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Abstract: The flexibility in growth of Betula pubescens is taken as example for possible erroneous imaginations
of Late Glacial–Early Holocene living conditions. The article highlights the factors influencing the
phenotype of the contemporary plants, as well as the small-scale patchiness of the distribution of the
vegetation in the landscape.

The area of investigation is the southern Weichselian younger morainic area of Schleswig-Holstein,
including a major Late Glacial archaeological type locality – the Ahrensburg tunnel valley. The period
under investigation spans the time between 11 700 and 11 400 cal BP and hence the Late Glacial–
Early Holocene transition, which is characterized by a significant shift in the vegetation. This shift
has often been seen as a simple transition from treeless tundra to birch forest. The aim of the article
is to provide a more realistic image of plant cover of the late Dryas 3 period and the Early Holocene
period before the Preboreal oscillation by considering past natural growth limits of Betula pubescens
in the study area. The intention is to provide a more accessible interpretation of palaeobotanical data
to non-specialists, especially in archaeology.

Kurzfassung: Dieser Artikel beleuchtet die Flexibilität im Wuchs von Betula pubescens und hinterfragt
damit mögliche Fehlvorstellungen von spätglazialen/frühholozänen Lebensbedingungen. Das Unter-
suchungsgebiet ist das südliche Weichseljungmoränengebiet Schleswig-Holsteins, inklusive einer be-
deutenden spätglazialen archäologischen Typuslokalität – dem Ahrensburger Tunneltal. Der Fokus
der Untersuchung umfasst die Zeit zwischen 11 700 und 11 400 cal BP und damit den Übergang
vom Weichselspätglazial zum frühen Holozän, welcher durch eine deutliche Vegetationsveränderung
gekennzeichnet ist. Diese Veränderung wurde bisher oft als schneller Wechsel von baumloser Tundra
zu einem lichten Birkenwald gesehen, indem die Moorbirke (Betula pubescens) das dominierende
Element darstellt. Der Artikel beleuchtet die Faktoren, die den Phänotyp der Moorbirke beeinflussen,
und hebt die Uneinheitlichkeit und kleinräumige Vegetationsverteilung in der Landschaft hervor. Ziel
des Artikels ist es, die oft vereinfacht dargestellte Vegetationsveränderung genauer zu untersuchen und
ein realistischeres Bild der Flora der späten Dryas 3-Periode und des frühen Holozäns zu zeichnen.
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24 S. Krüger: Diverse phenotypes of Late Glacial downy birch

Dies geschieht, indem die natürlichen Wachstumsgrenzen von Betula pubescens mit rekonstruierten
und gesammelten Daten aus dem Untersuchungsgebiet verglichen werden.

Zusätzlich wird mit einer Modellierung von Pollendaten ergründet, ob die Verwendung der Be-
zeichnung lichter Birkenwald weiterhin gerechtfertigt ist. Mit den Ergebnissen und dargestellten
Wuchsformen soll anderen Disziplinen, insbesondere der Archäologie, eine leichter zugängliche In-
terpretation paläobotanischer Daten ermöglicht werden.

1 Introduction

To consider palaeoenvironmental reconstructions in the un-
derstanding of Late Glacial–Early Holocene hunter-gatherer
life conditions has for long been common practice in ar-
chaeology, especially in Schleswig-Holstein (Bokelmann,
1986; Schütrumpf, 1937, 1943; Usinger, 1998). Neverthe-
less, the information used to contextualize hunter-gatherers
in their natural environment poses certain challenges. Among
these challenges is the handling of the statements made by
palaeobotany. The discipline of palaeobotany often intends
to provide regional and over-regional overviews based on one
or a synthesis of several investigations. This can lead to over-
simplifications in the reconstruction of palaeovegetation, ho-
mogenizing vast areas into one type of vegetation cover.

The Late Glacial Younger Dryas vegetation is often de-
scribed as a mainly treeless mosaic landscape dominated by
shrub tundra, whereas the Early Holocene and Preboreal veg-
etation is regarded as a light or open birch forest (Behre,
1966, 2008; Weber et al., 2011). The vegetational history
of the Late Glacial–Early Holocene transition is, however,
a longer process that took place, even on a small-scale, in
a variety of ways. The overall development from tundra to
birch forest is an ecological gradient, which has been de-
scribed as mosaic woodland, open birch woodland, or for-
est. The common perception of an Early Holocene forest
rapidly replacing the tundra has been stated by various ar-
chaeobotanists and palynologists. Schütrumpf (1943) inter-
preted the pollen data from Stellmoor from the end of the
Late Glacial as birch forests in the sense of “Lappish birch
forests”, which are replaced by a “dense birch forest” in the
Preboreal. Averdieck (1990) reported on a phase of “forest
development” reflected by the beginning of the Preboreal or
a rapid “closing of forest cover” (Averdieck, 1986). In more
recent publications, Usinger (2004) further refers to Early
Holocene vegetation in Schleswig-Holstein as “birch forest”,
while Iversen (1973) mentions a rapid Early Holocene vege-
tation transforming into a “continuous forest” in the Danish
region.

All these stated assumptions are understandable given the
high Betula pollen values in the associated published pollen
records. It is therefore likewise understandable why archae-
ologists like Weber et al. (2011) include the statement that
“...at the transition Younger Dryas-Preboreal [...] light forests
reappeared even in the northern lowland area ...” in their re-

construction of past living conditions. This perception is a
popular and frequently used image of the landscape (Grimm
et al., 2021b; Weber and Baales, 2013; Weber et al., 2011).

A differentiation between tundra plants and forest plants
appears to be a straightforward distinction between crawling
shrubs and trees. However, this is a misconception based on
the comparison of contemporary shrubs and trees in optimal
growing locations. Ultimately, this could result in the erro-
neous assumption that hunter-gatherers roamed and lived in
treeless tundra landscapes of the Late Glacial or birch forests
of the Early Holocene, similar to, for example, those found
in Sweden (Västergötland) today.

But what actually is meant by “Preboreal forest” What
would Early Holocene tree stands have looked like in the
study area? To understand the most probable phenotype (ob-
servable traits) of single birch trees and the structure of tree
stands in the Late Glacial and Early Holocene different con-
trolling factors need to be considered. Decisive factors are
temperature (growing season), soils and soil quality (nutri-
ents), depth (permafrost), humidity and precipitation, and ex-
posure (protection of growing location).

In this study, the aforementioned conditions are com-
piled on the basis of published data for the time period
of the late Late Glacial and Early Holocene in southern
Schleswig-Holstein. A comparison with corresponding con-
ditions in modern subarctic regions (Norway, Greenland,
Canada), where Betula pubescens is native, can provide an
indication of the diversity of past growth forms of both in-
dividual birches and the character of birch stands and wood-
lands.

The aim of this paper is to give a more realistic impression
of the phenotype of birches in southern Schleswig-Holstein,
especially Betula pubescens, based on natural conditions and
a more profound understanding of the development taking
place during the Late Glacial–Early Holocene transitional
phase. In addition, REVEALS (Regional Estimates of VEg-
etation Abundance from Large Sites) is applied to a high-
resolution pollen dataset in order to trace the distribution of
tree birches and their assumed dominance in the landscape.
Together, this addresses the question of whether the descrip-
tion “light birch forest” would still be justified for the Early
Holocene.

The study additionally aims to reduce misunderstandings
between palaeobotany and archaeology and provide a more
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Figure 1. (a) Map of modern Schleswig-Holstein and (b) soil types.
The focus area is indicated within the black circle along with loca-
tions of the Nahe palaeolake (A) and the Ahrensburg tunnel valley
(B).

understandable translation of Late Glacial to Early Holocene
palaeobotanical data and their interpretation.

