input.

The following Discussion section is largely based on the
questions that we formulated in the introductory section.
All in all, of course, this review is to be understood as an
overview of the all material available on the Holocene vege-
tation history from a palynological perspective. Further ques-
tions on details of the regional forest history such as a fine
differentiation of the local vegetation according to altitude,
soil, water balance, and exposure; the possible reflection of
natural disturbance events (e.g. storms, fires, biotic calami-
ties); or the analysis of the long-term diversity of plant taxa
in the regional mountain forests are, thus, reserved for fu-
ture studies. These studies should then be done in conjunc-
tion with newly created, taxonomically as well as chronolog-
ically high-resolution pollen diagrams, including age control
by radiocarbon dating.

Nevertheless, as can be seen from the larger text volume
of Sect. 6.5 and 6.6, we would like to place a certain em-
phasis on the conditions in the Middle Ages and in the Early
Modern Period. This can be explained by the reason for this
review, i.e. by corresponding projects with a focus on this
time. The natural forests of the medieval past could serve as
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a useful model for the necessary ecological forest conversion
of the future (Piovesan et al., 2018; Morel and Nogué, 2019;
Stowinski et al., 2019).

6.2 Critical reflection of the EDA results

We in this study for the first time applied EDA analysis in a
larger mid-mountain range. Smaller mountain regions have
already been investigated using EDA in the North Bohemian
sandstone areas (Abraham et al., 2023). The primary goal
was to explore major vegetation patterns in relation to soil
conditions. Such patterns are indeed apparent, e.g. the higher
cover of Fagus on sandy soils and the higher cover of first
Picea and later Abies on loamy soils during the Fagus—Picea
and the Abies—Fagus—Picea phase. However, in particular re-
sults for rarer taxa should not be over-interpreted because of
limitations of the data available. We for each phase could
include only 12-15 pollen records, whereas a number of
20 or more is suggested for robust results (Theuerkauf and
Couwenberg, 2017). Moreover, most pollen records are char-
acterised by low sample resolution and low pollen counts,
which implies high error margins, particularly for rarer taxa
and the rare soil types. Due to the often-lacking herbal pollen,
we had to limit EDA analysis to tree taxa. This limitation is
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Figure 10. Palaecovegetation maps of the Mothduser Heide mire for
four Holocene vegetation phases based on the extended downscal-
ing approach (EDA) analysis. The mixed deciduous forest in the
10200-9000 cal yr BP phase was dominated by Corylus, Tilia, and
Ulmus, while on the same sites in the 9000-6000 cal yr BP phase
Tilia, Ulmus, Quercus, Corylus, and Fraxinus dominated, supple-
mented by Picea. Below is a soil map in the same section as the
palaeovegetation maps above (Soil Map of Germany 1 : 200 000;
BGR, modified).

the most relevant for the Corylus phase, when the vegeta-
tion of the Erzgebirge may still have been partly open. Dur-
ing the three later periods, patches of open vegetation were
likely rare.

Previous syntheses on the Holocene vegetation history
in the Erzgebirge (e.g. Rudolph and Firbas, 1924; Fir-
bas, 1952; Hempel, 2009; Seifert-Eulen, 2016) have only
marginally dealt with the potential dependence of palacoveg-
etation on soil patterns. Their focus was mostly on the larger-
scale vegetation reconstruction as a function of altitude. An
exception is the palynological research of Jacob (1956),
who has already demonstrated a clear dependence of the
palaeovegetation on the site pattern through a large num-
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ber of pollen diagrams for the low-lying Tharandt Forest (ca.
190-460ma.s.l.).

One key problem in all quantitative approaches, includ-
ing EDA, for the interpretation of pollen records is the selec-
tion of a suitable pollen dispersal model. In the absence of
other options, we have used a Lagrangian stochastic model
adjusted for a lowland setting. Even though the northern part
of the Erzgebirge is rather flat, this dispersal model is not
ideal for the given mountain setting. Finally, our analysis has
been limited to soil patterns, yet other environmental param-
eters are certainly relevant in the mountain region as well,
namely the (micro-)relief. Including these parameters will be
a worthwhile next step for palynological research, at least
when more pollen data from the region become available.

6.3 Drivers of natural forest dynamics

The early Holocene forest expansion, including first the cold-
adapted tree taxa Betula and Pinus and later the warm-
adapted tree taxa Corylus, Ulmus, Quercus, Tilia, and Al-
nus, has been climatically triggered by the warming of the
Holocene. As precise dating of early Holocene pollen records
in the Erzgebirge is still lacking, it remains open whether the
tree taxa expanded later than in the surrounding lowlands,
i.e. whether the higher altitude caused some delay in warm-
ing.

