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Along with the ongoing climate crisis, research efforts increasingly focus on Pleistocene environmental
archives. Interglacial periods are of special interest, as they offer crucial information about natural in-
teractions (i.e. not influenced by human activities) between climate and ecosystems within a climatic
setting comparable to the Holocene and/or climate change projections. The sedimentary infill of the
Rodderberg crater, 10 km south of the city of Bonn (Germany), records several glacial-interglacial cycles
in superposition, which makes it a rare and promising environmental archive. One of the most chal-
lenging targets is to establish a robust chronological framework for the Rodderberg sediment sequence.
In the present study we reconstruct the vegetation history of the basal and most prominent interglacial
sequence, the lowermost Rodderberg interglacial (LRI), and apply the principles of pollen biostratigraphy
to estimate the depositional age. At the base of the sequence steppe tundra conditions prevailed during
the cryocratic phase before the onset of the interglacial. Rising temperatures caused afforestation of the
landscape with boreal forests during the protocratic phase, which subsequently were replaced by
temperate forests in the mesocratic phase. The sequence continues under unstable vegetation conditions
characterized by temperate forests dominated by Carpinus and Abies during the oligocratic phase. During
the terminal part of the LRI, the telocratic phase, boreal to nemoboreal forests covered the landscape. Due
to climatic deterioration these forests collapsed and a steppe tundra evolved again (cryocratic phase).
This climate-driven glacial-interglacial cycle is followed by an interstadial with rather closed nemoboreal
forest vegetation. Based on the occurrences of characteristic taxa as well as the vegetation assemblages
and succession, we refrain from correlating the LRI with any of the warm stages between c. 240 and 180
ka BP, i.e. roughly corresponding to MIS 7. A correlation with the Holsteinian, which was previously
physically dated to c. 340e325 ka BP, cannot unambiguously be excluded, however, the absence of
Pterocarya during the LRI argues against it. Instead, the LRI has striking similarities with the K€arlich
interglacial, which has been previously physically dated to c. 400 ka BP, making it chronologically
equivalent to MIS 11.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ongoing human-induced climate warming is increasingly
pressuring natural systems around the globe. To predict future
ciences, University of Bern,
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impacts of climate change, it is crucial to understand the complex
and often non-linear relations between climate forcing and
ecosystem behaviour (Williams et al., 2021). Here, Pleistocene
sediment records offer unique possibilities to study environmental
dynamics as responses to climate change on various timescales, at
various degrees of intensity, and under negligible anthropogenic
influences. Among the limiting factors, the discovery of suitable
natural archives and the establishment of robust chronologies are
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:patrick.schlaefli@geo.unibe.ch
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2022.107932&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2022.107932
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.quascirev.2022.107932


Fig. 2. Possible scenarios for the Rodderberg sediment sequence ROD11-1 within the
chronostratigraphic framework of the Marine Isotope Stages (MIS; modified after
Lisiecki and Raymo, 2005). Three phases with high total organic carbon (TOC) content
(black bars) have been identified during a low-resolution (1-m sampling intervals)
study of core-catcher samples by Zolitschka et al. (2014) and preliminary pollen
analysis (�) suggest the presence of three consecutive interglacials. In this study, we
investigate the palynological content of the lowermost interglacial (LRI) to reconstruct
its vegetational history and to estimate its chronological position.
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the most challenging to overcome. Despite the availability of
various dating techniques appropriate for the Early and Middle
Pleistocene (e.g. luminescence, U/Th, isochron burial dating), their
applicability is highly specific and the obtained ages are often
minimum ages and/or are associated with high uncertainties
(Geyh, 2008; Knudsen et al., 2020; Dieleman et al., 2022; Schwenk
et al., 2022). Another way to chronologically constrain a sedimen-
tary sequence is offered by biostratigraphy, because vegetational
successions and compositions vary among Pleistocene interglacials,
resulting in pollen-based interglacial signals with characteristic
vegetational fingerprints (Bittmann, 1992; Litt, 2007; Kühl and
Gobet, 2010; Stebich et al., 2020; Schl€afli et al., 2021).

The Rodderberg Volcanic Complex (RVC; 147 m a.s.l.), situated c.
10 km south of the city of Bonn in Germany (Fig. 1), contains an
ideal archive to disclose past environmental changes. In a study
documenting the 164 m-long drill core ROD11-1 from the central
area of the crater of the RVC, Zolitschka et al. (2014) identified
sediments possibly recording three consecutive interglacials for
which the authors provided a tentative age assignment (Fig. 2). The
lower age boundary is inferred from luminescence dates of tuff and
a siltstone xenolith and lies in the range between 300 and 500
thousand years (ka) before present (Paulick et al., 2009; Z€oller and
Blanchard, 2009). Two luminescence dates from an earlier coring in
the central area of the crater (Z€oller et al., 2011) are projected onto
the sedimentary sequence of ROD11-1 by correlating distinct pat-
terns of the magnetic susceptibility curves of both drill cores. These
ages of 107 ± 13 (TL) and 66 ± 13 ka (IRSL) correspond to a depth of
57.5 m in the ROD11-1 core, which is right above the lowest
interglacial. Such young ages would imply that the superposed
interglacials would correspond to interstadials. However, the ages
were interpreted as underestimating the true deposition age, since
no fading correction was used and the equivalent doses were
almost saturated (Schmidt et al., 2011a, 2011b; Zolitschka et al.,
2014). This finding agrees with the biostratigraphic evidence ob-
tained so far. Eight subsamples have been taken within the sedi-
ments of all three interglacials for a preliminary study. Their fossil
pollen content (Fig. 2) revealed that none of the three interglacial
assemblages allows an unambiguous correlation with known
Fig. 1. Site map of Rodderberg. a) European key sites mentioned in the text Bi ¼ Bilshaus
GS ¼ Gr€obern-Schmerz, H€o ¼ H€ohenmoos, K€a ¼ K€arlich, Le ¼ Leck, MB ¼ Munster-Bre
Rod ¼ Rodderberg, Sa ¼ Samerberg, Sc ¼ Sch€oningen, Th ¼ Thalgut, Ve ¼ Velay, Wa ¼ Wac
possible analogues D€ottingen (Diehl and Sirocko, 2007) and K€arlich (Bittmann, 1992).
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pollen records. Nevertheless, a tentative biostratigraphic assign-
ment was attempted (Zolitschka et al., 2014). In fact, a correlation of
the lowermost Rodderberg interglacial (LRI) with MIS 5e can be
en, De ¼ Dethlingen, D€om ¼ D€omnitz, D€ot ¼ D€ottingen, GO ¼ G€ottingen/Ottostrabe,
loh, Me ¼ Meikirch, Na ¼ Nachtigall, NM ¼ Neualbenreuth Maar, Pr ¼ Pritzwalk,
ken. b) Topographic map of the study area showing the Rodderberg and its two closest
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excluded due to the presence of Celtis pollen. Additionally, the
pollen assemblages of the four samples taken from the lowermost
interglacial showed similarities with the K€arlich interglacial
(Bittmann, 1992) and the Holsteinian interglacial from D€ottingen
(Diehl and Sirocko, 2007), which may fall into MIS 9 or MIS 11 (e.g.
Reille et al., 2000; Geyh andMüller, 2005). However, the four pollen
samples previously analysed within the LRI did clearly not suffice
for a careful biostratigraphic assignment.