2 Temporal and spatial frame

The area of investigation is situated in the centre of the
Weichselian younger morainic area of southern Schleswig-
Holstein around the Nahe palaeolake (NAH), from which
an existing high-resolution multi-proxy palaeoenvironmen-
tal record is available (Dreibrodt et al., 2020; Krüger, 2020;
Krüger and Bogaard, 2020; Krüger et al., 2020).

This area covers a rather small region at the natural bound-
ary of the eastern Weichselian and the Saalian moraines
(Fig. 1a and b). This micro-region is used as an example of
how diverse birches can grow, even in such a small area.

The area of the Nahe palaeolake forms a geological unit
with the area of the Ahrensburg tunnel valley. This is signif-
icant for this study as the latter is one of the major archaeo-
logical find areas dating from the Late Glacial and continuing
into the beginning of the Holocene. Thus, human presence
is evident in the focus area within the considered time span
of vegetation change (Bratlund, 1999; Krüger, 2020; Rust,
1943).

The temporal setting of the study is given by the transition
of the Late Glacial to the Early Holocene. The focus lies on
the transition from the later part of the locally defined bios-
tratigraphic Dryas 3 period to the reflection of the Preboreal
oscillation (PBO) in the vegetation record – between 11 700
and 11 400 cal BP (Krüger et al., 2020).

3 Methods

3.1 Fieldwork

Assessment of different growth forms or phenotypes of
Betula pubescens was conducted in southern Greenland in
the summer of 2021 and 2022. Various individual plants
and phenotypes were described and photographed and
their growing conditions recorded at different sites in the
vicinity of Narsarsuaq (61°11′27.0′′ N, 45°20’60.0′′W),
Qassiarsuk (61°13′21.7′′ N, 45°34’49.1′′W), and Igaliku
(61°01′27.3′′ N, 45°24’08.9′′W). Further observations

have been recorded in central Norway (61°40′36.1′′ N,
7°12′55.4′′ E) in late summer 2013.

3.2 Estimation of growth-limiting factors

Estimates for Late Glacial–Early Holocene growth-limiting
factors such as permafrost, wind, and nutrient supply have
been compiled on the basis of literature research and pub-
lished records. Data on soils and geomorphology of southern
Schleswig-Holstein are publicly available data from the Lan-
desamt für Landwirtschaft, Umwelt und ländliche Räume
Schleswig-Holstein (http://www.umweltdaten.landsh.de/
atlas/script/index.php?thema=topo,geotope, last access: 8
November 2021).

The reconstruction of minimum mean July temperatures
for the Late Glacial–Early Holocene is based on pollen data
(Nahe palaeolake (NAH) – Krüger et al., 2020; Stellmoor
(STM) – Hartmut Usinger, unpublished data) and macrofos-
sil data (Usinger – Supplement Tables S1–S5) following the
approach of Bos (1998) and Isarin and Bohncke (1999). The
approximation of precipitation ratios for the Late Glacial–
Early Holocene in southern Schleswig-Holstein is based
on geo-statistics (Chandler et al., 2019), chironomid data
(Pawłowski et al., 2015), and modelled precipitation data
based on relations to present climate (Renssen, 2001).

Recent data of precipitation and temperature of com-
parison locations are publicly available on the portals of
the respective national meteorological services – Norway
(https://seklima.met.no/observations/, last access: 20 Octo-
ber 2021), Canada (https://climate.weather.gc.ca/historical_
data/search_historic_data_e.html, last access: 20 Octo-
ber 2021), and Greenland (https://www.dmi.dk/vejrarkiv/
normaler-gronland/, last access: 18 October 2021). In all
three cases, the mean monthly precipitation and temperature
of the last 30 years were calculated.

3.3 Legacy data

The previously unpublished macrofossil records of differ-
ent sites analysed by Hartmut Usinger († 2015) were re-
viewed and are provided in the Supplement (Tables S1–
S5). Usinger’s palynological record from Stellmoor (STM),
which is located in the Ahrensburg tunnel valley and used for
temperature estimates, will be published separately.

3.4 Modelling of vegetation cover

Statistical analyses were carried out using R and RStudio
(version 4.2.2) with the packages DISQOVER for calculat-
ing REVEALS in R (Theuerkauf et al., 2016). The pollen
record from the Nahe palaeolake (Krüger et al., 2020) is
used, with a minimum number of 550 counted total terrestrial
pollen (TTP) per sample. Only pollen taxa with > 3 % of the
TTP were used for the modelling of the vegetation cover. An
overview on the pollen productivity estimates (PPEs) used
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and fall speed of pollen can be found in the Supplement (Ta-
ble S6).

4 Growth-limiting factors

This section compiles the growth-limiting factors for Be-
tula pubescens in southern Schleswig-Holstein, such as soils,
landscape morphology, temperature and permafrost, humid-
ity and precipitation, wind conditions, exposure, and nutrient
supply. These are all described according to publicly avail-
able, published data and macrofossil data presented here for
the Late Glacial and Early Holocene period.

Additionally, the study includes recent temperature and
precipitation data from three chosen areas in the subarctic re-
gion of the Northern Hemisphere. Based on the comparison
to recent sites and the reconstructed growth-limiting factors,
it will then be determined whether, or in what way, habitat
conditions affected the actual morphology of Late Glacial–
Early Holocene Betula pubescens.

4.1 Soils and landscape morphology

The geomorphology of Schleswig-Holstein was shaped by
the Saalian and Weichselian glaciations (Gripp, 1964; Wold-
stedt, 1935, 1954). The glaciations generally left four charac-
teristic depositions that form a major component of the sub-
strates that plants root into. These four characteristic deposi-
tions are listed according to their prevalence including main
features (Fig. 2):

1. glacial deposits – till of ground moraines and termi-
nal moraines; clayey, sandy, gravelly; boulder clay of-
ten overlying boulder marl due to leaching of limestone
over time;

2. glaciofluvial deposits – sand, disordered gravel,
glaciofluvial meltwater sands and gravels, and drainage
valleys and kames (Woldstedt 1954); in places ice-
margined; ice-margined with boulder clay interbeds;

3. glacilimnic deposits – silt, clay, partly fine sandy;

4. glacilimnic deposits – above boulder clay, fine sand,
silty, in places over silt, clayey, sandy, gravelly (often
above melted buried dead ice).

Within the Weichselian ground moraines – within which
the study area is embedded – the continuous melting
process of the glaciers after the Late Glacial Maximum
(∼ 23 000 BP) resulted in large amounts of buried dead ice
as well as incision channels. In the course of the subsequent
Glacial Interstadial 1 (GI-1; 14 700–12 840 BP) (Björck et
al., 1998; Rasmussen et al., 2014), melting of the dead ice
and the formation of kettle holes occurred extensively. Fur-
ther, silting up processes and bog formation took place on
different scales.

Figure 2. Map of general soil types in the focus area. NAH – Nahe
palaeolake; STM – Stellmoor and Ahrensburg tunnel valley.

In the course of the following Glacial Stadial 1 (GS-1;
12 840–11 650 BP), erosion – usually an important factor of
shaping the landscape during this time – played a minor role
in the study area due to the closed vegetation cover of low-
growing plants that had developed since the beginning of the
GI-1 (Krüger et al., 2020). Aeolian sands were mainly de-
posited only to the west and north of the area of investigation
(Dücker and Maarleveld, 1958; Kaiser and Clausen, 2005).