Drivers of the later major changes in forest compo-
sition, i.e. formed by Picea (ca. 9000cal yrBP), Fagus
(ca. 6000 cal yr BP), and Abies (ca. 4500 cal yr BP), are less
clear. All three events match the overall Holocene spread
of these taxa across central Europe (Giesecke and Brewer,
2018), suggesting that differential expansion in the Erzge-
birge is due to the more or less rapid Holocene expansion
of these taxa and is not related to specific climatic events.
This hypothesis might be tested by comparison of the ex-
act timing of expansion in the western, central, and eastern
Erzgebirge, thus comprising a distinct spatial gradient. Fa-
gus, for example, expanded much earlier in the central Euro-
pean Sumava Mountains to the southwest (Kozédkova et al.,
2022) than in the Hruby Jesenik Mountains to the east (Du-
dova et al., 2018), reflecting an eastward migration of this
taxon. Hence, for the Erzgebirge one would expect that Fa-
gus accordingly expanded from west to east. However, sam-
ple resolution and dating of the available pollen records are
insufficient to prove such a trend at the moment.

Moreover, in the Mothéduser Heide (ID 1) record, the ex-
pansion of Fagus at ca. 5900-5800 cal yr BP appears syn-
chronous to the decline of Ulmus and Tilia, which may point
to four different explanations. First, under the assumption
that the Ulmus decline in the Erzgebirge is analogous to
the well-known Ulmus decline period in the lowlands of
northwestern Europe (ca. 6350-5280 cal yr BP; Parker et al.,
2002), i.e. has also been caused by a pathogen, the expansion
of Fagus may have been triggered by the demise of Ulmus.
Secondly, the synchronous Ulmus decline and Fagus expan-

https://doi.org/10.5194/egqsj-72-127-2023



K. Kaiser et al.: A review of palynological data

147

.
1
1
i i
i
: 3
Chronology 15000 to 9500 | 9500 to 8500 | 8500 to 7500
yrs BCE / CE i '
| 1 H
| 1 H
Chronology 14000 to 11560 | 11560to 10640 | 10640 to 9220 |
yrs cal. BP H i |
| i
Biozone Pleniglacial to | Preboreal | Boreal
Younger Dryas | i
|
|
Palynozone la-cto Il | v | \%
after Firbas | '
| 1
Vegetation prevailng | Betula-Pinus 1 Pinus-Corylus
tundra | |

H
H
1 7500 to 5700
H
H

1
1
9220 to 7500 |
1
1

H |
| Early Atlantic |
1 i

i

1 |
| Quercus mixed |

I

I
| 5700 to 3800 3800 to 750 750t0 1150 | 1150t02000 |
I I 1
I I I

7500105660 | 5660102400 | 2400t0 800 | 800t0 0
; 1
1

1 |
Late Atlantic Subboreal | Early Subatlantic i Late Subatlantic i
i i
|

' H
Vil ! Vil 1 IX-Xa | Xb-c

|
Picea and syn- |

|
Quercus mixed
1 anthropic taxa |

forest-Picea

|
Picea-Fagus i Abies-Fagus
|

'
1

Figure 11. Conceptual model of the late Pleistocene and Holocene forest vegetation development in the montane ecological zone of the
Erzgebirge using a pictorial timeline. The trees shown symbolise the eponymous vegetation phases and do not reflect the complete mixing
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sylvestris; Cor., Corylus avellana; Que., Quercus spec.; Pic., Picea abies; Fag., Fagus sylvestris; Abi., Abies alba).

sion are purely incidental. Thirdly, the decline of Ulmus (and
Tilia) in the Erzgebirge has not been caused by a pathogen
attack but by the expansion of Fagus, thus by species compe-
tition. Finally, the decline of Ulmus and the expansion of Fa-
gus may have been triggered by the same event, such as cli-
mate fluctuation. Again, the available pollen records are in-
sufficient to prove these above-mentioned hypotheses. There-
fore, other possible natural disturbance factors that could also
have had a strong impact on the regional forest vegetation in
the past, such as insect outbreak, drought, storm, or fire (e.g.
Kulakowski et al., 2017; Bobek et al., 2019; Schafstall et al.,
2022), have not yet been evaluated for the study area.

Altitudinal analysis of the pollen records suggests that al-
titude had only limited effects on forest composition above
300400 ma.s.l., except that during all times pollen pro-
portions of Picea were the highest in the altitudes above
ca. 1000 m a.s.l. (Fig. 8). Picea was likely always most abun-
dant along the highest altitudes.

6.4 Prehistoric human impact

So far, there are only a few indications of an already pre-
medieval anthropogenic influence on the mountain forests
from the pollen diagrams available in the Erzgebirge. Some
diagrams (e.g. Mothduser Heide, ID 1) show the presence
or even continuous curves of potential pasture and meadow
indicators such as Artemisia, Rumex, and Plantago from
around 2000 cal BCE at the earliest. Even cereal pollen oc-
curs sporadically already before the High Medieval, i.e. be-
fore ca. 1150 CE. However, there are usually no previous or
synchronous drastic declines in tree taxa or tree species shifts
that would indicate corresponding forest clearings. More-
over, the low percentages of the synanthropic taxa (Moth-
duser Heide, ID 1: 1.4 % maximum for the period 3000-
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1000 cal yr BP) do not rule out long-distance input from the
surrounding low-lying areas, some of which, particularly in
the Elbe/Labe River valley to the east, in the Losshiigelland
to the north and in the Ohfe Graben and the North Bohemian
Basin to the south, have been intensively populated from
the Neolithic onwards (Blazek et al., 1995; Christl and Si-
mon, 1995; Kenzler, 2012). In general, there are no in-depth
studies on recent pollen precipitation for the Erzgebirge that
would allow for an assessment of the possible far-distance
pollen transport even in (pre-)historic times. In particular,
peat profiles at crest sites close to the steep southern slope
of the mountain range have a potentially increased exposure
to supra-regional pollen input. Corresponding studies in the
Schwarzwald in SW Germany urge caution in the interpre-
tation of those taxa, which occur in low percentages (Holzer
and Holzer, 2014).

