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The Middle Pleistocene Reinsdorf sequence at the Lower Palaeolithic sites of Sch€oningen offers the opportunity to
reconstruct a rarely well-preserved post-Holsteinian environmental transition from an interglacial into a glacial phase
along with its highly dynamic interjacent climatic oscillations. Combining biological proxies, element composition and
stable isotope ratios of two lakeshore sequences at excavation site 13 II, we demonstrate repeated variations in climate,
hydrology and catchment vegetation cover. Newostracod-based quantitative mean summer andwinter air temperature
reconstructionswith theMutual Ostracod Temperature Range (MOTR) method provide the first detailed information
about the temperature evolution. The interglacial temperature maximum, probably corresponding to Marine Isotope
Stage 9e, is followed by a first dry phase and, during the younger part of theReinsdorf sequence, by a second dry period.
Both were marked by lower precipitation/evaporation ratios, reduced vegetation cover in the catchment and increased
surface inflows fromsprings.Temperature reconstructionsof these two steppe (openwoodland)phases yieldverynarrow
ranges for mean January (�4–0 °C) and July (+17–19 or +17–21 °C) air temperatures, demonstrating that, while
summers were similar to those of today, winters were at least 1 °C colder, hinting at a more pronounced continental
climate. Precise temperature estimates for the interjacent woodland and steppe (woodland) phase are hindered by
generally wider ranges produced by the MOTR method (January mean �4–3 °C, July mean +15–21 °C). The
development of a more extensive vegetation cover, reducing surface runoff and erosion in favour of increased river and
groundwater discharge, as indicated by a shift in microfossil and stable isotope records, suggests generally more humid
climates with higher precipitation/evaporation ratios as well as reduced seasonal temperature variations.
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In light of current climate change, Middle Pleistocene
interglacials have attracted increasing interest because
they provide information about past climate dynamics
(Tzedakis et al. 2009). These periods can be regarded as
natural climate variability analogues to the current
interglacial, the Holocene, giving insights into present-
day, anthropogenically driven climate warming, and can
be used for developing more reliable climate scenarios
(Berger & Loutre 2003; Thompson 2004; Schulz &
Paul 2015; Yin & Berger 2015). In particular, Marine
Isotope Stage (MIS) 11 has become the centre of
attention because of its similarities to the Holocene in
terms of low-amplitude insolation variations (Loutre &
Berger 2003; Candy et al. 2014; Past Interglacials
Working Group of PAGES 2016; Tzedakis et al. 2022).
The investigation ofother stages such asMIS9, however,
offers the opportunity to evaluate the evolution of
interglacial periods influenced by different boundary
conditions and the variable response of the climatic
system.More importantly,MIS9 is consideredoneof the

best analogues of the Holocene because: (i) its caloric
summer half-year insolation is the closest to that of the
Late Holocene throughout the last ~450 000 years
(Ruddiman 2007); and (ii) it is marked by the highest
pre-industrial atmospheric carbon dioxide concentra-
tions of the past 800 000 years, as documented by the
Antarctic ice core record (L€uthi et al. 2008).

Although several continental records are available for
MIS 9 from Europe, for example, speleothem records
(Berstad et al. 2002; Drysdale et al. 2004; Regattieri
et al. 2018; Błaszczyk & Hercman 2022) and sediment
records (Reille et al. 2000; Lacey et al. 2016; Koutsoden-
dris et al. 2023), onlya fewofferquantitative temperature
reconstructions (e.g.Bridgland et al. 2013).On this basis,
MIS 9 is the least investigated of all late Middle
Pleistocene interglacials, so insights into the response
of ecosystems to the special climate characteristics of
MIS 9 (e.g. high obliquity, high CO2 concentration; Yin
& Berger 2015) are limited and further data therefore
much needed.What is known, however, is that theMIS 9
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interglacial–glacial transition has been punctuated by
several suborbital cold events in the North Atlantic
Ocean and its borderlands (Martrat et al. 2005, 2007;
Roucoux et al. 2006;Desprat et al. 2009). These episodes
were proposed to be related to changes in the deep-water
circulation and partly to iceberg discharges (Desprat
et al. 2009). Changes in the North Atlantic drift have
substantially affected central Europe’s climate during
the late Eemian (Sirocko et al. 2005), and it stands to
reason that the MIS 9 North Atlantic cooling episodes
might have left an imprint as well.

In central Europe, near- and long-distance correlation
of interglacial records, post-dating the Elsterian and
pre-dating the Saalian Drenthe stadial, with other
terrestrial records and the marine oxygen isotope record
is still under debate (Lauer & Weiss 2018). Few
terrestrial, stratigraphically well referable deposits are
preserved at, for example, Munster-Breloh (M€uller
1974), Dethlingen (Koutsodendris et al. 2010), Leck
(Stephan et al. 2011) and Ummendorf (Strahl 2019;
Wansa et al. 2019). The number of non-Holsteinian
sequences (from Sch€oningen: Urban et al. 1991;
Urban 1995, 2007; from Pit Nachtigall: Kleinmann
et al. 2011; Waas et al. 2011) is still low (Nitychoruk
et al. 2006) and their chronostratigraphical position
under discussion, which emphasizes the need for well-
preserved, dated sequences enabling both a better
correlation of central European sites and reinforcement
of the chronostratigraphical positions.