On a small scale, the morphology of the ground and termi-
nal moraine and minor differences in elevation caused vary-
ing degrees of material deposition. Differences of only a few
centimetres in layer thickness of, for example, sand or gravel
can be decisive for the formation of soil. It cannot be esti-
mated how much soil growth actually occurred as it is con-
trolled by too many small- and large-scale factors. Neverthe-
less, it can be stated with certainty that boulder clay or boul-
der marl was a major component of the substrates in the study
area and that the distribution of different substrate types can
be characterized as highly fragmented even on a small scale.

4.2 Temperature and permafrost

Grace (1989) states that temperature is the most important
factor controlling tree growth and fluctuations along the tree-
line. Local reconstructions of minimum mean July tempera-
ture – based on the minimum mean requirements of diverse
species – suggests temperatures of around≥ 10 °C during the
biostratigraphic late Dryas 3 period in the study area (Ta-
ble 1). In contrast, an increase in the minimum mean July
temperature to≥ 13 °C during the Early Holocene can be ob-

E&G Quaternary Sci. J., 73, 23–40, 2024 https://doi.org/10.5194/egqsj-73-23-2024



S. Krüger: Diverse phenotypes of Late Glacial downy birch 27

served. This agrees with further observations, for example
the presence of specific pollen types (Table 1) but also in
the increase in local pollen precipitation (Averdieck, 1986;
Björck et al., 1998; Usinger, 2004). This increase or sudden
burst in pollen is inferred from a strong increase in pollen
concentration and influx (Krüger et al., 2020).

The temperature estimates based on NAH and STM agree
with pollen-based reconstructions by Birks and Birks (2014)
for the region but are generally lower than those based on
chironomid data from Poland (Pawlowski, 2017; Pawłowski
et al., 2015). An explanation for the lower estimates could
be that the focus area is located much further west, that it is
studied on a smaller scale, and/or that it was characterized
by an oceanic rather than a continental climate during the
biostratigraphic Dryas 3 period. The increased oceanity dur-
ing the later Dryas 3 period is, for example, also reflected in
the increase in Betula pubescens and Empetrum pollen val-
ues, both of which are well adapted to an oceanic climate
(Usinger, 2004).

To avoid the circular argument of deriving the local min-
imum mean July temperature from pollen and inferring
the presence of plants from the derived temperature, plant
macrofossils must be considered. Macrofossils are the pri-
mary indicators of actual local plant presence. As can be seen
from Table 2, there is evidence of actual Betula pubescens
presence in the area of investigation, as well as from the
wider surrounding region during the Dryas 3 period (Fig. 3).
This supports the validity of the temperature approximations
derived from pollen data.

Permafrost

Crucial for the growth of plants during the Dryas 3 pe-
riod was the depth at which the permafrost boundary was
positioned. Permafrost formation during GS-1 in the area
was rather discontinuous but can be assumed locally for
longer periods, considering that the reconstructed mean an-
nual temperature ranged between −4 and −8 °C (Isarin,
1997; Renssen and Vandenberghe, 2003). According to
Delisle (1998), the permafrost boundary of the study area
ranged roughly between 0.6 and 1.2 m depending on the
proximity of waterbodies (Pielou, 2012). It is important to
note that the study area is characterized by numerous water-
bodies (kettle holes, incision lakes, water filled depressions,
and channels) of Late Glacial origin (see Sect. 4.1 Soils and
landscape morphology). It can therefore be reasoned that the
permafrost boundary was probably very heterogeneously dis-
tributed.

The permafrost boundary decreased rapidly with the rising
temperatures in the Holocene, and permafrost rapidly disap-
peared during the Early Holocene.

Figure 3. Map of modern Schleswig-Holstein including macrofos-
sil records of Betula pubescens from the biostratigraphic Dryas 3
period as mentioned in the text (1 – Blixmoor; 2 – Ruchmoor; 3 –
Krögensmoor; 4 – Scharnhager Moor; 5 – Stauner Moor; 6 – Hasen-
moor; 7 – Großes Moor/Dätgen; 8 – Kirchmoor; 9 – Esinger Moor;
10 – Nahe palaeolake; 11 – Stellmoor; 12 – Meiendorf). Dashed
line indicates focus area.

4.3 Humidity and precipitation

There are no reconstructions of the precipitation during
the Dryas 3–Early Holocene transition in the area of in-
vestigation. Nevertheless, there are precipitation estimates
based on geo-statistics (Chandler et al., 2019), chironomid
data (Pawłowski et al., 2015), and modelled precipitation
data based on relations to present climate (Renssen, 2001)
within a wider northern European scale. Therein, a general
west–east precipitation gradient is observable across the area
with conditions of increasing continentality towards the east
(Chandler et al., 2019).

Mean annual precipitation estimates range between 826±
331 mm yr−1 in Scotland (Chandler et al., 2019), 731–
802 mm yr−1 in the Netherlands (Renssen, 2001), and 400–
500 mm yr−1 in central Poland (Pawłowski et al., 2015).
Pawłowski et al. (2015) also calculated mean spring and sum-
mer precipitation estimates based on chironomid data for the
later part of the Dryas 3 period in central Poland of about 270
to 340 mm yr−1. It is likely that comparable or potentially
slightly higher values can be assumed for the study area for
the Dryas 3 period.

The estimated precipitation rate per year also increased in
northern central Europe in conjunction with the temperature
rise of the Early Holocene (Rach et al., 2014). Models by
Renssen (2001) showed a 14 % higher precipitation rate per
year and an increased frequency of heavy rainfall. Chirono-
mid data indicate higher precipitation of about 100 mm yr−1

for central Poland (Pawłowski et al., 2015).
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Table 1. Pollen types (nomenclature following Beug, 2004) and indicative minimum mean temperature from Bos (1998) and Isarin and
Bohncke (1999). The datasets used are the Nahe palaeolake record (NAH; Krüger et al., 2020) and the Stellmoor record from the Ahrensburg
tunnel valley (STM; H. Usinger, unpublished data). Presence or absence is indicated with x and –. As birch pollen separation was not carried
out for the STM record, unavailable data are abbreviated with n.a. D3 signifies Dryas 3 period, and early PB signifies early Preboreal–
Holocene period.

Minimum mean July Present during late D3 Present during early PB
Pollen types temperature °C NAH/STM NAH/STM

Selaginella selaginoides 7 x/x –/–
Betula nana-type 7 x/n.a. x/n.a.
Menyanthes trifoliata 8 –/x x/–
Juniperus communis-type 8 x/x x/x
Urticaceae 8 –/x x/x
Filipendula (cf. ulmaria) 8-9 x/x x/x
Betula pubescens-type ≥ 10 x/n.a. x/n.a.
Hippophaë rhamnoides 11-12 –/– x/–
Typha latifolia-type 12-13 –/– x/x
Potamogeton 13 –/– –/x

Table 2. Macrofossil finds and Betula pubescens fruits or nutlets in
Schleswig-Holstein of the later Dryas 3 period based on palynos-
tratigraphic dating. Sites marked with * indicate uncertain identifi-
cation of Betula sp. or Betula alba. Locations are shown in Fig. 3.

Site Frequency Reference

Scharnhager Moor continuous Usinger (1981a, 2004)
Stellmoor infrequent Schütrumpf (1943)
Stellmoor infrequent Usinger (unpubl. data)
Stellmoor infrequent Krüger (unpubl. data)
Blixmoor continuous Usinger and Wolf (1982)
Esinger Moor infrequent Usinger (1981b)
Hasenmoor continuous Usinger (Table S1)
Krögensmoor* infrequent Usinger (Table S2)
Kirchmoor infrequent Usinger (Table S3)
Ruchmoor infrequent Usinger (Table S4)
Stauner Moor infrequent Usinger (Table S5)
Meiendorf* singular Schütrumpf (1937)
Nahe* infrequent Krüger et al. (2020)
Großes Moor/Dätgen* singular Aletsee (1959)

Furthermore, a generally higher Early Holocene precipita-
tion in the Netherlands, northern Germany and thus also the
focus area relative to the Dryas 3 precipitations is revealed
by inferred higher lake levels from multiple lake records
(Usinger, 2004; Krüger et al., 2020; Bohncke and Wijm-
stra, 1988).