An interesting coincidence of synanthropic taxa (reflecting
land use), heavy metal deposition (mining and metallurgy),
and charcoal (fire) is shown in the pollen and geochemical
data from the Kovérskd bog at 870 ma.s.1. in the central Bo-
hemian Erzgebirge (Bohddlkova et al., 2018). Already from
ca. 950 cal BCE has there been evidence of taxa that indicate
grain cultivation, grazing/meadow management, and clearing
of forests. Although these findings suggest local human ac-
tivities in the mountains themselves during the Bronze Age,
early Iron Age, and Roman Age, the corresponding archae-
ological findings from the immediate vicinity of the pollen
diagram (up to ca. 5-10km distance) are still missing.

This leads to the general question on the evidence of pre-
historic anthropogenic activities in the study area, indicated
by archaeological finds and place names. In the lower east-
ern Saxon Erzgebirge southeast of Freiberg, at an altitude
of ca. 300 m a.s.1., both late Neolithic and Iron Age artefacts
have been found (Kreienbrink et al., 2020). However, indi-
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vidual prehistoric finds, such as stone axes or metal objects,
have been found at various locations throughout the moun-
tains, including the crest area (Christl and Simon, 1995). In
the neighbouring Vogtland area, however, up to at least about
400ma.s.l. a larger number of Bronze Age sites, includ-
ing evidence of synchronous metallurgy (Tolksdorf et al.,
2019), exist. At the Erzgebirge historic Slavic place names
usually occur below 300ma.s.l. Only very occasionally is
there evidence of place names at higher altitudes, such as the
town name Zoblitz at 600 ma.s.l. in the central part (Wen-
zel, 2016). But the majority of historical place names are of
German origin and date from the Middle Ages or Modern
Period. Also, in the Bohemian Erzgebirge there have so far
only been single prehistoric stray finds (BlaZek et al., 1995).
Kenzler (2012) summarises that there have been no perma-
nent settlements in the mountains for the entire prehistory.
According to the available records, the Erzgebirge were only
visited for raw material extraction, hunting, and crossing.
However, this interpretation can also be due to the state of
research, as findings on prehistoric settlements or intensive
use of other low mountain ranges in central Europe suggest
(e.g. Rosch, 2013; Kozdkova et al., 2015, 2022; Henkner et
al., 2018; Dreslerova et al., 2020; Wiezik et al., 2022).

In view of the early human impact, the archaeological
indications of Bronze Age tin placer mining around 2000-
1300 cal BCE from the western and eastern Erzgebirge from
altitudes of 900 and 740 m a.s.1., respectively, are particularly
remarkable (Bartelheim and Niederschlag, 1997; Tolksdorf
et al., 2020b). These mining and probably even metallurgic
activities were inevitably associated with (ultra?)local for-
est clearings and also required transport routes, which have
been at least partially free from vegetation. To date, however,
there are no pollen diagrams near these early mining sites
with a potential palynological record of these local dynamics.
Auvailable diagrams in greater distance to these sites (IDs 3, 4,
57b, 44a, 44b, 45; Fig. 1) show no pollen signals specifically
for the period 2000-1300 cal BCE that would indicate defor-
estation or other anthropogenic activities in the area. How-
ever, geochemical and palynological evidence of local early
mining in the Bronze Age, early Iron Age, and Roman Age
is also available from the Bohemian Erzgebirge (Veron et al.,
2014; Bohdalkova et al., 2018). In summary, it is very likely
that prehistoric mining in the Erzgebirge, which has only just
initially been researched, led to local forest clearings and the
development of replacement vegetation communities at cer-
tain sites and routes. Whether other local land-use activities
also took place at least seasonally (e.g. grazing by transport
animals and livestock, hunting, timber extraction, and honey
production) can only be assumed analogous to other prehis-
toric and early medieval mountain areas in central Europe
(e.g. Rosch, 2000; Valde-Nowak, 2013; Schreg, 2014; van
der Knaap et al., 2020; Hruby, 2021).

In addition, it should be mentioned that the Erzgebirge
were already a transit area in the prehistory, specifically
since the Neolithic, connecting today’s central and north-
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ern Germany with the Bohemian Basin. Corresponding paths
crossed the mountain crest area at various points (Hauswald
and Simon, 1995; Ruttkowski, 2002; Kenzler, 2012). Along
these routes and in local camps, the latter potentially neces-
sary as rest stops for shelter, changing horses, and procuring
food and fodder (Bell, 2020), the natural forest vegetation
has certainly been anthropogenically modified.