The Rodderberg sequence has the potential to be an exceptional
environmental archive for Central Europe, since long sequences
spanning several glacial-interglacial cycles are rare. An age
assignment is crucial for the understanding of the dynamics be-
tween climate forcing and environmental dynamics. Therefore, we
aim at (1) providing an overview of the vegetation history of the LRI
and (2) clarifying the vague chronology of its sedimentary sequence
by biostratigraphically assigning the vegetational composition,
structure, and succession to previously reconstructed Central and
Western European interglacial vegetation dynamics.

2. Materials and methods

2.1. Current climate and vegetation

The current climate in the region is characterized as temperate
(Cfb; Kottek et al., 2006) with January and July mean temperatures
of 2.5 and 18.9 �C, respectively. The annual mean precipitation of
939 mm is well distributed over the year with April (59 mm) as
driest and December (96 mm) as wettest month. All data has been
retrieved from the meteorological station Bad Godesberg (68 m
a.s.l.; period 1991e2021), c. 5 km NW of Rodderberg.

The current vegetation around Rodderberg is highly influenced
by human impact. Isolated patches of protected forests (e.g. Kot-
tenforst and Waldville) grow in an agriculturally-exploited land-
scape. Much of these forests were reforested since the 1970s on
former brown coal mines and are composed of various forest types.
Diverse broadleaved (e.g. Acer platanoides, Alnus glutinosa, Betula
pendula, Carpinus betulus, Corylus avellana, Fagus sylvatica, Fraxinus
excelsior, Prunus padus, Quercus robur, Sorbus aucuparia, Tilia cor-
data) and coniferous (e.g. Larix decidua, Picea abies, Pinus sylvestris)
shrubs and trees characterize the forest assemblages (Erdelen,
1984). Old-growth beech (Fagus sylvatica) forests in the larger
study area (e.g. in the Eifel National Park; Schmiedel et al., 2019) are
relicts of the vegetation prior to 20th reforestation activities.

2.2. Lithology

For the present study sedimentary material of the second
(ROD11-2) of three parallel cores taken in 2011 at a distance of c. 1
m from each other was chosen. The depths we refer to are in meter
composite depth (m) based on high-resolution correlation of the
two parallel and overlapping core series ROD11-2 and ROD11-3
(Hogrefe et al., in prep.). This procedure is the reason for minor
discrepancies in depths compared to Zolitschka et al. (2014), who
worked exclusively with core-catcher material from rotary flush-
drilling ROD11-1 and not with sediment cores (Fig. 2). We classify
the sediment of ROD11-2 between 70.8 and 58.9 m according to
Troels-Smith as also reported in e.g. Aaby and Berglund (1986) and
Kershaw (1997).

2.3. Palynological analyses

We analysed 82 samples of 0.5 cm3 between 70.8 and 58.9 m for
their fossil pollen and spore content. The sample resolution is
generally 20 cm and was increased to 6 or 8 cm between 69 and
67 m. To estimate pollen and spore concentrations, we added
3

Lycopodium tablets (Stockmarr, 1971) before physical (sieving with
500 mm mesh) and chemical treatment of the samples (HCl, KOH,
HF, acetolysis; Moore et al., 1991). The pollen samples were stained
with fuchsine and mounted on microscopic slides in glycerine.
Pollen and spore identification follows the keys by Moore et al.
(1991) and Beug (2004), the palynological atlas of Reille (1992)
and the reference collection of the Institute of Plant Sciences,
University of Bern. A transmitted light microscope with 400x or
1000� magnification was used. The distinction between tree and
shrub Betula is based on Birks (1968) and Clegg et al. (2005).
Fraxinus excelsior- and F. americana-type were distinguished ac-
cording to Bittmann (1991). We aim at a total terrestrial pollen sum
of >500 grains (excl. Cyperaceae) per sample. Percentages were
calculated with respect to the total terrestrial pollen sum (¼ 100%)
excluding Cyperaceae. Pollen grains were classified as inde-
terminable (¼ ‘indet’) if characteristic features were not recogniz-
able, e.g. due to fragmentation, immobility, or masking by residuals
in the sample.

2.4. Numerical analyses

We use the optimal partitioning with minimum sum-of-squares
approach (Birks and Gordon, 1985) and the broken stick criterion
(Bennett, 1996) to divide the pollen diagrams into statistically sig-
nificant local pollen assemblage zones (LPAZ). Additional sub-zones
were assigned visually. For the Principal Component Analysis (PCA)
the software Canoco 5.10 (ter Braak and �Smilauer, 2018) is applied.
Prior to the PCA the pollen percentage data was log transformed.
The gradient length (2.1 SD units) of the data set justifies the use of
a linear method.

3. Results and interpretations

3.1. Lithology

The lowermost part of the studied core segment consists of
laminated (70.9e70.4 m) and partly laminated (70.4e69 m) grey
silt layers. Subsequently, thematerial is characterized by laminated,
black gyttja deposits (69e68.1 m), which are interrupted by a 2 cm-
thick tephra layer at 68.9 m. From 68.1 m upwards, the sediments
gradually become sandier and dark greyish brown in colour. Lam-
inations occur less frequently in this part. A gradual change towards
laminated, black gyttja deposits occurs around 67.1 m. Between
66.2 and 62 m the sediments predominantly consist of dark greyish
brown sand, which is partly laminated. After a rather sharp change
at 62 m the material is characterized as dark, laminated gyttja.
Above, the material gets sandier and laminations do not occur
anymore. From 61.5 m to the top of the studied section, the sedi-
ments are predominantly massively bedded (and thus unlami-
nated) olive-grey to dark-grey silts (61.4e58.9 m).