4.4 Wind conditions

A strong change in north Atlantic wind systems following the
Laacher See eruption has been reconstructed based on differ-
ent lake records, including the Meefelder Maar or the Nahe
palaeolake (Brauer et al., 2008; Dreibrodt et al., 2020). The
emerging southward shift in the westerlies had an ongoing
effect throughout the Dryas 3 period. An intensification of

the westerlies in northern central Europe during the Dryas 3
period was due to the strong cooling over the Atlantic and ex-
tended sea ice, which steepened the meridional temperature
gradient (Renssen, 2001). Strong wind activity is evidenced
by sand accumulation and dune formation north and west of
the focus area (Kaiser and Clausen, 2005).

Coarse-grained material in the sediment sequence of the
Dryas 3 in the Nahe palaeolake record, palynological in-
dicators of redeposition, and secondary and tertiary char-
coal highlight increased erosional processes in the focus area
(Krüger et al., 2020). Especially the latter is assumed to re-
flect long-distance aeolian transport that was favoured by
strong westerlies.

Although Isarin (1997) suggested that the aeolian pro-
cesses occurred predominantly during winter, constant winds
cannot be ruled out for the rest of the year due to the more
southerly position of the sea ice boundary. This may have re-
sulted in continuous wind stress for plants in exposed stands
throughout the year during the Dryas 3 period.

In contrast, the rapidly northward-shifting sea ice bound-
ary during the Early Holocene resulted in a calming of west-
erlies over the study area and, hence, in a likely reduction in
wind stress.

4.5 Nutrient supply

Nutrient supply is one of the three major growth-limiting
factors for modern Betula sp. at high latitudes along with
temperature and precipitation (Boyle et al., 2022; Weih and
Karlsson, 1997). While temperature and precipitation during
the Late Glacial–Early Holocene can be approached via ro-
bust proxy data, the assessment of nutrients in the soil re-
mains a matter of estimation.

The nutrient pools of a soil are a function of organic mat-
ter content. While past organic content or specific elements
of soils cannot be accessed directly, a rough estimate may
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be possible via loss-on-ignition data and the distribution of
indicative plant species.

For the late Dryas 3 period erosional proxies are still at
elevated levels, and certain non-pollen palynomorph (NPP)
types indicate large-scale rearrangement processes (Krüger
et al., 2020). Therefore, it is not unreasonable to assume
that the strong westerlies have removed large amounts of
nutrient-rich humus which had developed during the previ-
ous Allerød period or that humus layers were covered by ae-
olian material (Kaiser and Clausen, 2005).

Pollen diagrams from along the present-day North Sea
coast reveal that Empetrum (cf. nigrum) is a major compo-
nent of the vegetation during the late Dryas 3 period. The
spread of the species along the northern Atlantic seaboard,
including the study area, during the late Dryas 3 period is
associated both with an increasing oceanic climate and with
the leaching of carbonates giving a low soil nutrient content
(Behre, 1967; Hoek et al., 1999; Krüger et al., 2020; Over-
beck, 1975; Usinger, 2004).

Furthermore, the organic sediment content in the Nahe
palaeolake (Krüger et al., 2020), estimated by loss-on-
ignition, is very low during the Dryas 3 period relative to
mid-Holocene values. Assuming that the organic sediment
content is the sum of organic production in the lake, mate-
rial from aeolian input and surface water run-off, it can be
inferred from the given high mineral content that a low or-
ganic content of the surrounding soils is reflected in the data
for both the late Dryas 3 and the Early Holocene periods.

4.6 Proportion of the total vegetation of the Nahe
palaeolake data (REVEALS)

REVEALS in R (Theuerkauf et al., 2016) is applied to the
NAH dataset to model the proportions of the main species
involved in the vegetation cover. The results are shown in
Fig. 4.

In the studied time interval, a dominance of Empetrum be-
tween 60 % and 50 % of vegetation cover is modelled for the
late Dryas 3 period (11 700 to about 11 600 cal BP; Fig. 4,
period 1). Some photophilous (light-demanding) herbs, such
as Ranunculus acris, Helianthemum, and Chenopodiaceae,
but also Pinus, are represented with values around 10 %. The
modelled values of both Betula nana and Betula pubescens
are around or below 1 %.

For the Early Holocene (from about 11 600 cal BP until the
beginning of the biostratigraphic PBO around 11 400 cal BP;
Fig. 5, phase 2) Empetrum continues to dominate the mod-
elled composition of vegetation with only slightly decreasing
values. Only after the end of the studied time period do these
values decrease strongly to less than 30 %. The values of Be-
tula pubescens rise only slowly until about 11 500 cal BP and
then increase rapidly from 5 % to about 20 %. Together with
this increase, the values of Juniperus and Salix also rise. Pi-
nus values remain almost stable around 10 %.

Figure 4. Climate charts for Eagle Plains (CA), Narsarsuaq (GL),
and Porsa (N) showing calculated precipitation and temperature
means per month of the last 30 years. Grey horizontal lines indi-
cate precipitation steps. Dashed line indicates 10 °C.

5 Discussion

This discussion examines how and in what way the recon-
structed growth-limiting factors influence the actual growth
of Betula pubescens. In combination with the modelled data
on vegetation cover, it is suggested which possible pheno-
types of Betula pubescens were probable in the study area
during the late Dryas 3 period and the Early Holocene. Fur-
thermore, the question of whether it is justified to use the
description “light birch forest” will be addressed on the basis
of the presented data. Finally, the results are contextualised
with regard to their archaeological importance.
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5.1 Growth-limiting factors in relation to Betula
pubescens

5.1.1 Effects of reconstructed soils and substrates on
Betula pubescens growth

The composition of the soil and the depth into which roots
can penetrate is critical to the establishment or growth
heights of a number of plants. The growth height and abil-
ity to produce biomass of especially pioneer plants, such as
Betula pubescens, is an important factor in the amount of or-
ganic material in the substrate. Accordingly, the proportion
of organic material in the soil after deglaciation increased
rapidly or slowly with dramatic local gradients as it is partly
coupled to the spatially very diverse plant growth.

The combination of substrate and other abiotic factors
such as temperature, exposure or sunlight can produce
favourable Betula pubescens growth areas of different sizes,
sometimes of only a few square metres. These favourable ar-
eas for growth were, for example, sunny, south-facing sites
in the lee and on the slopes of moraines, the steeper slopes of
incision lakes, and generally riparian areas alongside water-
bodies and river courses that are abundant in the study area.
This implies that there were diverse and highly patchy distri-
butions of Betula pubescens but also plant species in general.

The patchiness in the quality of the substrate for plant
growth developed gradually over GI-1, persisted in most
cases in the vegetation cover of GS-1 and consequently de-
termined plant habitus and distribution during the beginning
of the Holocene.

Betula pubescens has few requirements of its environ-
ment as it is very flexible and tolerant towards the media
into which it roots (Hytönen et al., 2014). Studies from Ire-
land have shown that a compact clay layer similar to boulder
clay can have a negative effect on roots and act as a barrier
(Nieuwenhuis and Barrett, 2002). The dominant substrate in
the study area at the time period of investigation is boulder
clay or boulder marl. It has a low pore volume of 30 %–35 %,
is rather densely settled and thus it is difficult for plants to
colonize by root growth (Mauer and Palátová, 2003).