Covering several interglacial–glacial cycles, the
open-cast lignitemine of Sch€oningen,Germany is of great
interest forMiddle Pleistocene stratigraphyas it represents
a comprehensive climatic archive excellently suited for
multidisciplinary research (Thieme 2007; Urban et al.
2011; Conard et al. 2015; Serangeli et al. 2018). Abundant
archaeological finds at the Lower Palaeolithic sites, for
example the worldwide oldest wooden hunting spears
(Thieme 2007), additionally enable direct correlation of
environmental change and human habitats. The spears
were deposited in a post-Elsterian interglacial–glacial
sequence, which, based on palynological data, shows
differences fromHolsteiniandeposits found inSch€oningen
and other sequences of the Holsteinian Interglacial;
therefore, the initially only exposed interglacial section of
the Reinsdorf sequence was named the Reinsdorf Inter-
glacial (Urban 1995). Some authors, however, have
considered the Reinsdorf Interglacial as a regional variety
of the Holsteinian sensu stricto (Litt et al. 2007; Bitt-
mann 2012). Moreover, the general correlation of the
Holsteinian Interglacial with MIS 11 (e.g. Nitychoruk
et al. 2005; Candy et al. 2014; Cohen &Gibbard 2016) or,
alternatively, with MIS 9 (Geyh & M€uller 2005; Geyh &
Krbetschek2012) remainscontroversial, althoughdetailed
investigation of a pollen record from Dethlingen suggests
an allocation of the Holsteinian to MIS 11c (Koutsoden-
dris et al. 2010). The correlation of biostratigraphically
clearly assigned Holsteinian deposits to MIS 11 was

recently confirmed by tephrochronological data from the
Eifel region (Fern�andez Arias et al. 2023). Based on
thermoluminescence dating of heated flints from deposits
of the archaeological site Sch€oningen 13 I, which lies
stratigraphically below the Reinsdorf deposits, a correla-
tion withMIS 9 was proposed for the Reinsdorf sequence
(Richter & Krbetscheck 2015). Recently obtained ages of
about300 ka for sediments fromanewfindhorizonwithin
the sequence, based on luminescence dating, further
support this correlation (Tucci et al. 2021). Therefore,
results strengthen a separation into two different intergla-
cial periods, supporting a correlation of the Holsteinian
withMIS 11, and of theReinsdorf withMIS 9. Because of
the characteristic climatic dynamics and short-term
oscillations of the individual marine isotope stages and
corresponding interglacial stages in Europe (Martrat
et al. 2005; Desprat et al. 2009; Koutsodendris et al. 2011,
2013), additional information about the climatic evolution
of the Reinsdorf sequence is important to further confirm
its stratigraphical position as well as the chronological
position of its oscillations.

Although multi-proxy data about the environmental
developments during the Reinsdorf sequence are already
available (e.g.vanKolfschoten2014;B€ohme2015;Urban&
Bigga 2015;Krahn et al. 2021;Urban et al. 2023a), detailed
temperature reconstructions are still missing, and continu-
ous interpretations are hindered by changing preservation
of aquatic fossil remains and depositional gaps or poorly
developedlevelsofpreviouslyinvestigatedsequences,aswell
as lower sampling resolution. For this study, we analysed
ostracods and diatoms that have been widely used to
reconstruct past temperatures (Horne et al. 2012), water
depths(Wrozynaetal.2009)andsalinities(Gasseetal.1987;
Kashima 2003), among others. They are often well and
abundantly preserved in lake sediments and show great
sensitivity to environmental variations. Biological proxies,
together with geochemical proxies, preserved in lacustrine
sequences can yield high-resolution large-scale to site-
specific palaeo-environmental information (Last &
Smol 2001; Smol et al. 2001a, b). Here, elemental
composition (total organic carbon (TOC), CaCO3 and
C/Nratios)andstable isotopesofbulkcarbonates (d13Ccarb,
d18Ocarb) and ostracod valves (d13Costracod, d

18Oostracod),
combined with microfossil analyses, were performed to
trace variations in temperature, hydrology and catchment
developmentmoreprecisely.Two lakeshore sequences from
archaeological site Sch€oningen 13 II were selected to
distinguish between sequence-specific signals and to
overcome the aforementioned limitations.

This study integrates qualitativeaswell as quantitative
biologicalandgeochemicaldata.Ouraim is (i) todevelop
a detailed quantitative temperature reconstruction and
(ii) to contribute to a better understanding of the
Reinsdorf post-interglacial climate oscillations and
thereby aquatic ecosystem responses during MIS 9 in
central Europe. Mutual Ostracod Temperature Range
(MOTR) method results and the inferred climatic
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oscillations are compared with published data from
European Middle Pleistocene MIS 9 records in order to
(iii) test the proposed chronological position of the
Reinsdorf sequence.

Site description

The excavation sites of Sch€oningen (latitude 52°80 N,
longitude 11°00 E; 90–130 m a.s.l.) are located in a
former open-cast lignite mine about 100 km east of
Hanover in northern Germany (Fig. 1A). Today, the
20-year average mean air temperature of the coldest
month (January) in the Sch€oningen area is 1.0 °C, and
thatof thewarmestmonth (July) is 18.8 °C(DWD2003–
2022; station: Ummendorf Helmstedt). Annual precip-
itation amounts to 531 mm per year (DWD 1988–2022;
station:UmmendorfHelmstedt). Precipitation ishighest
during the summer months (June, July, August), and
d18O values of January precipitation are about 3&more
negative compared with those of July precipitation
(IAEA/WMO 2022).