3.2. Numerical analysis of pollen data

The zonation of the 82 pollen samples yielded eleven statisti-
cally significant local pollen assemblage zones (LPAZ; ROD-1 to
ROD-11), eight additional sub-zones were assigned visually. A total
terrestrial pollen sum of >500 was achieved in 74 samples. In the
samples between 70.8 and 69.3 m (n ¼ 8), in which pollen pres-
ervation and/or concentration was particularly bad and/or low, a
pollen sum of 100e200 was achieved. This results in an average
terrestrial pollen sum of 480 grains per sample.

To summarize the main gradients within the pollen data, we
applied a Principal Component Analysis (PCA). The first two axes of
which account for 52.6% of the total variance with PCA axis 1
contributing 40.5% and PCA axis 2 12.1%. Thus, they represent the



Fig. 3. Species scores (selected taxa) of the principal component analysis (PCA). Axis 1
(axis 2) explains 40.5% (12.1%) of the total variance within the data set. The horizontal
and the vertical components of the arrows are proportional to their contribution to the
total variance explained along axis 1 and axis 2, respectively. Axis 1 represents a
climate driven gradient from open grassland and shrubby (Poaceae, Cyperaceae,
Artemisia, shrub Betula, Juniperus) and boreal forest vegetation (tree Betula, Pinus syl-
vestris-type) to closed temperate forest vegetation. F. ¼ Fraxinus; A. ¼ Alnus;
Q. ¼ Quercus. Sample scores of the PCA are plotted within the main pollen percentage
diagram (Fig. 4).
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main gradients within the pollen dataset (Fig. 3). Shrub Betula,
boreal tree taxa such as Juniperus, tree Betula, and Pinus sylvestris as
well as herbs (e.g. Artemisia, Poaceae) have negative species scores
on axis 1. Deciduous temperate tree taxa such as Quercus robur-
type, Corylus, Fraxinus excelsior-type, Ulmus, Tilia, Carpinus as well
as evergreen temperate arboreal taxa such as Hedera, Abies, and
Taxus have positive scores along axis 1. Boreal Picea is also within
this rather mesophilous group. Most positive species scores along
axis 2 are reached by Fraxinus americana-type and Celtis, most
negative by Picea, Pinus sylvestris-type, Abies, and Larix. The latter
include the conifers, among them trees which can grow very tall
(e.g. Abies and Piceawith >50e60 m), while positive species scores
are associated to lower growing taxa, e.g. shrubs with <10 m. Most
positive sample scores along axis 1 are reached in descending order
by samples from ROD-6, ROD-4, ROD-5, and ROD-7, for the latter
especially samples of the lower part of the zone (Fig. 4). Most
negative sample scores along axis 1 are reached by samples of
zones ROD-1 and ROD-9.
3.3. Pollen stratigraphy and vegetation history of the LRI

3.3.1. Cryocratic (glacial) vegetation (ROD-1; 70.8e69.3 m)
Pollen preservation and concentration are generally poor in

ROD-1, resulting in high amounts of indeterminable pollen grains
and lower-than-average terrestrial pollen sums. The assemblages
are dominated by pollen of herbaceous taxa, mainly Poaceae,
Artemisia, and Cyperaceae, but also Chenopodiaceae, Car-
yophyllaceae, and Brassicaceae. Percentages and concentrations of
Betula (tree and shrub) pollen increase towards the end of the zone,
together with decreasing percentages and slightly increasing con-
centrations of Pinus sylvestris-type pollen. Within the whole
sequence, percentages of Alnus glutinosa-type are highest in the
first half of this zone. Pollen from other woody taxa such as Salix,
Picea, Corylus, and Ericaceae is continuously present. Single grains
of Carpinus, Quercus robur-type, Ulmus, and Pterocarya are found in
4

this zone.
Based on these results, we infer the presence of steppe tundra

vegetation with scattered boreal forest stands consisting of Pinus
sylvestris and Betula trees. The abundances of both woody taxa
increased towards the end of this zone, as inferred from increasing
pollen percentages and concentrations. Alnus incana (Alnus gluti-
nosa-type pollen) was probably growing around the crater lake
where the soil was water saturated. We assume the presence of
Alnus incana because it is better adapted to colder conditions than
A. glutinosa (Houston Durrant et al., 2016), with a current northern
distribution limit at the forest border in Scandinavia and Russia
(Hytteborn et al., 2005). Likewise, shrubs such as Salix, Juniperus,
Corylus avellana, and Picea trees were possibly already present in
the catchment. Sporadic occurrences of temperate taxa such as
Carpinus, Quercus, Ulmus, and Pterocarya may indicate that these
pollen grains were reworked from older deposits, perhaps from
upper crater banks. This interpretation is supported by the bad
preservation of these grains and their low concentrations. Less
likely, long-distance transport from more southerly populations
may explain the occurrences of pollen grains of these temperate
taxa.

3.3.2. Protocratic (pre-temperate) interglacial vegetation (ROD-2;
69.3e69 m)

Pollen preservation in ROD-2 is slightly better compared to
ROD-1, resulting in less indeterminable grains and higher terrestrial
pollen sums (>500). Pollen concentrations are also generally higher
than in ROD-1 (Fig. 5). Percentages of arboreal pollen (AP) increase
from c. 60% at the beginning to c. 90% towards the end of the zone
(Figs. 4 and 6). The remaining herbaceous pollen types are mainly
Artemisia, Poaceae, Thalictrum, and Apiaceae. Pollen of tree and
shrub Betula dominates the assemblage. Similar to the previous
zone, the percentages of Pinus sylvestris-type continue to decrease
in ROD-2. Salix pollen declines compared to ROD-1. Celtis and
Quercus robur-type pollen has continuous abundances, and single
grains of Hedera were found.

These results suggest that climate warming during the proto-
cratic stage of the interglacial may have led to the establishment of
boreal forests dominated by Betula trees. Shrub Betula (possibly
B. nana) occupied open landscapes (peak in percentages and con-
centrations) at the expense of herbaceous tundra vegetation. Alnus
(probably still A. incana, possibly also A. glutinosa) as well as tree
and shrub species of Salix were present in the area. Temperate
deciduous shrubs and trees like Corylus, Ulmus (possibly U. glabra),
Quercus, and Celtiswere present in the study area at the end of zone
ROD-2.

3.3.3. Mesocratic (early-temperate) interglacial vegetation (ROD-3
to ROD-6; 69e68.3 m)

In ROD-3 the amount of indeterminable pollen grains further
decreases due to a better preservation compared to ROD-2. Per-
centages of tree pollen reach >90% with main contributions by
Pinus sylvestris-type and tree Betula pollen, both also showing
higher pollen concentrations compared to the previous zone. Pol-
len of Salix shows highest concentrations within the whole
sequence, while percentages and concentrations of shrub Betula
decline. Ulmus, Fraxinus excelsior-, and F. americana-type reach their
empirical pollen limit and concentrations of Alnus glutinosa-type
pollen start to increase.