6.5 Forest structure and human impact in the Middle
Ages

Already the early palynological works on the Erzgebirge
have suggested that before the high to late medieval clearings
(late 12th to early 16th centuries CE), the montane zone was
densely forested, mainly by Fagus and Abies with a certain
amount of Picea (Rudolph and Firbas, 1924; Frenzel, 1930;
Firbas, 1952; Jacob, 1956). Following that, Picea was more
abundant or even dominant in the crest area. Locally, i.e. in
the mires there, Pinus mugo likely played an important role.

For the low-lying Tharandt Forest (ca. 190-460 ma.s.L.) it
could be shown, using a spatial approach based on a total
of 22 pollen profiles (IDs 77-89, Fig. 1), which is unique
for the study area thus far, that the tree species composi-
tion described above was much more spatially complex in
detail (Jacob, 1956). Different locations here, i.e. differences
in relief, exposure, substrate/soil, and water balance, led to
a close-meshed pattern of different forest vegetation. Indeed,
Fagus and Abies occurred extensively on slopes and plateaus.
Picea grew in the floodplains of streams together with Alnus
glutinosa and Betula pubescens. In addition, Picea occurred
in further cool and damp to wet locations (steep northern
slopes, ravines, swamps, and mires). Pinus sylvestris, Quer-
cus species, and Betula pendula inhabited rocky outcrops,
sandy soils, and sunny slopes. Based on the data available
at this time, the distribution pattern of Fraxinus excelsior,
Ulmus species, Acer species, and Populus species remains
somewhat unclear. These tree species obviously did not play
a significant role over a large area, but they were mixed in.
Corylus avellana was common in bright places. The variance
of shrubs was not determined. In addition to this site-related
control of the tree species distribution, there were also dy-
namic biotic and abiotic effects, e.g. as a result of the life
cycle of the trees, competition, or calamities (e.g. insect in-
festation, fire, relief instability/soil erosion; Leuschner and
Ellenberg, 2017). Although the example of the Tharandt For-
est, which has been very well examined palynologically, rep-
resents a forest lying low in the Erzgebirge, it can be assumed
that a similarly complex spatial differentiation also applied to
the higher-lying areas in the region. This is indicated by the
record of current site-related tree species differences in near-
natural forest protection areas on higher altitudes in that re-
gion (Séchsisches Staatsministerium fiir Umwelt und Land-
wirtschaft, 2008).

Already the early works indicate the end of a large-scale
Fagus and Abies dominance and the formation of replace-
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ment vegetation in the 12th—13th centuries CE according to
the still-valid basic outlines of the medieval settlement his-
tory in the region. The current dominance of Picea was inter-
preted as the result of natural reforestation after abandonment
of intensive land use in the late Middle Ages and in modern
times but above all of reforestation since the 18th century
CE. This has been clearly proven both by older investiga-
tions and by more recent forest historical investigations (e.g.
Kienitz, 1936; Nozicka, 1962; Thomasius, 1994). However,
the temporal resolution of the last ca. 1000 years in the older
pollen diagrams was normally low, and the general focus was
mostly on the entire Holocene, neglecting a detailed charac-
terisation of the vegetation dynamics in the Middle Ages and
afterwards.

Even from the more recently analysed pollen diagrams
do only a few have a sufficiently large thickness of sedi-
ments originating from the last ca. 1000 years, i.e. enabling
a higher temporal resolution, and an independent chrono-
logical control by radiocarbon dates. Of these, the diagram
SPI-1, Spindelbach (ID 22, ca. 850 ma.s.l.; Houfkova et al.,
2019; Maresov4, 2022; Fig. 1), located on the crest area of
the Bohemian site of central Erzgebirge, is particularly suit-
able for characterising the local forest vegetation immedi-
ately before the start of the medieval clearing and the mo-
ment of deforestation, as well as the development of replace-
ment vegetation. This alluvial-colluvial sequence is 82 cm
thick and dated by four radiocarbon ages. The dominance
of pollen from the climax tree species Fagus (max 15 %),
Abies (max 12 %), and Picea (max 10 %), accompanied by
a high amount of fern spores (max 40 %), indicates that the
broader area around the sampling site was still forested at
the beginning of the 14th century CE. The area was cleared
around 1350 CE for the establishment of an agrarian settle-
ment (called Spindelbach after written medieval sources), as
reflected by a decrease in the sum of tree pollen to below
12 %, the increase in non-arboreal pollen up to 79 %, and
the emergence of various synanthropic taxa. According to
the pollen data, livestock breading and grain cultivation have
been the main economic bases in the village area. More-
over, as at the same time five mining villages were estab-
lished in an only 5km radius around Spindelbach, human-
induced deforestation likely affected the tree species compo-
sition even in the broader area. In the period about 1450—
1480 CE, the village declined and finally was abandoned.
Its desertion corresponded to an epoch of regional economic
and demographic stagnation, overexploitation of the moun-
tain forests, and an era of harmful weather events (Houfkova
et al., 2019), which are probably connected with the on-
set of the Little Ice Age. Immediately after abandonment,
forest regeneration started again, reflected by a renewed in-
crease in Picea (max 10 %), and together with Betula (max
20 %) formed a secondary forest. The sum of tree pollen
soon reached a maximum of ca. 60 %. Even though Picea
was restored by natural succession, Fagus and Abies never
achieved their former abundance, attaining relative maxima
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of ca. 7% and 2 %, respectively. In the mountains, Picea is
generally considered a pioneer tree species that benefits from
sites that have previously been cleared by humans, while the
natural re-establishment of Fagus and Abies requires more
sensitive conditions (e.g. close proximity to parent trees, mi-
croclimatic protection, shade; Ellenberg, 1996).