The lignite seams and overlying deposits were
deposited within a rim syncline, developed along the
edge of the Helmstedt–Staßfurt salt wall, a 70-km-long
narrow salt structure, which runs along the
north-eastern area of the mine in a NW–SE direction
(Brandes et al. 2012). The Elm, a small mountain ridge
composed of Muschelkalk limestone, is situated NW
close to the study site (Fig. 1B), and waters from its
springs reach the decommissioned lignite mine from the

west and through the stream Missaue from the north
(Evers 2017). Several archaeological siteswere identified
in Sch€oningen, of which especially site 13 II yielded
many important Palaeolithic finds (Thieme &
Mania 1993; Thieme 1997; Serangeli et al. 2012).

OverlyingElsterian till, a sequence of six superimposed
interglacial–glacial cycles was identified and interpreted
as infillings of NW- to SE-trending large-scale fluvial
channels (Mania 1995, 2007). This model, although
challenged by other authors (Lang et al. 2015), provides
the nomenclature of the individual sites (channels I–VI).
Each cycle starts with late glacial sediments, which are
discordantly overlain by silty, organic-rich limnic–tel-
matic sediments, andencompass an interglacial phase and
its transition into a succeeding glacial period. More
recently, deposition of the sequences within an elongated
lakebasin, formed in the depressionof anElsterian tunnel
valley, was inferred based on data from outcrop sections,
borehole logs and shear wave seismics (Lang et al. 2012,
2015). The channels were interpreted as major unconfor-
mities within a palaeodelta caused by climate-driven lake
level variations. Site 13 II was proposed to be located on a
delta plain along the southwestern shore of a long-lived
palaeolake fed by small streams from the Elm.

Based on palynological evidence, Urban et al. (1988,
1991), Urban and Thieme (1991) and Urban (1995)
defined three succeeding interglacial–glacial cycles
sandwiched between the Elsterian and Saalian glacial
deposits.Theoldest deposits (channel I)were assigned to
the Holsteinian Interglacial, whereas the deposits of
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channel II were locally defined as the Reinsdorf
Interglacial (Urban et al. 2011; Sierralta et al. 2012;
Urban & Bigga 2015). Deposits from the northern
mining area representing the pollen succession of
channel III were named the Sch€oningen Interglacial
and correlated with MIS 7, based on palynological data
(Urban et al. 1991; Urban 1995, 2007).

Material and methods

Sampling of the two Reinsdorf sequences

Two sequences were sampled at archaeological site 13 II
(Fig. 1B). Sequence one, consisting of two profiles,
Para-Reference Profile (PRP) 13 II (2014) (13 II-2c5–II-
4e1) and Zeugenblock (ZB) 13 II (2018) (13 II-4c–II-5c3),
was sampled in 2014 and 2018, respectively. Both profiles
were combined in order to cover the whole Reinsdorf
sequence, and had a total thickness of about 6.3 m. A
detailed lithological description of this sequence is given
in Urban et al. (2023a). Sequence two, Reference Profile
(RP) 13 II (2003) (13 II-1c4–II-5c2), had already been
sampled in 2003. From five staggered profiles, samples
were taken using 25 9 7 9 5-cm-sized steel boxes for
palynological and geochemical analyses (Urban &
Bigga 2015). Previously recovered ostracod valves from
subsamples thereof (Krahn et al. 2021) were analysed for
MOTR and stable isotopes in this study. Samples of the
combined sequence PRP 13 II (2014)/ZB 13 II (2018) had
a resolution of 1 cm, while samples from sequence RP 13
II (2003) were generally integrated 1–2 cm. The designa-
tion (13 = archaeological site; II = channel/climatic cycle)
and subdivision (level, II-1 to -5; sublevel, II-1a; sub-
sublevel, II-1a1) used in this study follow Mania (1998),
B€ohner et al. (2005) and Urban and Bigga (2015).

Ostracod analyses

Ninety-one samples from sequence PRP 13 II (2014)/ZB
13 II (2018) were analysed for ostracods (resolution on
average 7 cm). For each sample, between ~2 and 8 g of
sediment was processed. Samples were immersed over-
night in ~4% H2O2 to remove organic matter and
subsequently washed through stacked mesh sieves (250,
125 and 63 lm) to separate the sample in different size
fractions. If possible, up to ~300 valveswere picked from
the 250-lm fraction using fine brushes. Specimens were
identifiedunderaLeicaM80stereoscopicmicroscope. In
the two smaller fractions, valves were counted to assess
the ostracod concentration. Taxonomic identification of
ostracods is based on standard identification keys
(Meisch 2000; Fuhrmann 2012).