ROD-4 is characterized by pollen preservations comparable to
ROD-3. Percentages of arboreal pollen (AP) stay >95% and those of
Corylus strongly increase in this zone (to c. 60%), mostly at the
expense of Pinus sylvestris-type and tree Betula pollen abundances.
Percentages and concentrations of Quercus robur-type massively
increase, while Fraxinus excelsior-type and Ulmus show a slight



Fig. 4. Pollen percentage diagram (selected taxa). Black lines represent 10x exaggeration. PCA ¼ sample scores of the Principal Component Analysis. Stomata findings are marked as black dots. Statistically significant local pollen
assemblage zones (LPAZ) are delimited with continuous lines, visually assigned sub-zones are represented by dashed lines. The biostratigraphical assignments read G ¼ glacial, IG ¼ interglacial, S ¼ stadial, IS ¼ interstadial. Phases
according to the glacial-interglacial cycle (see Birks and Tinner, 2016) are cryo ¼ cryocratic, proto ¼ protocratic, meso ¼ mesocratic, oligo ¼ oligocratic, telo ¼ telocratic. Parts of the interglacial section are shown in more detail in Fig. 6.
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Fig. 5. Pollen concentration diagram (selected taxa). Black lines represent 10x exaggeration (lithological key: see Fig. 4). Data is shown on non-uniform scales.
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Fig. 6. Pollen percentage diagram (selected taxa) of the proto-, meso-, and oligocratic interglacial (ROD-2 to ROD-7c). Black lines represent 10x exaggeration. Statistically significant local pollen assemblage zones (LPAZ) are delimited
with continuous lines, sub-zones are represented by dashed lines (lithological key: see Fig. 4).
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setback. Percentages of Tilia reach the empirical limit in ROD-4, and
Alnus glutinosa- as well as Fraxinus americana-type show local
peaks in percentages and concentrations. Although percentages of
Alnus glutinosa-type are comparable to ROD-1, its concentrations
are steadily increasing since the beginning of the sequence to a
peak in ROD-4.

ROD-5 is characterized by AP >95% with a weaker contribution
of shrubs. This is due to a massive setback of Corylus percentages,
which is similarly expressed in the concentrations. Especially per-
centages and concentrations of Pinus sylvestris-type strongly in-
crease but also Celtis, Fraxinus excelsior-, Quercus robur-type, Ulmus,
Tilia, and Hedera reach peaks, substituting Corylus.

In ROD-6 total terrestrial pollen concentrations reach maximum
values of >2.6 million grains per cm3. AP stay >95% with a strong
contribution of (recovering) Corylus, similar to ROD-4. Quercus
robur-, Fraxinus excelsior-, and Alnus glutinosa-type are important
parts of the pollen assemblage of ROD-6, which is also character-
ized by the re-appearance of Picea pollen and single grains of Ilex,
Buxus, Sorbus-type, and Vitis. Percentages of Taxus pollen reach c. 5%
followed by a distinct peak of Carpinus (>30%) at the end of the
zone. Although tree percentages stay low throughout the zone
(50e70%), their concentrations increase to a level similar to ROD-3
and ROD-5 at the end of ROD-6.

Summing up we infer a shift from protocratic Betula (ROD-2) to
early mesocratic Pinus sylvestris dominated nemoboreal forests
(ROD-3). This vegetation change was likely driven by further
climate warming. Our interpretation is supported by the synchro-
nous initial expansion of temperate trees such as Ulmus and Frax-
inus (in Central Europe most likely F. excelsior rather than
F. angustifolia). Thus, the steadily increasing sample scores along
PCA axis 1 (Fig. 4) may reflect warmer climate conditions.

Temperate deciduous forest vegetation dominated by Corylus
and Quercus established during zones ROD-4 and ROD-6. Taxus, Ilex,
Buxus, and Hedera helix expanded or established first stands,
probably in response to a shift towards awarm and oceanic climate,
thus indicating full interglacial conditions. This interpretation of
peaking interglacial climate forcing is supported by maximum
sample scores reached during zones ROD-4 and ROD-6 (Fig. 3). The
two periods with abundant Corylus are interrupted by a short-lived
expansion (ROD-5) of temperate deciduous trees such as Quercus,
Fraxinus excelsior, Ulmus, and Tilia. The pollen data also suggest that
Pinus sylvestris re-expanded during this zone. Based on the fact that
other boreal species, e.g. Picea or Larix, did not expand during the
same time span, this general trend towards temperate vegetation
was probably caused by local disturbances (e.g. fire) and/or an in-
crease in hygric continentality rather than by climate cooling.

3.3.4. Oligocratic (late-temperate) interglacial vegetation (ROD-7;
68.3e67 m)

The percentages of arboreal pollen (AP) decrease to c. 80% in
sub-zone ROD-7a, and pollen abundances of temperate species
decline (most markedly Carpinus and Quercus robur-type) while
tree Betula, Pinus sylvestris-type, and Larix peak. Pollen of herba-
ceous taxa is more important compared to ROD-6, mainly due to
Poaceae and Artemisia, but also because of Apiaceae and Filipendula.
In the following sub-zone ROD-7b the percentages of AP rise again
to c. 95%, a recovery associated with major peaks of first Picea and
Abies (together with Abies stomata) and later Carpinus. Pinus syl-
vestris-type, tree Betula, and Larix are still major components of the
assemblage, though less important than in the previous sub-zone
ROD-7a. Fraxinus excelsior-, Quercus robur-type, Ulmus, Acer, Taxus,
and Hedera re-occur after sub-zone ROD-7a but are less frequent
than in ROD-6. For the first time we found single grains of Fagus in
this sub-zone, while Celtis pollen does not occur anymore. The
following sub-zone ROD-7c is characterized by a steady decline in
9

AP to c. 75%, mostly at the expenses of Abies, Carpinus, Picea, and
Larix. Percentages of Pinus sylvestris-type and tree Betula remain at
levels comparable to sub-zone ROD-7b. At the end of ROD-7c,
percentages and concentrations of Quercus robur-type, Poaceae,
and Artemisia increase when Calluna declines.