The low pore volume and density of the clay forms a bar-
rier for rainwater drainage and may lead to waterlogging
but cannot prevent Betula pubescens growth. For example,
Betula pubescens can adapt to waterlogging by temporar-
ily forming more fine roots (Wang et al., 2016). The plant
species is also able to form very shallow root systems with
a rootstock developing a system of several major rhizomes
of different size. The root system is not confined to particu-
larly deep nor particularly shallow soils and wide roots and
can be adapted to site conditions (Anschlag et al., 2008). In-
deed, the distribution of Betula pubescens during the Late
Glacial tends to be particularly associated with boulder clay
substrates (Theuerkauf and Joosten, 2009).

However, assuming that root growth of the majority of
roots occurs in the upper 40 cm (Mauer and Palátová, 2003),
even a few centimetres are already sufficient for growth

of Betula pubescens. Nevertheless, the rooting depth deter-
mines the resistance of the plant to extreme weather, such
as wind in particular. Hence, tree growth was coupled to a
rooting depth that exceeds way beyond a few centimetres.

5.1.2 Effects of reconstructed temperature and
permafrost on Betula pubescens growth

According to Grace (1989) fluctuations in treeline are linked
to temperature more than to any other factor. Numerous stud-
ies demonstrate that the treeline is related to mean sum-
mer temperature, which coincides roughly with the 10°-July-
isotherm (Grace and Norton, 1990; Moreau et al., 2020;
Birks and Birks, 2014).

Based on the pollen-based temperature estimates for the
Dryas 3 period, reconstructed temperatures in the study re-
gion meet the 10°C July temperature minimum required for
Betula pubescens, suggesting it would be possible for it to
grow in this region and time period.

This is in line with several papers on the statistical sepa-
ration of birch pollen types. In these, Usinger (1981b) and
Usinger and Wolf (1982) state that, based on the high calcu-
lated proportion of Betula pubescens in the total birch pollen
percentage, a presence of the species during Dryas 3 period
is out of the question.

On the basis of plant macrofossil analysis, it must be as-
sumed that Betula pubescens was present as a species dur-
ing the Dryas 3 period in the study area and beyond. This
assumption is consistent with the pollen-derived minimum
mean July temperature, which in turn would allow species
growth.

Nevertheless, proven presence does not mean presence
as 25 m tall specimens like in optimal habitats (Rothmaler,
2017). Betula pubescens was evidently present as a species,
but the phenotype is still a matter of discussion.

Temperature controls the growing season and hence
largely controls wood growth (Paulsen et al., 2000; Elking-
ton and Jones, 1974). During the Dryas 3 period the grow-
ing season was a very limited annual period in which tem-
peratures were high enough for photosynthesis, allowing the
plant to produce new plant tissues. In this context, wood was
a luxury (Pielou, 2012). As demonstrated by Elkington and
Jones (1974), the products of photosynthesis are primarily
used to grow leaves in climate zones of short growing sea-
sons similar to the conditions in southern Greenland today.
Here, only very low growth rates for wood are achievable by
plants. As a consequence, many leaves grow densely on the
short branches and shoot axes and due to the permanent wind
exposure they nestle to the ground without any remarkable
growth over several years. Maximum heights of only 3–4 m
are observed in very patchy and sheltered stands of southern
Greenland.

The Early Holocene warming dramatically altered the du-
ration of the growing season. Spring and autumn became
warmer, there was probably fewer late spring frosts and au-
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tumn began later allowing for accelerated wood growth com-
pared to the previous stadial phase (GS-1). However, it is
likely that the increased temperatures affected plant growth
to a larger extent than the lengthened growing season (Boyle
et al., 2022). It is possible that many single and tall Betula
pubescens shoots emerged within short periods of time.

Permafrost

The permafrost boundary in the study area ranged roughly
between 0.6 and 1.2 m depending on the proximity of wa-
terbodies during the Dryas 3 period (Delisle, 1998; Pielou,
2012). Even where permafrost was higher than 0.6 m below
the surface, the effect on the root growth of Betula pubescens
would be limited as the majority of rooting occurred above
that depth, mainly in the active layer.

Taller individuals with deeper roots could only grow in
very confined areas where the substrate was suitable and the
waterbody pushed down the permafrost boundary – for ex-
ample, along river courses or the shores of lakes.

The permafrost thawed rapidly during the Early Holocene
and did not affect the growth or the phenotype of Betula
pubescens during this period.

5.1.3 Effects of reconstructed and modern humidity and
precipitation values on Betula pubescens growth

Betula pubescens is sensitive to summer drought (Dörfler,
2017; Kühn, 1981; Rothmaler, 2017) but this is highly depen-
dent on the geological characteristics rather than annual/sea-
sonal precipitation (Mortensen et al., 2014). Indeed, Betula
pubescens growth appears to be little affected by precipi-
tation. Studies in Iceland (Levanič and Eggertsson, 2008),
Finland (Welling et al., 2004), and Sweden (Kullman, 1993)
have shown that temperature is the significantly more deci-
sive growth parameter (Boyle et al., 2022). Nevertheless, an
approximate precipitation minimum can be inferred from the
present distribution of the species in the subarctic regions of
the Northern Hemisphere.

In order to do so, three comparative locations (Canada,
Greenland, Norway) were chosen at which Betula pubescens
is native. At all three sites, the minimum mean average tem-
perature over the past 30 years ranged around 10 °C between
June and August, with only July above 10 °C in each case
(Fig. 5).

In the Eagle Plains area (Yukon, NW Canada) low-
growing Betula pubescens individuals of shrub height
thrive between white-spruce-dominated open landscapes.
The mean annual precipitation of the last 30 years reveals
values around 376 mm yr−1 with the major rainfall during the
spring and summer months of around 240 mm yr−1.

In Narsarsuaq (Kujalleq, SW Greenland) diverse pheno-
types of thriving Betula pubescens individuals can be ob-
served ranging from low-growing, wind-exposed individu-
als of knee height to crooked individuals in sheltered sunny

stands of 3–4 m height. Here, the mean annual precipitation
of the last 30 years reveals values around 603 mm yr−1 with
about half the rainfall during the spring and summer months
of around 316 mm yr−1.

In Porsa (Troms og Finnmark, N Norway) heavily
branched Betula pubescens individuals of maximum 3–4 m
height are dispersed in the open landscape. At this location,
the mean annual precipitation of the last 30 years reveals val-
ues around 803 mm yr−1 with less than half the precipitation
occurring during the spring and summer months of around
311 mm yr−1.

Given that the minimum mean temperature requirements
of Betula pubescens is met at the three comparative loca-
tions and assuming that the decisive factor for growth in case
of these three locations is precipitation, then a value sig-
nificantly below 300 mm in the spring and summer months
and only just below 400 mm on annual average, as in Eagle
Plains, is still tolerable but a clearly growth-limiting factor. In
the Greenlandic and Norwegian comparative regions, higher
precipitation allows individuals of Betula pubescens to reach
3–4 m growth height and thus tree height in sheltered stands.

It follows that during Dryas 3, precipitation below 300 mm
in the spring and summer months could have represented a
growth limit for Betula pubescens. However, from the previ-
ous estimates and multi-proxy-based reconstructions, precip-
itation in the study area was likely just above the minimum
requirements of Betula pubescens.