Diatom analyses

A total of 36 samples (resolution on average 18 cm) from
sequence PRP 13 II (2014)/ZB 13 II (2018) were prepared

for diatom analysis after Kalbe and Werner (1974) with
minormodifications.Naphrax�was used as themountant
topreparepermanent slidesanddiatomvalvecountingwas
performed using a LeicaDM5000BLM, equippedwith a
ProgRes� CT5 camera with differential interference
contrast under oil immersion at 91000 magnification.
The diatom concentration was determined by adding
known quantities of polystyrene microspheres to the
processed sample (Battarbee & Kneen 1982). If possible,
400 valves per sample were identified using standard
literature (Krammer & Lange-Bertalot 1986, 1988, 1991a,
b; Lange-Bertalot et al. 2017) along with relevant
taxonomic publications. In samples with low diatom
concentration, diatoms were analysed until 1000 micro-
spheres had been counted. In samples lacking diatoms or
withvery lowdiatomconcentration, analyseswere stopped
when500microspheresandnotmorethan10diatomvalves
had been counted.

Elemental and stable isotope analyses of bulk sediments
and ostracod valves

In total, 89 samples of sequences PRP 13 II (2014)/ZB 13
II (2018) were analysed (resolution on average 7 cm).
Total carbon (TC), total nitrogen (TN) and TOC were
determined on ground bulk samples using an elemental
analyser (FlashEA 1112), connected with a ConFloIV
interface on aDELTAVAdvantage IRMS (isotope ratio
mass spectrometer, ThermoFischer Scientific) at the
GFZ German Research Centre for Geosciences in
Potsdam, Germany. For TC and TN on average 2 and
40 mg, respectively, sample material was loaded into tin
capsules and burned in the elemental analyser. The
calibration forTCandTNwasperformedusingureaand
acetanilide, respectively. The calibration was checked
with a soil reference sample (Boden3, HEKATECH).
Replicate determinations show a standard deviation
better than 0.2% for TC and TN.

The TOC contents were determined on in-situ
decalcified samples. About 3 mg of sample material
were weighted into Ag capsules, drizzled first with 3%
and second with 20% HCl, heated for 3 h at 75 °C, and
finally wrapped into the Ag capsules and measured, as
described above. The calibration was performed using
urea and checked with a soil reference sample (Boden3,
HEKATECH). The reproducibility for replicate ana-
lyses is 0.2%. The CaCO3 content was calculated using
the equation (TC � TOC) 9 8.33. To calculate C/N
ratios, TOC values were divided by TN values.

Bulk carbonate samples [PRP 13 II (2014)/ZB 13 II
(2018) + 51 samples of RP 13 II (2003)] and cleaned
ostracod valves [only RP 13 II (2003)] were analysed for
d13C and d18O using a FinniganMAT253 mass spectrom-
eter connected to an automated carbonate-reaction device
(KIEL IV). Samples of around 80 lg for ostracod valves
and around 0.2 mg for bulk analyses were automatically
dissolved with 103% H3PO4 at 72 °C, and the isotopic
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compositionswere measured on the released and cryogen-
ically purifiedCO2.The isotope composition is given in the
delta notation relative to VPDB (Vienna Peedee Belem-
nite). Replicate analysis of reference material (NBS19,
internal C1) yielded standard errors of <0.07& for both
d13C and d18O. Because not sufficient adult valves of one
single ostracod species in sequence RP 13 II (2003) were
available throughout the entire sequence, stable oxygen
and carbon isotopes of ostracod valves were measured on
juvenileCandona spp.,whichprovided enoughmaterial for
the analyses. Up to 15 valves were selected per sample,
depending on their size and combined weight. As
preparation for stable isotope measurements, valves were
carefully cleanedunder abinocularmicroscopeusinga fine
brush, distilled water, ethanol and a 2% H2O2 solution.
The d18O values of juvenileCandona spp. valveswere later
corrected for the vital offset using the coefficient +2.2&
VPDB (von Grafenstein et al. 1992, 1999).

Temperature reconstruction, data handling and
visualization

Past mean January and July air temperature rangeswere
reconstructed by applying the MOTR method
(Horne 2007; Horne et al. 2012; D.J. Horne unpublished
data, Table S1) to both Reinsdorf sequences. Recon-
structedrangeswerecomparedwithmodernJanuaryand
July temperatures for the locality, obtained from local
weather stations (January +1 °C, July +18.8 °C) as well
as with the WorldClim temperature data which are
interpolated from climate data for the 50-year period
1950–2000 (January0 °C, July+18 °C)andwereused for
theMOTRcalibrations.The three-pointmovingaverage
method was applied to the MOTR results to smooth
short-term fluctuations and emphasize long-term trends
(see Marchegiano et al. 2020). Samples that contained
fewer than 10 identified ostracod valves (nine samples)
and fewer than 25 identified diatom valves (four
samples) were excluded from abundance analyses.
Stratigraphical diagrams were created with C2 version
1.7.7 (Juggins 2007). Biplots, correlation analyses and
three-point moving-averages were prepared using the
program PAST version 3.25 (Hammer et al. 2001).