Based on these results we infer a transient decline of Carpinus,
Quercus, Abies, Taxus, and Picea during ROD-7a. The expansion of
cold-adapted trees (e.g. Larix, Pinus cembra) and pioneers (e.g.
Betula) together with upland herbs points to a marked reorgani-
zation of vegetation, which we consider to have been induced by
climate cooling. Pollen assemblages in ROD-7b imply that after
ROD-7a forests recovered but shifted from temperate deciduous
(ROD-6) to nemoboreal forests, dominated by Abies, Carpinus, and
Picea (ROD-7b). Abies was locally present at Rodderberg as inferred
by the occurrence of single stomata. Boreal trees such Picea abies,
Pinus sylvestris, and Betula pendula might have occupied the Eifel
and the Westerwald at higher elevations. Alternatively, the north-
ern limit of boreal forests might have shifted further south and thus
closer to the study site. At the end of ROD-7c, boreal Picea abies and
Larix, the heath shrub Calluna, moisture-demanding Salix as well as
temperate Abies and Carpinus declined, while Juniperus and
temperate Quercus expanded, and the forest opened. This shift was
probably linked to reduced moisture availability and/or more
continental conditions e.g. promoting late frost to which Abies is
susceptible (see also steadily declining sample scores on PCA axis 1
from ROD-7b to ROD-7c).

3.3.5. Telocratic (post-temperate) interglacial vegetation (ROD-8;
67e64.8 m)

In sub-zone ROD-8a percentages of arboreal pollen (AP) reach
values >90% and those of Pinus sylvestris-type together with tree
Betula, Corylus, and Quercus robur-type are most abundant. Pollen
of Pinus cembra-type, Picea, Larix, and Alnus glutinosa-type show
continuous abundances throughout ROD-8a. A phase during which
percentages of herbaceous taxa increase occurs at c. 66 m. As this
phase is represented by just one sample originating from sandy
material with a strong decrease in terrestrial pollen concentrations,
caution is due when interpreting this pollen signal. ROD-8b is
characterized by a major increase in percentages and concentra-
tions of both Larix and Pinus sylvestris-type. Percentages of
temperate tree taxa like Quercus robur-type, Ulmus, and Tilia and
boreal tree Betula decline. Concentrations of the latter, however, do
not show a particular reduction. As in ROD-8a, the level at c. 65.5 m
depth represents another phase during which the relative abun-
dance of herbaceous pollen increases (e.g. Poaceae and Artemisia).
Similar to the previous phase, this level was represented by one
sample only, and related inferences have thus to be treated with
caution. Nevertheless, because the overall terrestrial pollen con-
centration in this depth level is similar to the one of the samples
below and above, the development likely mirrors true variations in
vegetation cover. In ROD-8c AP is >80%, temperate taxa like Quercus
robur-type, Tilia, or Ulmus, but most prominently Abies and Carpi-
nus, show increasing and/or high percentage and concentration
values. Very interestingly, single pollen grains of oceanic and
temperate Hedera, which peaks during the mesocratic phase in
ROD-5 and ROD-6, were found. However, much in contrast to the
mesocratic phase, shrub Betula re-expands in this sub-zone.

These results suggest that nemoboreal forests expanded
massively (ROD-8a), and that they were dominated by Pinus syl-
vestris and Betula, but also Picea and Larix. The latter tree developed
to a major component of the forest around Rodderberg in ROD-8b,
while temperate elements such as Quercus and Ulmus were
reduced, possibly due to low temperatures and/or moisture avail-
ability. In ROD-8c a last strong recovery of temperate trees and
shrubs such as Abies, Ulmus, Quercus, Corylus, Tilia, Hedera, and
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Carpinus occurred, likely in response to a rather warm final phase of
the interglacial. Subsequently, towards the end of ROD-8c, all
temperate species strongly declined, likely in response to climate
cooling, converting the nemoboreal forests into boreal forests with
important shares of Pinus, Betula, and Larix.

3.3.6. Glacial and interstadial vegetation (ROD-9 to ROD-11;
64.8e58.9 m)

ROD-9 shows low percentages and concentrations of arboreal
pollen (AP ca. 20e50%), to which Pinus sylvestris-type, tree Betula,
and Larix contribute most. Percentages of shrub Betula reach a local
maximum in this zone. Percentages and concentrations of herba-
ceous pollen increase. Poaceae reaches peak values >50%, while
Artemisia increases to >10%. Juniperus pollen is continuously pre-
sent yet with low percentages. Only single grains of Salix, Fraxinus
excelsior-, Quercus robur-type, Acer, Tilia, and Carpinus are found in
this zone, whereas pollen of temperate Ulmus and Abies is
completely absent.

ROD-10 starts with a phase of increased percentages of AP
(>70%), mainly due to Pinus sylvestris-type and tree Betula, and to a
minor extent also to Quercus robur-type, Corylus, Alnus glutinosa-
type, and Picea. All of the above-mentioned types also show
increasing concentration values compared to the previous zone.
Pollen of the trees Ulmus, Acer, Fraxinus excelsior-type, Tilia, Carpi-
nus, and Abies re-occur more frequently in this first part of ROD-10
compared to the previous extremely open zone ROD-9. The
sequence continues with increasing percentages and concentra-
tions of both tree and shrub Betula, Juniperus, and herbaceous
pollen, mostly Poaceae and Artemisia, the latter reaches peak values
of >20%. Percentages of Larix have the highest values in the first half
and decrease towards the end of ROD-10. The end of the zone is
characterized by increasing percentages (>80%) and concentrations
of AP with a main contribution of tree and shrub Betula and Pinus
sylvestris-, but also Quercus robur-, Fraxinus excelsior-type, and
Ulmus show high values in the last sample. Juniperus pollen is no
longer part of the assemblage.

In ROD-11a Pinus sylvestris-type pollen is most abundant among
the AP that increases massively (>80%), in contrast to the previous
zone, in which tree Betula was the main component. Larix, Picea,
Quercus robur-type pollen, and Corylus contribute to a lesser extend
to the AP. In ROD-11b the abundance of AP stays below 75%. Pollen
of Poaceae contributes most to the percentages of herbaceous
pollen, with two intervals at 60.4 and 59.6 m in which a major
increase in abundance is observed. However, pollen concentrations
of Poaceae do not increase in these depths. Instead, the terrestrial
pollen concentrations strongly decrease, pointing to a dilution of
the sediment probably in response to increasing erosional input.