The reflection of the local deforestation of a largely still-
native forest in the high-lying profile Spindelbach, which
dates back to the second half of the 14th century CE, is quite
late compared to the historically known medieval settlement
and land-use history in the Erzgebirge at other sites (e.g.
Blazek et al., 1995; Kenzler, 2012; Tolksdorf, 2018; Cappen-
berg et al., 2020). Forest clearing and subsequent agricultural
or industrial activities (mining, metallurgy, glass, and char-
coal production) can generally be expected at many other,
but often much lower, locations since the second half of the
12th century CE (Fig. 12). For example, the start of silver
mining in the eastern Erzgebirge at Freiberg (ca. 380 ma.s.1.)
dates to the year 1168 CE (Wagenbreth and Wichtler, 1988),
at Dippoldiswalde (ca. 375ma.s.l.) to the last quarter of
the 12th century CE (Schubert, 2017), and at Niederpobel
(ca. 530ma.s.l.) to the period 1180-1240 CE (Cappenberg
et al., 2020); fortifications and village settlements in the
central Erzgebirge around Zoblitz (ca. 600 ma.s.l.) and in
Ullersdorf (730 ma.s.l.) date from the late 12th to 13th cen-
turies CE (Billig and Geupel, 1992; Tolksdorf et al., 2020a);
and the Teufelsschloss castle in the western Erzgebirge near
Eibenstock (ca. 650 ma.s.l.) dates to the late 12th century
CE/around 1200 CE (Billig and Geupel, 1992).

This early settlement/land-use period, dated indepen-
dently of history and archaeology records, and the, thus, in-
evitable forest-clearing phase of the late 12th to 13th cen-
tury CE are also represented in several pollen diagrams
(IDs 32-37; Fig. 1) obtained from medieval to modern
stream valley sediments around the abandoned mining town
PtiseCnice/PreBnitz (ca. 720ma.s.l.), located on the Bo-
hemian side of the central Erzgebirge (Kocar et al., 2018).
These diagrams show a somewhat earlier deforestation (13th
century CE) caused by agriculture and mining in compari-
son to the nearby pollen diagram SPI-1, Spindelbach (ID 22),
described above. Although the proportions of the main tree
species vary significantly in these six diagrams, they are ba-
sically the same at the moment of local clearing, namely Fa-
gus, Abies, and Picea. In some cases, there were not a com-
plete clearing and agricultural or industrial use of the sites
but only a forest thinning with an increase in Picea and a
decrease in Fagus and Abies.

Thus, based on the current knowledge from all available
pollen diagrams — although these are not always available in
the “right” place, and targeted palynological transect stud-
ies are also still missing — it can be assumed that in the
Erzgebirge from the submontane (ca. 300-500 ma.s.l.), via
the montane (ca. 500-900 m a.s.1.) to the high-montane zone
(ca.900-1200 m a.s.1.), forests with Fagus and Abies, and to a
minor degree Picea, existed until the high medieval clearing.
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Figure 12. Historical forest cover dynamics of the Erzgebirge
(Saxon part) and surroundings (spatial data: Hempel, 2009, mod-
ified). (a) The 7th to 9th centuries CE, (b) 10th to 12th centuries
CE, (c¢) 12th to 14th centuries CE, (d) 17th to 18th centuries CE,
and (e) 20th to 21st centuries CE.

Other tree species (e.g. Acer, Ulmus, Pinus, Fraxinus, Alnus)
also grew in smaller proportions on average but with poten-
tially greater local participation. In the 20th century CE, there
were still mostly small-scale locations with Fagus and Acer
in the upper reaches of the Erzgebirge, i.e. up to ca. 1000-
1100 ma.s.l. (Heynert, 1964). Also, isolated occurrences of
Abies were still reported in the 19th—-20th centuries CE up
to about 1000 ma.s.l. (Firbas, 1952). This means that these
tree species of the former “hercynic mixed mountain for-
est” (Drude, 1902) had, from today’s perspective, an almost
unimaginable, much wider distribution up to the High Me-
dieval than indicated by their current sparse distribution “in
the endless spruce sea”. Natural (mixed) Picea forests, how-
ever, regularly had a very small proportion at the highest al-
titudes (> ca. 900 m a.s.1.) and here in special locations such
as wet sites or those with shallow soils as well as rocky cliffs
and other sites with extreme conditions that restrict compe-
tition from other tree species (Heynert, 1964; Schmidt et al.,
2002; Hempel, 2009).