5.1.4 Effects of estimated wind conditions on Betula
pubescens growth

Wind exposure and hence stress for plants varies significantly
with respect to geomorphology even in the rather small area
of investigation. Certainly, resistant tundra species like Be-
tula nana, Empetrum nigrum, and Salix sp. formed low-
growing or crawling stands in the open and windy terrains of
the Dryas 3 period. Higher growth might have been limited
not only by, for example, soil quality but also through abra-
sion processes resulting from winds. Exposed plants would
be smaller and more compact with greater radial growth than
sheltered plants (Gardiner et al., 2016). In the winter months
small branches that protruded through the snow cover would
have been eroded by windblown snow and ice crystals. In
turn, aeolian sands could have had the same effect during
the rest of the year under strong windy conditions. On less
exposed stands constant wind could still have led to morpho-
logical adaptation resulting in bent or crooked phenotypes
of naturally higher-growing plants as, for example, Betula
pubescens. Generally, height growth is strongly limited by
wind exposure. In glacial forelands Vetaas (1994) found that
the highest growing and most mature individuals of Betula
are found on the least wind exposed areas, indicating a clear
abiotic control of growth height.
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Figure 5. Sequence of the Nahe palaeolake pollen dataset (Krüger et al., 2020) after applying REVEALS. Modelled Betula pubescens
and Betula nana percentage values (share of total vegetation cover) are highlighted in green for improved reading. Time range in focus
(11 700–11 400 cal BP) indicated by dashed lines. 1: Dryas 3 period; 2: Early Holocene before the PBO.

5.1.5 Effects of assumed nutrient supply on Betula
pubescens growth

The capability to develop wood and a robust trunk is cru-
cial for plant growth and would largely determine the phe-
notype of the plant. The main nutrients required for the an-
nual production of Betula pubescens biomass are phospho-
rus, potassium, calcium, and nitrogen (Mälkönen, 1977), as
well as carbon (Chapin III, 1989; Karlsson and Weih, 1996).
Carbon and nitrogen are the principal nutrients required for
wood formation (Chapin III, 1989; Karlsson and Weih, 1996;
Weih and Karlsson, 1997).

Carbon is stored in plants as a product of photosynthesis,
and also deadwood has always played a key role in the veg-
etation carbon cycle (Janisch and Harmon, 2002; Köster et
al., 2015). Both carbon and nitrogen can be incorporated into
the plant from decaying deadwood. Temperature is a limiting
factor for nitrogen uptake as microbial activity affects the up-
take rate through the root system (Cleve et al., 1981, 1990).

Mycorrhizal activity makes organic nitrogen available
from above and below ground litter, and also dead animals
and dung further contribute to nitrogen availability (Ritter,
2007). Therefore, grazing and browsing can increase the ni-
trogen abundance in an ecosystem through animal presence
(Stark et al., 2007) but can likewise lead to large-scale defoli-

ation that in turn limits wood formation and growth (Karlsson
and Weih, 1996).

Also precipitation provides important amounts of nitrogen
to the soil and, hence, to plants, which is vital for the nutri-
ent resource balancing (Mälkönen, 1977). However, precipi-
tation equally washes away nutrients.

Growth trials demonstrate that nitrogen accessibility is
crucial in the first years of birch (wood) growth. A total of
44 % of nitrogen is released each growing season through
leaf shedding of Betula pubescens and thus contributes to
the nitrogen content of the newly forming soil (Karlsson and
Nordell, 1987). Karlsson and Weih (1996) report that growth
size is determined by nitrogen uptake through the root sys-
tem. At a soil temperature of 15 °C, nitrogen uptake is 50 %
higher than at a temperature of 10 °C and almost 10× higher
than at 5 °C. This is strongly related to the microbial decom-
position of soil litter (Cleve et al., 1981, 1990).

Generally nutrient-poor soil conditions can be assumed for
the late Dryas 3 period in the study area.

In comparison, evidence for erosion (NPPs) and the pro-
portion of Empetrum in the vegetation composition de-
creased rather moderately, indicating only slight shifts to-
ward higher nutrient conditions during the Early Holocene.
Nevertheless, it is likely that the growth height of single in-
dividuals (due to impaired wood production) and the further
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spread of the birches remained limited by the only gradually
increasing nutrient availability.

Given that temperature, length of the vegetation period,
precipitation, browsing pressure, wind speed, etc. all change
rather quickly and promote improved growth of Betula
pubescens at the onset of the Holocene (∼ 11 650 BP), nu-
trient (and especially nitrogen) availability could have been
a potential bottleneck for tree-sized plant and consequently
woodland or forest development in the Early Holocene.

5.2 Vegetation cover of the Late Glacial–Early Holocene
transition in the study area

The composition and cover of vegetation during the Late
Glacial–Early Holocene transition has often been oversim-
plified as a rapid shift from “treeless tundra” to “light birch
forests” across the study area as well as across Schleswig-
Holstein in general (Schütrumpf, 1943; Usinger, 2004; We-
ber et al., 2011). Securely dated palynological sequences
covering this transitional period allowing modelling of the
vegetation cover have only been available since 2020 (Krüger
et al., 2020). As a result, this study presents the first model-
based estimate of Late Glacial–Early Holocene vegetation
cover for Schleswig-Holstein. This study is therefore the first
to address the question of whether it is still justified to apply
the term “light birch forest” based on modelled vegetation
data in the region. The model also revealed different shares of
plant species for the Dryas 3 period and the Early Holocene
period than previously assumed.

For the biostratigraphic Dryas 3 period, a dominance of
Betula nana was assumed regionally, alongside numerous
grasses and forbs base on published pollen ratios and macro-
fossil data (Krüger et al., 2020; Averdieck, 1983; Usinger,
1975, 1981b, 2004). Further, a number of records indicate
that Empetrum (cf. nigrum) witnessed a spread in areas of the
contemporary North Sea coastline during the second half of
the Dryas 3 period (Behre, 1967; Krüger et al., 2020; Over-
beck, 1975). But the results of the present study reveal that
Empetrum was in fact a landscape-dominating element with
almost 70 % in the study area. In turn, Betula nana displays
values below 5 %. These low numbers are unexpected con-
sidering the plant’s proven presence reflected by high abun-
dances of macrofossils (Tables S1–S5).

However, the values of Betula pubescens are below 5 %
and thus within the expected range of distribution during the
Dryas 3 period. The results in general describe a landscape
that is dominated by tundra and heathland elements but with
significantly different shares than previously thought (Behre,
2008; Krüger et al., 2020; Schütrumpf, 1943).

The Early Holocene dispersal of Betula pubescens pollen
along with the increase in its macrofossils (Krüger et al.,
2020) is a clear reflection of temperature increase (Fig. 6).
The temperature rise is also seen in the increasing modelled
values of Filipendula and Juniperus. However, modelled Be-
tula pubescens values only increase to about 20 %. Before

the PBO (∼ 11 380) Empetrum (cf. nigrum) remained dom-
inant. There may have been stands of, among others, Betula
pubescens trees but not as dense woodlands or even forests.
The presence of the low-growing and light-demanding Ju-
niperus and Empetrum (cf. nigrum) of up to 10 % along with
other light-demanding herbs and grasses does not suggest
that it was a birch forest (Averdieck, 1986; Averdieck et al.,
1990; Schütrumpf, 1943; Tybirk et al., 2000; Usinger, 2004),
nor does it suggest that Betula pubescens was the dominating
plant in the large catchment area of the Nahe palaeolake and,
hence, the study area.

5.3 Speculative phenotypes of Betula pubescens
between the late Dryas 3 period and the Early
Holocene

Betula pubescens is extremely resistant and adaptable. This
is evident from its growth on roofs and ruins, in sand pits,
or in industrial wastelands and abandoned railroad station ar-
eas. Individuals of Betula pubescens can tolerate long periods
of very poor conditions and can benefit from short climatic
fluctuations (Kullman, 1984). Even where minimum require-
ments are barely met, there are individuals of 10–30 years
of age and only a few decimetres in height. Kullman (1984)
reports on frequent findings above the treeline of individuals
which never reach tree height. Once Betula pubescens had
migrated to a new area, the growth forms or phenotype de-
pends on the factors listed above. The most decisive of these
are (ranked in order of importance) temperature, soils (nutri-
ents), and precipitation.