During the time period recorded in zone ROD-9, the boreal and
temperate forests collapsed almost entirely, only most cold-
adapted trees as Larix and Pinus cembra were not reduced build-
ing little stands (AP 20e50%). Likely in response to colder and/or
drier climate conditions, the landscape evolved into a species rich,
herb dominated steppe tundra with relict patches of boreal Pinus
sylvestris, P. cembra, tree Betula, and Larix. The local survival of Larix
is inferred by findings of stomata. At the onset of ROD-10 nem-
oboreal vegetation recovered to some extent to form forest steppes,
which were characterized by the co-occurrence of steppic herbs
with boreal trees and only minor shares of continental temperate
trees or shrubs (e.g. Quercus, Corylus). In the course of ROD-10, the
landscape further opened up and evolved into steppe vegetation
with few patches of boreal forest, mainly Betula and Pinus sylvestris.
Cold- and dry-adapted Larix prevailed during this time interval.
Towards the end of ROD-10, temperate tree taxa like Quercus,
Ulmus, and Fraxinus excelsior recovered to form once gain rather
closed (AP >80%) nemoboreal forests that endured during ROD-11a,
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thus likely pointing to interstadial climatic conditions. During the
course of ROD-11b, the nemoboreal forests steadily opened up and
in contrast to ROD-10, where Betula was the major boreal compo-
nent, Pinus sylvestris dominated during ROD-11b. This shift from
Betula to Pinus sylvestris dominance was likely driven by slightly
warmer climate conditions in ROD-11 compared to ROD-10, which
is supported by the increased values on the PCA axis 1.

4. Discussion

4.1. Biostratigraphical comparison of the lowermost Rodderberg
interglacial (LRI) with Central and Western European pollen profiles

Preliminary assessments (Zolitschka et al., 2014) suggest a
depositional age of LRI after MIS 13, but prior to the Eemian (MIS
5e; occurrence of Celtis pollen). Our novel and detailed palyno-
logical analysis confirms this first assumption, consequently, we
focus on similarities and differences with known Central and
Western European profiles that fall into the period between MIS 7
and MIS 11. Here, we do not compare the LRI with Southern Eu-
ropean records like Ioannina (Tzedakis, 1993, 1994), Tenaghi Phil-
ippon (Wijmstra, 1969; Wijmstra and Smit, 1976; van der Wiel and
Wijmstra, 1987a, 1987b), Lake Ohrid (Sadori et al., 2016; Donders
et al., 2021), Valle di Castiglione (Follieri et al., 1988), or marine
sequences from the NW Iberian margin (Desprat et al., 2005, 2006,
2007, 2009; Sanchez Go~ni et al., 2018) because of ecological and
environmental reasons. Specifically, markedly warmer and often
summer-drier conditions in Southern Europe result in divergent
successional patterns and forest assemblages compared with
Western and Central European archives. For example, interglacials
recorded in the marine sequences do not show a telocratic boreal
phase (Desprat et al., 2007) like most of the Western and Central
European records, including Rodderberg. Additionally, frequent
occurrences of Mediterranean taxa such as Pistacia, Quercus ilex-, Q.
cerris-, Ostrya-type, Olea, and Cistus characterize interglacials and
interstadials from Southern Europe (e.g. Follieri et al., 1988;
Donders et al., 2021), of which Pistacia, Olea, and Cistus also
frequently occur in the marine cores from the NW Iberian margin
(e.g. Desprat et al., 2007). On the continent this signal diminishes
gradually towards higher latitudes to reach small Mediterranean
abundances at Velay (~44�N; Reille et al., 2000) and sporadic single
occurrences at Les �Echets (~46�N; Beaulieu and Reille, 1984). Most
importantly, influences of Southern European vegetation are
completely absent further north at Rodderberg (~50�N).

Unfortunately, the linkage of terrestrial pollen archives older
than the Eemian with the marine stratigraphy is still not fully
established in Western and Central Europe. The following discus-
sion is therefore structured into (i) warm phases pre-dating the
Eemian and post-dating the Holsteinian, which are roughly
concordant with MIS 7 (see review by Stebich et al., 2020), (ii) the
Holsteinian, which corresponds to either MIS 9 or MIS 11 (e.g. Reille
et al., 2000; Geyh and Müller, 2005), (iii) the K€arlich (MIS 11;
Bittmann, 1992), and (iv) the Rhume/Bilshausen (MIS 11 or MIS 13;
Bittmann and Müller, 1996; Kühl and Gobet, 2010) interglacials of
the Cromerian Complex.

4.1.1. Warm phases between the Eemian and the Holsteinian
interglacials

Several records of warm phases from pre-dating the Eemian and
post-dating the Holsteinian are known from Germany (see review
by Stebich et al., 2020) and they are roughly concordant with MIS 7.
They are characterized as comparablyweakwarm phases (Lang and
Wolff, 2011), which has been globally inferred from e.g. re-
constructions of North Atlantic sea surface temperatures (Lawrence
et al., 2009), temperatures obtained from Antarctic ice cores (Jouzel
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et al., 2007), and global benthic d18O signals (Lisiecki and Raymo,
2005). As a likely consequence of such rather cool and variable
climatic conditions during MIS 7, many terrestrial archives in
Western and Central Europe show comparably small shares of
temperate tree and other thermophilous taxa. Falling into this
period are e.g. the Leck interstadial (Fig. 1a; Urban et al., 2011) and
the Hoogeveen interstadial (Zagwijn, 1973; de Jong, 1988). In other
Western and Central European archives, the weak presence or
absence of temperate Taxus and/or Abies conifer forests charac-
terize the vegetational composition duringMIS 7, e.g. the three pre-
Eemian warm phases of Neualbenreuth Maar (Stebich et al., 2020),
Bouchet 1e3 of the long sequence from Velay (Fig. 1a; Reille et al.,
2000; Beaulieu et al., 2001), at Sch€oningen (Urban, 2007) as well as
at Wacken (Menke, 1968) and D€omnitz (Erd, 1973) (Fig. 1a). We
note, however, that in the case of the latter two archives, the
missing Abies phase may be explained by a sedimentary hiatus.
Nevertheless, also the latter two sequences show a relatively weak
abundance of temperate deciduous taxa (e.g. Quercus, Corylus,
Ulmus, and Fraxinus) compared to Pinus, Betula, and Picea during
the warmest phases. In the Reinsdorf sequence (Urban, 1995, 2007)
from the Sch€oningen site (Fig. 1a), this pattern is even more pro-
nounced as temperate deciduous taxa are nearly absent during the
warmest phase (LPAZ R 3a) prior to the Carpinus-Abies phase (LPAZ
R 3 b). Contrarily, the vegetation during the LRI clearly shows full
interglacial conditions with a pronounced mesocratic phase
comprising closed temperate deciduous forest, a Taxus phase, the
occurrence of thermophilous evergreen broadleaved Hedera, Buxus,
Ilex as well as a well-developed oligocratic phase with Abies.
Nevertheless, dominating temperate deciduous forest vegetation
during the mesocratic phase of Nachtigall 1 (Fig. 1a; Kleinmann
et al., 2011) are comparable to the LRI. Importantly, and contrarily
to the LRI, Celtis and a distinct Taxus phase prior to the maximum
expansion of Carpinus are absent during Nachtigall 1. The same
accounts for the second warm phase in the G€ottingen/Ottostrabe
profile (Fig. 1a; Grüger et al., 1994; Grüger, 1996), which have been
suggested to be time equivalents (Kleinmann et al., 2011) but
originally placed to the Cromerian Complex (Grüger et al., 1994;
Grüger, 1996). A further biostratigraphical comparison of our LRI
with Nachtigall 1 is hampered by the fact that the latter sequence is
fragmentary and interrupted by two allochthonous units with high
amounts of reworked pollen. Additionally, the pollen assemblages
are strongly dominated by local fen vegetation (e.g. Alnus, Betula;
Kleinmann et al., 2011).