Of course, for potential tree species distribution, in addi-
tion to anthropogenic processes, climatic developments dur-
ing the Middle Ages and afterwards must also be considered.
So far, however, there has been no regional climate recon-
struction for the Erzgebirge for the last ca. 1000 years (Tolks-
dorf and Scharnweber, 2018). Therefore, only the quan-
titative reconstructions generally available for central Eu-
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rope (e.g. Glaser, 2008; Biintgen et al., 2011; Luterbacher
et al., 2016) can be transferred to this area. This applies to
the Medieval Climate Anomaly (ca. 900-1200 CE, relatively
warm) and Little Ice Age (ca. 1250-1700 CE, relatively cold)
main thermal phases on the one hand and to exceptional dry
(ca. 950-1700 CE, ca. 1490-1540 CE) and wet periods (ca.
1050-1150CE, ca. 1600-1800 CE) on the other hand. At
higher altitudes in particular, a combination of cooler and
wetter conditions could potentially benefit Picea and disad-
vantage Fagus and Abies. However, historical sources show
that the Erzgebirge was still suitable for the cultivation of
robust field crops at the end of the Little Ice Age, even at
higher altitudes. Although the upper zones of the Erzgebirge
can generally be considered agriculturally unfavourable ar-
eas, cereals, potatoes, and garden fruits could be cultivated
even in the rather cold 18th to 19th centuries CE (i.e. the
very late part of the Little Ice Age) for subsistence economy
up to the mountain crest area at around 1000 m a.s.l. (Sigis-
mund, 1859). Even today, fields with grain, rape, and forage
grass reach up to an altitude of ca. 950 ma.s.1., for example
in Oberwiesenthal. Thus, the last ca. 1000 years in the Erzge-
birge have most probably enabled the potential existence of
the climatically more demanding Fagus, several other decid-
uous tree species, and Abies at all times and almost every-
where, except in mires and other extreme sites. Therefore the
expansion of the climatically less demanding Picea in the
Early Modern Period and afterwards, which can actually be
determined in pollen diagrams and in historical sources, was
a consequence of succession after repeated anthropogenic
disturbance or direct planting and not of climatic cause (see
from a central European perspective Seim et al., 2022).

The information given above shows that medieval veg-
etation dynamics have been studied in detail at least for
some sites at different altitudes. For Saxony, Hempel (2009)
presented a map of the “natural vegetation at around 1000
(—1200) CE” based on the state of knowledge on Holocene
vegetation development available at that time (Fig. 13). It
is based on geobotanical, palynological, archaeological, his-
torical, and onomastic data. For the Erzgebirge this map
shows along an altitudinal gradient Abies-dominated forests
in the lower position; Fagus-dominated forests in the mid-
dle position; and Picea-dominated forests in the upper posi-
tion, there together with large mire areas. In fact, these three
tree species are mixed in different proportions, sometimes
with a higher proportion of other trees (Acer, Pinus). Com-
pared to the map of the potentially natural vegetation accord-
ing to Schmidt et al. (2002; Fig. 3) — for a definition and
discussion of both methodological concepts see, for exam-
ple, Jaroslav (1998), Chiarucci et al. (2010), and Loidi et
al. (2010) — in addition to similarities (Picea forests in the
crest area, Fagus forests in the middle altitude), it is strik-
ing that Abies-dominated forests are mapped for the lowest
mountain positions and for the northward-adjoining loess hill
and glacial morainic landscape. The map of the potentially
natural vegetation, however, shows Quercus—Fagus forests
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Figure 13. Reconstructed natural vegetation at around 1000
(—1200) CE for the Erzgebirge (Saxon part) and surroundings (spa-
tial data: Hempel, 2009, modified).

or Carpinus—Quercus forests, as they also occur at least on a
small scale in the present. This somewhat unusual “invasion”
of the mountain tree Abies in the lowlands is explained by
Hempel (2009) in terms of vegetation ecology: Abies, in the
mountains with somewhat similar demands as Fagus, would
be a more competitive tree species on the prevailing com-
pacted and thus seasonally waterlogged (i.e. stagnant wa-
ter) loess and morainic soils in the hills and lowlands near
the mountains. Geobotanical, historical, onomastic, and to
a lesser extent also pollen analytical arguments (e.g. Jacob,
1971) are provided for this. In general, however, this hypoth-
esis still needs to be verified.

6.6 Modern forest dynamics

While at least some local pollen records cover the Middle
Ages and the Early Modern Period, pollen data from the past
ca. 300 years are largely missing. On the one hand, this has
to do with the obviously little palynological interest in this
period so far. On the other hand, younger peat layers were
lost due to drainage and subsequent oxidation in almost all
Erzgebirge mires. This means that the last few centuries often
evade potential analysis in mires.