Results

Changes in the aquatic microfossil and geochemistry
record of sequence PRP 13 II (2014)/ZB 13 II (2018)

Ostracod (0–787 valves g�1 dry weight (DW)) and diatom
(0–59 9 106 valves g�1 DW) concentration and preserva-
tionvaryconsiderablythroughout thesequence. Intotal,45
ostracod and 17 diatom samples were void of microfossil
remains.Theostracodassemblage isdominatedby juvenile
Candonidae (19.0–82.9%) and Cyclocypris taxa (0.5–
57.1%), while Ilyocypris bradyi (2.0–36.7%), Pseudocan-
dona compressa (0.3–16.8%),Limnocythere inopinata (0.4–

19.6%) and Prionocypris zenkeri (2.9–48.1%) are com-
monly present. In the diatom assemblage, small tycho-
planktonic fragilarioid species (e.g. Pseudostaurosira
brevistriata, Pseudostaurosira elliptica, Punctastriata lan-
cettula, Staurosira venter and Nanofrustulum sopotensis)
are dominant (10.3–81.2%). The diatom species Navicula
oblonga,CymbopleurainaequalisandHalamphoravenetaas
well as the genera Navicula, Epithemia and Cocconeis are
frequently found in the benthic community (17.9–70.6%)
(Figs 2, S1).

The CaCO3 content varies between 0 and 67% (mean
18%) and demonstrates a close relation to the ostracod
concentration (Fig. 2). The TOC ranges between 1.3%
(13 II-2c3) and38.5% (13 II-2ab) andhas ameanvalueof
8.7%. The C/N ratios exhibit the highest values in 13 II-
2bc–II-3b1 (>20), while the lowest value (11) is found at
the very top of the sequence (mean 16). d13Ccarb varies
between �7.6 and �2.6& (mean �4.5&), and d18Ocarb

exhibits valuesbetween�9.8and�7.3& (mean�8.1&).
Both parameters show the lowest values in layer 13 II-3b
and the highest values in 13 II-4c.

Based ondistinctive changes in the aquaticmicrofossil
record (composition and frequency of occurrences),
complemented by the palynology-basedbiostratigraphi-
cal recordofSch€oningen13 II (Urban et al. 2023a), seven
development zones (Z-I–VII) and an additional six
subzones in zone IV (Z-IVa�IVf) were identified (Fig. 2,
Table 1).

Zone I (13 II-2c5–II-2c4/5) did not yield any aquatic
microfossil remains or carbonate. The TOC (7.1–11.4%)
shows a decreasing trend. Zone II covers sub-sublevel 13
II-2c4. Ostracods, mainly juvenile Candonidae and I.
bradyi, appear for the first time. The geochemical record
does not display major variations. Zone III extends from
sub-sublevel 13 II-2c3 to II-2c1.Ostracods are frequent in
lowconcentrations(upto100valvesg�1DW).Cyclocypris
spp. (0–31.4%), I. bradyi (0–35.7%)andP. zenkeri (0–20%)
increase in abundance.TheTOCcontents are low,CaCO3

values are on average 13% and C/N ratios range between
13 and 18. The d13Ccarb (�5.4 to �4.5&) and d18Ocarb

(�7.9 to�7.4&) exhibit only small variations.
Zone IV covers sublevels 13 II-2bc–II-4e1 and is

divided into six subzones (Z-IVa–f) mainly based on
diatom and ostracod developments. Although varying,
the C/N ratios are higher and display a general decline
(13–23) throughout Z-IV. Zone IVa (13 II-2bc) is again
void of aquatic microfossils. The highest TOC contents
of the whole sequence (38.5%), along with increasing
C/N ratios (17–23), are recorded. InZ-IVb (13 II-3bc–II-
3b2); ostracods are present in low concentrations (up to
62 valves g�1 DW). Mostly valves of juvenile Candoni-
dae were identified. the TOC decreases to an average of
16.9%. In Z-IVc (13 II-3b1 to lower part II-3b/3a)
diatoms appear for the first time in low numbers and
ostracods are absent. Benthic taxa dominate (up to
70.6%), although small tychoplanktonic fragilarioid
diatom species are commonly (on average 22.4%)
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observed aswell. Ostracods are again present starting in
Z-IVd (upperpart 13 II-3b/3ato thebeginningof II-4e3),
andconcentrations increaseandreachamaximumof579
valves g�1DW,while diatomsoccur in concentrations up
to 58.6 9 106 valves g�1 DW. Correspondingly, CaCO3

contents arehigh (up to 64%).TheostracodP. compressa
occurs more frequently (up to 16.7%), while P. zenkeri,
previously common in Z-III, is absent. The d13Ccarb and
d18Ocarb drop in the beginning (minimum of �7.6 and
�9.8&, respectively) and increase to values of �3.9&

(d13Ccarb) and�8& (d18Ocarb) in sublevel 13 II-4 g. The
following Z-IVe (upper section of 13 II-4e3 to lower
section of II-4e1) is distinguished by the new absence of
microfossil remains. The TOC (on average 3.7%) and
CaCO3 (on average 2%) values are relatively stable and
remain low. No diatoms are found in the uppermost
samples of sub-sublevel 13 II-4e3 (Z-IVf) whereas
ostracods increase in abundance (14–130 valves g�1

DW). The highest recorded absolute abundances of
P. zenkeri are foundwithin Z-IVf (48.1%).