Modern landscapes and ecologies can be compared to the
modelled estimates of each component in the Dryas 3 pe-
riod and the transition to the Early Holocene. These areas
can be found in the Narsarsuaq, Qassiarsuk, or Igaliku hinter-
lands in southern Greenland. The climate is classified as sub-
or low-arctic and oceanic (Feilberg, 1984). Recent weather
data from the past 30 years (Danish Meteorological Institute,
DMI) give the minimum mean July temperature as just above
10 °C (11.2) and a mean annual precipitation of 603 mm yr−1

with about 316 mm precipitation in the spring and summer
months. This region in southern Greenland therefore corre-
sponds to the reconstructed Dryas 3 period in the study area
regarding temperature and precipitation.

The soils of the Narsarsuaq, Qassiarsuk, and Igaliku ar-
eas are highly diverse and differ considerably in small areas.
At most locations, a layer of boulder clay and gravel over-
lies the local bedrock. Here the plants grow in a few cen-
timetres of substrate consisting of a gravel and bolder clay
mixture partly overlaid by a 2–4 cm thick stratum of foliage
and mosses. Fine aeolian sand is found in patches either with
low-growing vegetation or in barren ground. In areas that are
largely affected by spring melt, the subsoil mainly consists
of compacted boulders of various sizes, mostly colonized by
lichens and annual flowering plants (cf. Chamaenerion sp.).
Due to the relief, there are geomorphologically favourable
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Figure 6. Composite chart for comparison of Betula pubescens-type pollen values from the Nahe palaeolake pollen record (Krüger et al.,
2020) calculated on (from left to right) total terrestrial pollen (TTP) and concentration values after applying REVEALS and Greenlandic
oxygen isotope values (NGRIP, GRIP, GISP from Rasmussen et al., 2014). The scope of the study is indicated by the dashed lines.

locations for the growth of, for example, Betula pubescens
but also very exposed plains that are susceptible to the foehn
winds. At such very exposed locations individuals of Betula
pubescens nestle to the ground.

While the distinction between Betula nana and Betula
pubescens based on fruit scales is straightforward, findings
of macrofossils are by no means straightforward distinctions
between shrub and tree. The creeping individuals of Betula
pubescens that can be found in exposed areas in the Narsar-
suaq, Qassiarsuk, and Igaliku hinterlands do produce fruit
scales and nutlets of the same size as their tree-sized con-
specifics (Peter Steen Henriksen, personal communication,
2 August 2021). Thus, if pollen and fruits of standard size of
Betula pubescens are likewise produced by creeping individ-
uals, it is not necessarily justified to assume actual tree-sized
growth in the Late Glacial and Early Holocene.

The presence of the species even during the Dryas 3 period
in the study area is suggested by the quantity of macrofossils,
but the phenotype in which it could have occurred needs to
be considered and remains speculative. This has implications
for any representations of the vegetational landscape roamed
by past hunter-gatherer societies.

5.3.1 Speculative phenotypes of Betula pubescens
individuals during the late Dryas 3 period

During this period Betula pubescens individuals were most
likely absent from exposed locations in the study area.

There would have been opportunities for growth in the
lee of erratic boulders. Here, low shrub height was possible
(Fig. 7b), but strong seasonal abrasion by wind-borne parti-

cles (sand/ice crystals) is to be expected and individuals were
very likely to be short-lived (Fig. 7a).

The nutrient-poor soils of the region (leaching of carbon-
ates indicated by the dominance of Empetrum nigrum in
the region) and the temperature-driven short growing sea-
son generally resulted in limited annual growth of Betula
pubescens. In places of high solar radiation with corre-
spondingly high photosynthesis, it is possible that individuals
which nestled close to the ground formed a thickened shoot
axis. These could live for several decades (Fig. 7c and d).

Favourable growth locations for Betula pubescens in-
cluded the southern-facing low moraines, steeper banks
along incision lakes, kettle holes, and rivers. Due to protec-
tion from the wind and longer exposure to sunlight, these
areas were more productive than the more exposed or shaded
areas. Riparian zones are not expected to have occurred along
the full length of waterbodies but rather at shorter stretches,
depending on the orientation of the waterbody and its slopes.

Shrubs and individuals of Betula pubescens up to 2 m
height were likely thriving in these growth-favouring ar-
eas. The shoot axes were probably very strongly curved or
crooked and widely branched (Figs. 7e, f and S1). Single-
stemmed individuals of taller growth height and straight
branches and shoots are unlikely.

Growth of up to 2 m was only possible in limited growth-
favouring locations due to several factors: wind-protected lo-
cations, long sun exposure and thus generally slightly higher
temperatures, deeper root possibility due to lowering of the
permafrost boundary by the waterbody, and possible higher
nutrient supply near the river/lake due to higher bioproduc-
tivity.
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Figure 7. (a)–(f) Photographs of Betula pubescens individuals in
southern Greenland demonstrating reconstructed phenotypes for the
late Dryas 3 period in the area of investigation. Pictures taken July–
August 2021 and July–August 2022 by the author.

To what extent several individuals also formed small-scale
closed stands during the late Late Glacial cannot be esti-
mated. However, the individuals of Betula pubescens during
the Dryas 3 period can be described more accurately with the
terms krummholz (German) or birkekrat (Danish) rather than
with shrub or even tree.

5.3.2 Speculative phenotypes of Betula pubescens
individuals and stands of trees during the Early
Holocene period

The transition towards and the beginning of the Early
Holocene was climatically by no means more stable than the
Dryas 3 period but more favourable to the growth of Betula
pubescens due to reduced wind activity, higher precipitation,
increased temperatures, and a resulting prolonged growing
season. Consequently, significantly increased organic pro-
duction as well as soil and humus formation occurred across
the study area. The higher air temperature for prolonged peri-
ods promoted plant flowering (including elevated pollen pro-
duction) and thus improved reproduction. The result was an
accelerated succession of generations.

It is conceivable that Betula pubescens still sporadically
occurred as a shrub in very exposed locations (Fig. 8a). In
many places in the landscape several individuals would have
formed dense stands that gradually shaded out especially

light-demanding forbs (cf. Helianthemum). In these dense
stands, widely branched individuals without a main stem
were dominant (Figs. 8c and d and S2–S4). They would have
grown taller than during the Dryas 3 period, and single trees
(individuals with one shoot axis and > 4 m height) would
also be common within the dense stands (Fig. 8e and f).
Whether they could grow higher than 6–8 m in the Early
Holocene is questionable.

The temperature-controlled longer growing season rela-
tive to the Dryas 3 period and consequently increased re-
production caused fast-growing shoots of Betula pubescens.
Within a few years they developed tall but very thin shoot
axes (Fig. 8b). Their roots still had comparatively little op-
portunity to become established, and the individuals were
probably often uprooted by wind.

During the Early Holocene, it was probably still the sunny
and more sheltered places near waterbodies that offered more
optimal growth conditions for Betula pubescens. Close to
waterbodies, taller individual trees (6–8 m) would be likely,
including also other tree species like Betula pendula, Salix
sp., and Populus tremula1. This hypothesis is supported by
the presence of the beaver, which requires tree growth and
reappeared across northern central Europe during the Early
Holocene (Aaris-Sørensen, 2009; Meadows et al., 2018;
O’Connell et al., 2008).