One of the few studies attempting to palynologically re-
solve the last few hundreds of years is the one from the
Ocean Bog mire (ID 75, 900 ma.s.l.; Fig. 1) in the western
part of the Erzgebirge in Bohemia (Novak et al., 2008). This
pollen diagram, only 36 cm thick and dated using 2!°Pb, has
been interpreted to show a (near-)natural (or already regen-
erated?) forest at the end of the 17th/beginning of the 18th
century CE, consisting of Fagus, Abies, and Picea, as well
as other tree species (e.g. Pinus, Betula, Alnus). The sum of

https://doi.org/10.5194/egqsj-72-127-2023

151

tree pollen in that time reached 90 %. In the first half of the
19th century CE there was a shift from a closed- to an open-
canopy forest (arboreal pollen— AP — ca. 70 %) caused by lo-
cal human impact. Fagus and Abies almost disappeared, and
Picea increased sharply. The strongest open character was
reached around the beginning of the 20th century CE (AP ca.
45 %). More recent events, such as the forest dieback in the
second half of the 20th century CE (decreasing Picea), the
emergence of invasive plant species (detection of Ambrosia),
and local wetland regeneration (increasing Sphagnum) are
also reflected very well in this diagram. This example under-
lines the potential of high-resolution pollen analysis of young
peat layers in at least some Erzgebirge peatlands.

From the Early Modern Period, the proportion and diver-
sity of synanthropic taxa increased significantly compared to
the Middle Ages. Of course, the altitude must be considered
here because the lower altitudes (< 500 ma.s.l.) are climat-
ically more suitable than the upper altitudes (> 500 ma.s.l.)
for diversified agriculture with a correspondingly richer use
of cultivated plants. The sum of synanthropic taxa reaches
up to ca. 10 % maximum in higher altitudes and 15 %-20 %
maximum in the lower altitudes, respectively. In addition,
there is a wider spectrum of palynologically proven plants
(e.g. Cannabis, Linum). Forest management from the 18th
century CE onwards (Thomasius, 1994) also left traces in
the pollen precipitation. On the one hand, the proportions
of Picea and Pinus, as tree species that are particularly in-
tensively planted in the region, increased significantly (Picea
max 67 %; Pinus max 50 %). On the other hand, single pollen
from new tree species imported from other regions were of-
ten found (e.g. Larix, Juglans, Pseudotsuga, Castanea).

The settlement and industrial development in the Erzge-
birge, particularly mining and metallurgy, caused a massive
consumption of wood resources, especially from the turn of
the 15th/16th centuries CE onwards. At the same time, the
human population grew, many mining towns were founded,
and more forest areas were cleared for agricultural use (e.g.
Wilsdorf et al., 1960; Thomasius, 1994; Cembrzynski, 2019;
Claire, 2022). This leads to a drastic reduction in the forest
area up to the mountain crest. The minimum of the forest
area was reconstructed for the late 17th to 18th centuries
CE (Hempel, 2009; Fig. 12). During this time, the high-
est mountain top in the Saxon Erzgebirge, the Fichtelberg
(1215ma.s.l.), was also forest-free (Séchsisches Staatsmin-
isterium fiir Umwelt und Landwirtschaft, 2008). However,
this development was neither temporally nor spatially homo-
geneous at the expense of the forest area. An economic crisis
hit the region already as early as the 14th century CE (Derner
et al., 2016), and the Thirty Years’ War during the first half
of the 17th century CE also led in phases to a decrease in
the pressure of use and to a renewed increase in forest cover
(Wetzel, 2010). In these phases, pioneer forests were able to
develop again in areas formerly used for agriculture or in-
dustry, which was accompanied by an increase in, for ex-
ample, Picea and Betula in pollen diagrams. Larger areas of
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forest were probably still present in the western Erzgebirge
in the late Middle Ages (Hempel, 2009). From the 18th to
the 20th century CE, government measures in particular led
to a re-expansion of the forest areas in the entire region, in
particular through the establishment of Picea monocultures
(Fig. 12). Forest losses due to emission damages in the 1960s
to 1990s, mainly in the crest region, have since been com-
pensated for. On the Bohemian side alone ca. 40 000 ha was
reforested (grémek et al., 2008).

However, the current and coming years’ climate-change-
related forest damages, especially at Picea (due to droughts
and subsequent bark beetle infestation), could surpass any-
thing documented from the 20th century CE in the Erzge-
birge (Kupkové et al., 2018; SMEKUL, 2020; Gdulova et
al., 2021). This regional development fits into the dynam-
ics for central Europe with a huge loss of Picea stands
since the 2010s (e.g. Neumann et al., 2017; Batazy et al,,
2019; Schuldt et al., 2020). In Germany alone, the area with
tremendous tree losses amounts to ca. 500000 ha between
2018 and 2021, which corresponds to ca. 5 % of the German
forest cover (DLR German Aerospace Center, 2022).