Fig. 2. Synthesis diagram of the merged sequence Para-Reference Profile 13 II (2014)/Zeugenblock 13 II (2018) showing numbers of identified
ostracod valves, ostracod concentrations, percentages of the most important ostracod taxa, diatom numbers and concentrations, abundances of
small fragilarioid (yellow)andbenthic (green)diatomtaxa,alongwith results ofgeochemicalanalysesof sediments forTOC,CaCO3,C/N,d13Ccarb
and d18Ocarb, and the identified development zones (Z). Grey lines in pollen ratio and geochemical data columns showmean values. Background
colouring corresponds to reconstructed vegetation changes (orange, early- and late-temperate interglacial, thermophile, deciduous-dominated
forests; light/darkgreen, post-temperate interglacial (boreal) forests andpost-interglacialwoodlandandsteppe (woodland);blue, post-interglacial
steppe (open woodland); biostratigraphic subdivision, pollen data, palynological interpretation, and lacustrine sediment type from Urban
et al. 2023a, seeTable1).The star indicates the level corresponding to thepositionof the archaeological ‘spearhorizon’of site 13 II.For this graphic
representation, the pollen ratio from the sumof allwoody plants and shrubs in relation to thePoaceaewas used. This formof representation shows
clearly that these are drought-loving grasses andnotmoisture-loving grasses (such as reeds, etc.), as they aredominant in the phaseswith lowwater
levels aswell aswith other biological indicators of drought and, as reconstructed inUrban et al. (2023a, b), characterize the herbaceous grass-rich
steppes and forest steppes.

Table 1. Layers, development zones, biostratigraphic subdivision, and vegetational phases (Urban et al. 2023a) of the Para-Reference Profile
(PRP)13II (2014)andZeugenblock (ZB)13 II (2018)of theReinsdorf sequence.Twoalternative stratigraphicalpositions (scenarios1and2)witha
tentative correlationof theReinsdorf climaticoscillationswith theMarine IsotopeStratigraphy (MIS) (Lisiecki&Raymo2005), thenorth-western
Iberia forest reduction events (NWI-fr) (Desprat et al. 2009) and the IberianMargin Stadials (IMS) (Martrat et al. 2007) are presented.

LayerofPRP13II (2014)/ZB
13 II (2018)

Zone Biostratigraphic
subdivision
of the Reinsdorf
sequence (Urban
et al. 2023a)

Vegetational phases of the
Reinsdorf sequence
(Urban et al. 2023a)

Scenario 1: tentative
correlation with
MIS, IMS and NWI

Scenario 2: tentative
correlation with
MIS, IMS and NWI

II-5c3 Z-VII Reinsdorf E Post-interglacial – early
steppe-tundra phase

8c 9c

II-5d2
II-4a/b

Z-VI Reinsdorf D Second post-interglacial woodland
phase

9a 9d

II-4c Z-V Reinsdorf C Second post interglacial – steppe
(open woodland) phase

9b 3IMS-14
3NWI-fr3

Uppermost part of II-4e1 Z-IVf Reinsdorf B3 Late First post-interglacial –
woodland and steppe
(woodland) phase

9c 9d
Lower part of II-4e1
Upper part of II-4e3

Z-IVe

Lowermost part of II-4e3
II-4ef
II-4f
II-4 g
II-4 h1
II-4 h2
II-4i
II-3ab

Z-IVd Reinsdorf B2 Middle 3IMS-12
3NWI-fr6

II-3b1 Z-IVc Reinsdorf B1 Early 9c
II-3b2
II-3b3
II-3bc

Z-IVb

II-2bc Z-IVa
II-2c1
II-2c2
II-2c3

Z-III Reinsdorf A First post-interglacial steppe (open
woodland) phase

9d 3IMS-15
3NWI-fr2

II-2c4 Z-II Reinsdorf
Interglacial

Post-temperate interglacial zone
(forest phase)

9e 9d

II-2c4/5
II-2c5

Z-I Late-temperate interglacial zone
(forest phase)

9e

510 Kim J. Krahn et al. BOREAS
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ZoneV(13II-4c) ismarkedbythecontinuouspresence
of microfossils and the highest ostracod concentrations
(up to 787 valves g�1 DW) and CaCO3 contents (up to
67%) of the sequence. Comparable with Z-III, P. zenkeri
(4.9–7.8%) occurs frequently and P. compressa is again

almost absent. Ilyocypris bradyi and L. inopinata are
continuously present with increased abundances (6.4–
12.2 and 9.7–19.6%, respectively). The diatom assem-
blage displays a marked shift towards small fragilarioid
species (averagely 75.2%), whereas abundances of
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Fig. 3. Reconstructedmean air temperatures (°C) for the two sequences: (A) Para-ReferenceProfile 13 II (2014)/Zeugenblock 13 II (2018) and (B)
ReferenceProfile13II (2003)aswell as (C)combinedminimumrangesofbothsequences forall layersof13II forJanuary(squares,darkbluecurves)
and July (circle, red curves) (thicker red and black curves represent the three-point moving averages; vertical line, modern temperatures obtained
fromlocalweather stations;vertical dashed line,WorldClimtemperaturedataused for theMOTRcalibrations)withnumberof includedspecies for
temperature reconstruction. Black star, position of ‘spear horizon’. Colour code and zones corresponding to Fig. 2 (orange, middle- and late-
temperate interglacial, thermophile, deciduous-dominated forests; light/dark green, post-temperate interglacial (boreal) forests and post-
interglacial woodland and steppe (woodland); blue, post-interglacial steppe (open woodland)).
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benthic taxa decline (on average 23%) compared with
those inZ-IVc.TheC/N ratios are constantly low (mean,
14). The d13Ccarb (�3.2 to�2.6&) and d18Ocarb (�7.6 to
�7.3&) values are stable and generally elevated.