Most of the post-Holsteinian warm phases from Western and
Central Europe do not have occurrences of Celtis during the
warmest phases, e.g. in France Bouchet 1e3 (Reille et al., 1998) and
in Switzerland Meikirch 1e3 (Welten, 1982; Preusser et al., 2005).
The same is also the case for records of warm stages in Germany
such as Reinsdorf and Sch€oningen (Urban et al., 1991; Urban, 2007),
Wacken (Menke,1968), D€omnitz (Erd,1973), Nachtigall (Kleinmann
et al., 2011), and G€ottingen/Ottostrabe (Fig. 1a). Single grains of
Celtis were only found in the sediment sequence of Erkner, east of
Berlin (Cepek, 1986), during a warm phase, which was attributed to
the D€omnitz interglacial. However, the stratigraphic position and
the autochthonous deposition of these single grains are debatable
(Bittmann, 2012). Another exception is the upper warm phase of
H€ohenmoos, Southern Germany (Herz et al., 2014), in which small
abundances of Celtis pollen occur in consecutive samples. In gen-
eral, the upper warm phase at H€ohenmoos is comparable to our LRI.
Yet, there are major differences between the two archives, which
makes a biostratigraphic correlation difficult. The first one is the
different timing of Larix occurrences, which is recorded during the
protocratic phase together with Pinus and Betula at H€ohenmoos,
but is missing during this phase in the LRI, and instead present
during the oligocratic phase together with Abies and Carpinus.
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Another difference is the timing of the Ulmus expansion, which
occurs before the Quercus and Fraxinus expansions at H€ohenmoos
(Profile IV in Herz et al., 2014; note that Ulmus is the first temperate
deciduous tree to establish). During the LRI, Ulmus only expanded
massively (ROD-5) after the initial establishment of a temperate
deciduous forest with Fraxinus excelsior, Quercus, and Corylus (ROD-
3 and ROD-4). Taken together, the LRI sequence is characterized by
a pronounced interglacial andmesocratic pollen signature, which is
lacking in most central European pollen records assigned to MIS 7.
Given these discrepancies (climatically rather cool and unstable
conditions in central Europe, occurrences of characteristic taxa, and
successional patterns), we refrain from correlating the LRI with any
of the warm, supposedly interstadial phases, that have been
recorded between the Holsteinian and the Eemian.

4.1.2. Holsteinian interglacial (MIS 9 or MIS 11)
The vegetation of the Holsteinian interglacial has been charac-

terized thoroughly on a European scale, and many profiles have
been described from Germany (e.g. Erd, 1973; Müller, 1974; Erd
et al., 1987; Diehl and Sirocko, 2007; Koutsodendris et al., 2010;
Eibmann et al., 2020). Conventionally, the Holsteinian interglacial
has been assigned toMIS 11 (e.g. Sarnthein et al., 1986; Urban,1995;
Reille et al., 2000; Lauer and Weiss, 2018; Tucci et al., 2021), but
first U/Th dates of the type section at Bossel, Germany, provided
MIS 9 ages (c. 340e325 ka BP; Geyh and Müller, 2005). Typical for
Holsteinian-type interglacials are (i) the presence of Pterocarya
(usually c. 1e2%) during the oligocratic phase together with Abies,
(ii) early occurrences of Picea and Alnus, and (iii) a short-lived mid-
interglacial climate deterioration after the Taxus and the initial
Carpinus expansion, causing a shift from a closed temperate to
more open boreal forest vegetation (Geyh and Müller, 2005;
Nitychoruk et al., 2006; Bittmann, 2012). Celtis is regularly found in
Holsteinian profiles. Early occurrences of Picea and Alnus as well as
the continuous presence of Celtis during the mesocratic phase
would allow to biostratigraphically correlate the LRI and the Hol-
steinian. Sub-zone ROD-7a of the LRI potentially corresponds to the
mid-interglacial cooling (Carpinus-setback) recorded in Holsteinian
profiles, e.g. D€ottingen (Fig. 7b, zone 4c). However, at D€ottingen the
expansion of thermophilous taxa (e.g. Taxus) as well as the stable
abundances of boreal taxa during this phase rather point to drivers
other than climate. Similarly, in the Holsteinian profile of Gr€obern-
Schmerz (Eibmann et al., 2020), the Carpinus-setback comes along
with expansions of not only boreal forest, but also of temperate
taxa like Corylus, Fraxinus, and Abies. In fact, the vegetational dy-
namics during sub-zone ROD-7a are quite different from Hol-
steinian sequences and point towards a severe cooling event with
major restructuring of the vegetation towards semi-open boreal
forests.

The lack of Pterocarya is probably the major difference between
the LRI and Holsteinian profiles. A possible explanation could be
that Pterocarya fraxinifolia is a riparian species (Song et al., 2021)
and thus dependent on locally favourable, i.e. wet conditions. In
fact, Pterocarya abundances and their duration show local varia-
tions among Holsteinian sites, from discontinuous occurrences
(Kühl and Litt, 2007; Eibmann et al., 2020) to continuous abun-
dances up to 5% (Diehl and Sirocko, 2007). However, the D€ottingen
Dry Maar, 460 m a.s.l. (Fig. 1a; Diehl and Sirocko, 2007), the closest
Holsteinian profile to Rodderberg and hence the best possible
Holsteinian reference despite its higher elevation (313 m differ-
ence), has a distinct phase during which Pterocarya was present.