Efforts have been made in the Erzgebirge for decades to
achieve ecological forest conversion, mainly including the
conversion of Picea monocultures to mixed stands involving
Fagus, other deciduous trees, Abies, and Picea (Eisenhauer
and Sonnemann, 2009; Staatsbetrieb Sachsenforst, 2017). On
the one hand, however, the speed of active forest conver-
sion is currently not keeping pace with the dying of forest
stands. On the other hand, a lack of mother trees for decid-
uous trees and Abies as well as excessive game populations
slow down natural forest change (Fuchs et al., 2021). In the
future, Fagus, other deciduous trees, and possibly also Abies
in the Erzgebirge will probably benefit from the rising tem-
peratures resulting from climate change and expand upwards.
Picea, however, will probably continue to come under mas-
sive pressure to exist, especially due to drought stress and
competition from other tree species, and will even disappear
over large areas in the lower altitudes as a still-dominant tree
(e.g. Kolling et al., 2007; KasSpar et al., 2021).

7 Conclusions

Understanding the status and anticipating possible future
changes in central European mountain forests are facilitated
by a systematic historical perspective. For the Erzgebirge,
the review of available pollen records provides insights into
the vegetation history both on a millennial scale (i.e. whole
Holocene) and on a centennial scale (i.e. last centuries). The
121 pollen diagrams compiled for this represent an excep-
tionally high data density for a low mountain range in central
Europe. On the one hand, this results from a remarkably long
palynological research tradition since the 1920s. On the other
hand, projects on environmental history in particular have led
to a significant increase in pollen data since the 1990s. From
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the evaluation, analysis, and discussion of the regional data,
we draw the following conclusions.

Although all pollen diagrams may help to reveal the pres-
ence/absence of the major tree taxa, only the more recent di-
agrams also ensure a resolution of the other taxa categories
(i.e. rare trees, shrubs, herbs, grasses, spores). To date, only
a few diagrams have chronological control by radiocarbon
ages. This makes it necessary to create, in the future, more
taxonomically and chronologically high-resolution as well
as radiometrically well-dated pollen diagrams in the region,
preferably along site sequences/toposequences using larger
peatlands.

The six main regional vegetation phases identified for
the Holocene (Betula—Pinus phase, Corylus phase, Picea
phase, Fagus—Picea phase, Abies—Fagus—Picea phase, an-
thropogenic vegetation phase) largely correspond to exist-
ing older schemes for the Erzgebirge and other low mountain
ranges in northern central Europe.

For four vegetation phases, clear differences in the pro-
portion of the main tree taxa can be seen on the basis of the
present analyses with regard to both the soil and the altitude.
For example, in the Abies—Fagus—Picea phase (ca. 4500-
1000 cal yr BP) on the prevailing loamy soils and up to about
1000 ma.s.l., Abies (max ca. 50 %) dominates followed by
Fagus (max ca. 40 %). During most times pollen proportions
of Picea were the highest in the highest altitudes, i.e. above
ca. 1000ma.s.l.

Some pollen diagrams located up to an altitude of
ca. 900 m a.s.l. show the presence or even continuous curves
of potential pasture and meadow indicators from around
2000 cal BCE at the earliest. Even cereal pollen occurs spo-
radically already before the High Medieval. However, these
signals cannot (currently) be interpreted as unequivocal in-
dicators of widespread prehistoric land use, since no supple-
menting studies on the influence of a potential long-distance
pollen input are available from the area. However, archaeo-
logical and geochemical findings show that local mining and
metallurgical activities took place even at higher altitudes in
the Erzgebirge in the Bronze Age and the Iron Age.

The pollen records show that immediately before the ex-
tensive clearing in the High Middle Ages (12th/13th cen-
turies CE) from the submontane (ca. 300-500 ma.s.l.), via
the montane (ca. 500-900 m a.s.1.) to the high-montane zone
(> ca.900 ma.s.l.), mixed forests of Fagus and Abies with a
certain proportion of Picea grew in most sites in the Erzge-
birge. Other tree species (e.g. Acer, Ulmus, Pinus, Fraxinus,
Alnus) also grew in smaller proportions on average but with
potentially greater local participation. Natural (mixed) Picea
forests, however, regularly had a very small proportion only
at the highest altitudes (> ca. 900 ma.s.L.).

Despite the large number of pollen diagrams, the moment
of local clearing (late 12th to mid-14th centuries CE) and the
development of replacement vegetation has so far only been
precisely dated and botanically reflected in detail in a few
cases. Although the proportions of the main tree species vary
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significantly in these diagrams, they are basically the same at
the moment of clearing, namely Fagus, Abies, and Picea. In
some cases, there was not a complete clearing with following
agricultural, settlement, or industrial use of the sites but only
a forest thinning with an increase in Picea and a decrease in
Fagus and Abies.

A few records make it clear that, despite modern distur-
bances in the geoarchives due to peat extraction, drainage,
or overbuilding, there is a high palynological potential for
in-depth research also into the more recent vegetation and
environmental history of the region, i.e. covering the last ca.
300 years.
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