It is evident that stands of Early Holocene tree species
were not just pure accumulations of Betula pubescens indi-
viduals of differing heights but stands of different species.
Also, these stands were not very close in character and could
not shade the ground. As seen from the modelled pollen
data (Fig. 4) and despite the presence of several tree species,
the landscape remained open in character prior to the PBO.
This is especially indicated by Juniperus. Juniperus would be
creeping on the ground (Fig. 9a) during the Early Holocene
and would be unlikely to be established if extensive stands
of widely branched Betula pubescens individuals were shad-
ing the ground. Apart from Juniperus, there were other light-
demanding plants like Empetrum (cf. nigrum; see Fig. 4) and
many further grasses and forbs. In sum, these plants suggest
an open and very fragmented character of the Early Holocene
vegetation in the study area (Fig. 9b).

The patchy stands of different tree species including Be-
tula pubescens cannot be described as “forest”. These small-
scale stands of shrub work and woodland are probably nu-

1Salix sp. reaches shares of >10 % when applying REVEALS
to the NAH dataset. Populus tremula was only scarcely present in
the pollen record and hence excluded from the model. The scarcity
could be explained by the bad pollen preservation of samples in the
NAH record, whereas Populus pollen is present in the STM pollen
record (Usinger unpubl.). Further, a piece of wood identified as Pop-
ulus tremula from the NAH sediment core has been dated to the
Dryas 3 period and, hence, indicates its early presence in the area
(Krüger et al., 2020). Macrofossils of Populus tremula are regularly
found alongside Betula pubescens during the Dryas 3 period as well
as the Preboreal period (see Supplement).
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Figure 8. (a)–(f) Photographs of Betula pubescens individuals in
southern Greenland and Norway demonstrating reconstructed phe-
notypes for the Early Holocene period in the area of investiga-
tion. Pictures taken September 2013, July–August 2021, and July–
August 2022 by the author.

merous, partly continuous, but very open. There was just
enough shade to outcompete Empetrum (cf. nigrum) and
Helianthemum after 11 300 cal BP (see Fig. 4). The multi-
ple stronger stems of Betula pubescens would mean these
stands were impassable compared to the remaining land-
scape (Figs. S2–S4), which remained dominated by heath el-
ements.

The connected but delayed animal shift from cold steppe
and tundra fauna to forest animals is further evidence of the
open character of the landscape that certainly persisted until
after the PBO (around 11 380 cal BP).

5.4 Transition of ecotones and its implication for
archaeological reconstruction of human lives

The multi-proxy approach towards an understanding of the
appearance of the vegetation structure and morphology high-
lights that a rapid transition from “treeless tundra” to “birch
forest” across the study area is deceptive. The presented
example-based explanation of probable ecotone morphology
– which strongly contrasts with the often mentioned percep-
tion of an Early Holocene “light birch forest” – is certainly
of value to archaeology, as archaeologists base their recon-
structions of human life to a large extent on palaeobotany.

Figure 9. (a) Picture of Betula pubescens (upper centre), Junipe-
rus communis (lower centre), and Betula glandulosa (lower right)
with representative growth heights (Greenland, July 2021, taken by
the author). (b) Mosaic of the vegetation including open areas oc-
cupied by Juniperus communis and different lichen species and a
dense shrub work of Betula pubescens and Salix glauca (Greenland,
July 2021, taken by the author).

Two aspects are of crucial importance in gaining a more
realistic picture of vegetation conditions during the late
Dryas 3 and Early Holocene periods.

Firstly, during the late Dryas 3 period the tundra vegeta-
tion was by no means a treeless form of vegetation in the
study area. Tree species were present in the aforementioned
favourable growth locations. Betula pubescens individuals of
< 2 m were present and useful as raw materials, fuel, or even
landmarks. Further, the diversity of the tundra in the study
area provided plant resources, such as the nutritious, sweet,
and fat-rich crowberry (Empetrum nigrum) to a much greater
extent than previously thought.

Secondly, hypothetical “birch forests” did not automati-
cally spread with the temperature rise of the Early Holocene,
as a quick glance at pollen diagrams might suggest. The tem-
perature increases of the Early Holocene led to sudden bursts
in pollen productivity. Pollen diagrams are calculated on total
terrestrial plant pollen sums, and birches, especially Betula
pubescens, produce large amounts of pollen, so pollen dia-
grams of this period can show a rather distorted picture of the
actual conditions. These high Betula pollen values (routinely
shown in published pollen ratio diagrams) are most likely the
root of misunderstandings between palaeobotany/palynology
and archaeology.

Referring to the Early Holocene vegetation as a “light
birch forest” across the study area should therefore be
avoided. In fact, Betula pubescens amounted only to max-
imum values of 20 % share of the total vegetation. In con-
trast, the dominant plant was still Empetrum (cf. nigrum) – a
low-growing tundra element that also dominated the vegeta-
tion of the previous late Dryas 3 period. Just like the Dryas 3
period, the Early Holocene vegetation before the PBO con-
tinued to be a patchwork of many components. Tree-forming
species were slowly spreading by the beginning of the Early
Holocene, occupying more and more growth-favouring loca-
tions. Yet, most likely there were no large, extensive, and
continuous woodlands in the study area but rather frag-
mented stands of shrub work and open woodlands (Fig. 9b).
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The patchy stands of woody plants of diverse appearance
structured the landscape in different ways. On the one hand,
they provided shelter and resources, but on the other hand,
they were very impassable (Figs. S2–S4) and might also have
been perceived as a barrier by Late Glacial cultural groups,
such as the Ahrensburgian, whose traditions persisted into
the Early Holocene (Grimm et al., 2021a, b).

6 Conclusions

The pioneer species Betula pubescens (downy birch) is re-
garded as one key element of the vegetation shift from the
Late Glacial to the Early Holocene in northern central Eu-
rope. As part of a strongly climate-controlled changing flora,
Betula pubescens was exposed to various growth-controlling
factors. The article discusses these growth-controlling factors
with special focus on Betula pubescens and compiles cor-
responding regional reconstructed climatic scores. By using
recent comparative sites and considering the reconstructed
growth-limiting factors of the past, this study provides fact-
based yet speculative phenotype descriptions of single indi-
viduals of Betula pubescens but also morphotypes of veg-
etation cover of the past across the study area during the
late Dryas 3 period and the Early Holocene before the PBO,
i.e. between ca. 11 700 and 11 400 cal BP.

Further, REVEALS is applied to a section of the Nahe
pollen dataset (Krüger et al., 2020) covering the studied in-
terval in order to estimate the actual contribution of Betula
pubescens to the vegetation cover of the study area.

The overall results demonstrate why the often reproduced
image of a rapid change from “treeless tundra” to “birch for-
est” should be avoided. The provided macrofossil data show
that Betula pubescens as a species was in fact part of the tun-
dra vegetation even during the late Dryas 3 period across the
study area and further north. Even more importantly, the re-
sults highlight that tundra elements, especially Empetrum (cf.
nigrum), dominated the vegetation of the whole investigated
time interval, including the Early Holocene.

During the Early Holocene, different growth-controlling
factors resulted in a few tree-sized (6–8 m) Betula pubescens
individuals. Apart from Betula pubescens, the Early
Holocene flora further included shrub and tree-sized individ-
uals of Betula pendula, Salix sp., and Populus tremula, but
their very fragmented stands were far from forming dense
woodlands or forests.

Regarding hunter-gatherer societies, the very patchy veg-
etation that included fragmental stands of tree-sized individ-
uals but mostly widely branched shrubs of Betula pubescens
and other species in the landscape represented resources, on
the one hand, but possibly likewise a barrier on the other that
structured the still open landscape of the Early Holocene be-
fore the PBO.
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