4.1.3. K€arlich interglacial (MIS 11)
The K€arlich interglacial has been dated via the intercalated (or

basal) Brockentuff to 396 ± 20 ka (40Ar/39Ar) and thus to MIS 11
(van den Bogaard et al., 1989). A characteristic similarity between



Fig. 7. Pollen percentage diagrams (selected taxa) of the lowermost Rodderberg interglacial (LRI) and its most probable analogues. a. Protocratic (proto), mesocratic (meso), oli-
gocratic (oligo) and telocratic (telo) interglacial phases of the LRI. b. Holsteinian profile of D€ottingen (MIS 9 or MIS 11; modified after Diehl and Sirocko, 2007). c. The K€arlich
interglacial, dated to 396 ± 20 ka (MIS 11) via 40Ar/39Ar (modified after Bittmann, 1992), has been correlated with the second part from the d. Bilshausen interglacial (MIS 11 or MIS
13; modified after Kühl and Gobet, 2010).
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the LRI and the K€arlich interglacial is the continuous presence of
Larix starting already during the oligocratic phase together with
Abies and Carpinus (zone 6 in Fig. 7c). This particular feature stands
out because Larix, as a cold-adapted boreal species (Da Ronch et al.,
2016), usually occurs during pre-temperate (Herz et al., 2014) and
post-temperate interglacial phases (e.g. D€ottingen: Diehl and
Sirocko, 2007, Fig. 7b; Reinsdorf: Urban, 2007), or is completely
absent (e.g. Gr€obern-Schmerz: Eibmann et al., 2020, Kühl and Litt,
2007; Munster-Breloh: Müller, 1974). The negligible presence of
Pterocarya (Geyh and Müller, 2007), the presence of Celtis, and
especially the occurrence of Fraxinus americana-type pollen during
the mesocratic phase of the K€arlich interglacial are in best agree-
ment with the LRI (Fig. 7c). The tephra layer at the onset of ROD-3
could be further evidence for correlating the LRI withMIS 11. In fact,
several eruptions of the Riedener Caldera (East Eifel Volcanic Field)
occurred between c. 420 and 400 ka (MIS 11; van den Bogaard,
1995; Schmincke, 2007). Subsequently, the East Eifel Volcanic
Field was inactive during the time period between MIS 10 and MIS
7, i.e. until c. 215 ka (F€orster and Sirocko, 2016). Additionally, and
comparable to the LRI after the telocratic phase (i.e. after ROD-8c;
Fig. 4a), a stadial (Mühlheim I; zones 9 and 10 in Fig. 7c) and an
interstadial (Kettiger; zone 11 in Fig. 7c) period follow the K€arlich
interglacial. However, the short-term vegetational change towards
more boreal forests (zone ROD-7a in Fig. 7a) as well as the unstable
telocratic phase are both missing in the K€arlich profile. Possible
explanations could be that the assemblage change in zone ROD-7a
was in fact not driven by climate, but rather reflects landscape
modifications due to e.g. landslides, which were colonized by
herbaceous vegetation and pioneer trees birch and pine.

4.1.4. Rhume/Bilshausen (MIS 11 or MIS 13)
The younger part of the Bilshausen interglacial (Müller, 1965,

1992; Kühl and Gobet, 2010) has been discussed to be time
equivalent to the K€arlich interglacial (Bittmann, 1992; Bittmann
and Müller, 1996). Although less likely, an MIS 13 age cannot be
totally excluded, since the sequence has never been dated directly
(Kühl and Gobet, 2010). During the oligocratic phase of the Bil-
shausen interglacial, Müller (1965) noticed a short-term (c. 400
years) change from closed temperate forests dominated by Abies,
Quercus, Ulmus, and Picea to more open nemoboreal forests domi-
nated by Pinus and Betula. According to the author, this vegetational
change was likely driven by climate. In a new profile from Bil-
shausen, Kühl and Gobet (2010) equally found a Pinus and Betula
expansion, and Abies decline during the oligocratic phase (zone f in
Fig. 7d). This event could be an analogue of the vegetational
changes observed in ROD-7a. However, in contrast to zone ROD-7a
of Rodderberg, other temperate trees like Quercus, Ulmus, and Tilia
did not decline during this event at Bilshausen, which may suggest
other drivers than climate.

Both Bilshausen profiles (Müller, 1965; Kühl and Gobet, 2010)
show high variability of pollen data in the telocratic phase (i.e.
fluctuating NAP, boreal elements, and re-appearance of temperate
taxa) likely resulting from unstable climatic conditions towards the
end of the interglacial (zones j and k in Fig. 7d). Although the last
recovery of temperate trees in ROD-8c is more prominent
compared to observations of the Bilshausen interglacial, the telo-
cratic phase of the LRI is similarly unstable. Additional similarities
of the Bilshausen interglacial with the LRI are the early presence of
Larix, the absence of Pterocarya, and the occurrence of Celtis. Along
with these similarities of the LRI with Bilshausen, certain dissimi-
larities have to be noted. In fact, a typical (boreal) afforestation
phase with Pinus and Betula is missing at Bilshausen. Instead,
afforestation took place with Pinus, Alnus, Picea, and Ulmus (Müller,
1965). In contrast to the LRI, Ulmus is strongly represented
throughout the interglacial. Furthermore, the relative timing of
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Carpinus and Abies expansions is inverse at Bilshausen compared to
the LRI. The Bilshausen profile suggests the occurrence of a Tilia
decline corresponding to a c. 4 mm thick tephra layer 5e6 ka after
the above-mentioned Pinus and Betula expansion during the Abies
phase (Müller, 1992). No such tephra layer has been observed
during the LRI or during the K€arlich interglacial, making themmore
similar, if compared to Bilshausen.

5. Conclusions

We have analysed in more detail the oldest interglacial within
the Rodderberg sediment archive, until today only described by
four palynological samples. Although reworked pollen is present
predominantly at the base of the analysed section, most probably
deposited directly after the formation of the maar crater, the gen-
eral trends in the climate-driven vegetation dynamics reveal a
vegetation development which is typical for an interglacial. Based
on the vegetation assemblage and succession, our analyses suggest
a depositional age prior to MIS 7, which is in accordance with
previous studies. The possibility of the LRI to be equivalent to the
Holsteinian is still debatable since the lack of Pterocarya pollen is
only a weak proof of the physical absence of this species. A corre-
lation of the LRI with the Rhume/Bilshausen interglacial is possible.
However, the correlation with the K€arlich interglacial, dated to
396 ± 20 ka by 40Ar/39Ar, is more convincing according to the pollen
assemblages and successional patterns (timing of Larix expansion,
relative timing of Carpinus and Abies, Fraxinus americana-type
pollen) as well as the tephra-stratigraphy. This marked biostrati-
graphic correlation with the 40Ar/39Ar-dated K€arlich interglacial
places the LRI into MIS 11. Ongoing investigations, e.g. new lumi-
nescence dating, characterisation of present tephra-layers as well
as palynological analyses of the superposed interglacial layers, will
hopefully help to solve the still open questions.
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