ZoneVI extends from sublevel 13 II-4ab to sublevel II-
5d2. Diatoms are still present in sublevel 13 II-4ab,
although concentrations are decreasing, and ostracods
are already absent. The diatom assemblage is still
primarily composed of small fragilarioid species (up to
81.1%). The TOC (on average 19%) and C/N ratios (16–
18) increase comparedwith the preceding Z-V.

The uppermost Z-VII (13 II-5c3) is again character-
izedby the absence of aquaticmicrofossils.TheTOCand
C/N ratios are decreasing (minimum values of 1.8
and 11%, respectively).

Mutual Ostracod Temperature Range method

ForMOTR reconstructions, 22 species could be used to
determine the mutual mean January and July air
temperature ranges (Table S1). It is important to
understand that the MOTR method only reconstructs
ranges of temperatures within which the species of an
assemblage could have coexisted, and the actual temper-
ature could have been anywhere within that range.
Reconstructed temperature ranges using the MOTR
method are often controlled by a few species with very
narrow ranges, for example the rareFabaeformiscandona
balatonica and P. zenkeri (Fig. S2). Nevertheless, all
calibrated species in a sample contribute to the recon-
struction by confirming mutuality of their temperature
ranges, with no outliers. Samples composed of euryther-
mal species tend to yield a wide temperature range
resulting in greater uncertainties. Confidence in the
reliability of the method is strengthened by the fact that
the MOTR results of both sequences Para-Reference
Profile 13 II (2014)/Zeugenblock 13 II (2018) and
Reference Profile 13 II (2003) show similar
temperature-development trends (Fig. 3).

Reconstructedmeanmonthlyair temperaturerangesfor
the lower part of the sequences (Z-II and Z-III) are often
narrowandmainlycontrolledby thepresenceofP.zenkeri,
Cyclocypris serena, I. bradyi, Neglecandona altoides,
Neglecandona lindneri, Fabaeformiscandona levanderi,
Fabaeformiscandona caudata, and F. balatonica. The
smallest ranges are �4–0 °C (January) and +17–19 °C
(July) in Z-II. Similar mean winter ranges are found in Z-
III, whereas the estimatedmean July temperature displays
anarrow range from+17–21 °C.At the crossoverofZ-IVa
toZ-IVbmeanair temperaturerangesremainalmostequal
(January, �4–0 °C; July, +15–21 °C). We find generally
wider ranges (Januarymean smallest range,�4–3 °C; July
mean smallest range, +15–21 °C), between the younger
part of Z-IVb up to Z-IVe. These values are mainly
constrained byCandona weltneri,N. altoides, and I. bradyi
(July) aswell asP.compressaandN.altoides (January).The
youngest part of Z-IVe, at the crossover to the overlyingZ-

V, exhibits mean January and July air temperature ranges
of �4–4 °C and +14–19 °C, respectively. In Z-V, many
samples show again a very narrow range of �4–0 °C for
January and +17–19 °C for July. Comparable with the
lower part of the sequence,P. zenkeri andF. balatonica are
the most important species limiting winter mutual
temperature ranges, while mainly F. balatonica and N.
lindneri limit summer ranges.

Comparison of d13C and d18O values between ostracod
valves and bulk carbonates

Stratigraphical records of stable oxygen and carbon
isotope compositions for bulk carbonates (d18Ocarb,
d13Ccarb) and ostracod valves (d18Oostracod, d

13Costracod)
were obtained for theReinsdorf sequence fromReference
Profile 13 II (2003) (Fig. 4). Ranges of d13Costracod in
juvenile Candona spp. are between �7.5 and 0.8&. No
bulk data are available for Z-II for comparison with the
ostracod. Stable oxygen isotope ratios show highly
variable values, especially in Z-III, and Z-III also exhibits
the largest offsets in d18O between both bulk carbonates
and ostracod valves. d18Oostracod values fluctuate between
�9.6 and�5.4&with generally lowervalues in the central
part of the sequence (Z-IV). Bulk samples exhibit a
generally similar pattern of d18Ocarb and d

13Ccarb with the
lowest valuesmainly inZ-IVd (�9.5 to�8.4&).However,
d13Ccarb values are lower and successively increasing
throughout Z-II and Z-III (�6.2 to �4.4&). Zone IV is
marked by a positive excursion in both d18Ocarb and
d13Ccarb in sublevel 13 II-4 h.

Zones defined for sequence Para-Reference Profile
13 II (2014)/Zeugenblock 13 II (2018) are clearly
distinguished in the d13Ccarb and d18Ocarb cross-plot
and can also be recognized in Reference Profile 13 II
(2003) (Fig. 5). More positive d18Ocarb values around
�8 to �7.5& are characteristic for Z-III and Z-V,
whereas Z-IV generally exhibits more negative and
heterogenous values (�9.5 to �8&). A further
separation of Z-III and Z-V is given by d13Ccarb,
which is around �5.3& in the former zone and around
�3& in the latter. A notable exception is the more
negative values at the beginning of Z-V in RP 13 II
(2003). The d13Ccarb of Z-IV is more variable with
values mainly between �6 and �3.5&.

Discussion

Ingeneral, environmental andpalaeo-lakeshore changes
derived from microfossil assemblages of the Reference
Profile 13 II (2003) (Krahn et al. 2021) are confirmedand
further refined by the multi-proxy investigations of
sequence Para-Reference Profile 13 II (2014)/Zeugen-
block 13 II (2018) and complemented for sublevel 13 II-
4ab. Our study demonstrates that both the Reinsdorf
ostracod fauna and diatom flora responded to and
recorded climatic variations with important qualitative
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changes in their communities. The new MOTR-based
temperature reconstructions and stable isotope analyses
facilitate the distinction and characterization of the
individual climatic oscillations and effects on the aquatic
ecosystem in great detail. The Reinsdorf sequence
encompasses a Middle Pleistocene interglacial–glacial
transition characterized by changing environments of
late-interglacial boreal forests to post-interglacial alter-
nating drier steppe (open woodland) and moister
woodlandphases, termed theReinsdorfA–Eoscillations
(Urban et al. 2023a).

Interglacial–glacial transitional temperature
developments

ReconstructedMOTRtemperatures are available starting
with the end of Z-II throughout the first post-interglacial
steppe (openwoodland)phaseReinsdorfA (Z-III;Fig. 3).
Mean air temperature estimates following the thermal
maximum of the interglacial indicate colder winters as
well as summer temperatures within the modern range
(January minimum range, �4–0 °C, present-day 1 °C
weather station data/0 °C WorldClim data; July mini-
mum range, +17–21 °C (+19 °C in layer II-2c4 based on
F. levanderi), present-day +18.8 °C weather station
data/+18 °C WorldClim data). This is in accord with
vegetation changes providing evidence for cooler and dry
conditions (Urban & Bigga 2015; Urban et al. 2023a), as
well as reconstructed temperatures based on plant macro
remains. Bigga (2018) calculated for the coldest month in
level II-2 minimum temperatures of around�2.5 °C and
maximum temperatures of around +1 °C. For the
warmest month, values ranged from around +17 to
+24 °C. The combination of both methods
yields relatively narrow ranges for January and July
temperatures of approximately �2.5–0 °C and +17–
21 °C (+19 °C with layer II-2c4 of Z-II), respectively.
New chironomid-based temperature reconstructions
from Sch€oningen site 13 II suggest summer temperatures
to be in the upper range of MOTR reconstructions by
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providing evidence for July air temperatures averaging
+20 °C during this overall drier phase of Reinsdorf A
(Rigterink et al. 2024). The apparent consistency between
the different proxy-based reconstructions suggests the
possibility of deriving Multi-Proxy Consensus ranges
(Horne et al. 2023) that would be narrower than those
obtained from the MOTR method alone, but this will
require further checking to ensure stratigraphical equiv-
alence of the different proxyassemblages being compared
and is beyond the scope of the present paper.

The MOTR temperature ranges for the following
woodland and steppe (woodland) phase (Z-IV, Rein-
sdorf B) are generally wide and encompass mean
temperatures inferred for Z-III, thereby hindering a
precise assessment of temperature changes. Combined
minimum reconstructed mean air temperature ranges in
Z-IV are �4–3 °C for January and +15–21 °C for July
(except for the lowermost and uppermost sample)
(Fig. 3C). The palynological results hint at rather cool-
temperate conditions, thereby suggesting increased
temperatures in Z-IV (Urban & Bigga 2015). Chirono-
mid analyses confirm similar or slightly increased
summer temperatures compared with those of today
(+18–19 °C mean), although not as high as in Z-III
(Rigterink et al. 2024). Because chironomid reconstruc-
tions are restricted to July air temperatures, a reasonable
explanation for the overall increased temperatures based
on palynological results, despite lower summer temper-
atures, is higher winter temperatures and thereby a
decreased temperature difference between summer and
winter (i.e. lower continentality). One exception with
lower reconstructed temperatures in the older part of Z-
IV is layer 13 II-2b 2a(b)/3c. Here, in particular, mean
winter air temperatures are comparable with Z-III with
mutual ranges of�4–0 °C, based on the occurrence ofF.
balatonica,whichhintsata shortclimaticoscillationwith
cooler temperatures during thiswoodland-steppe phase.

The closest mutual ranges of the two site 13 II
sequences indicate mean air temperature ranges of �4–
0 °C in January and +17–19 °C in July for Z-V
(Reinsdorf C), which is almost identical to temperatures
inferred forZ-III (Fig. 3C).The temperaturesduring this
climatic oscillation seem to have been in the same range
as present-day summers, while the winters were at least
1 °C colder (or similar compared with the WorldClim
data), suggesting a more continental climate compared
with Z-IV. Low winter temperatures are also in
accordance with prolonged lake ice cover suggested by
high abundances of small fragilarioid diatoms (Lotter &
Bigler 2000), and the cool, dry conditions during the
development of a grass-rich steppe ecosystem (Urban &
Bigga 2015) (Fig. 2). Chironomid-based summer tem-
perature reconstructions during this late phase of the
Reinsdorf sequence were hindered by decreased species
richness and the dominance of a certain chironomid taxa
which lead to an overestimation of temperatures
(Rigterink et al. 2024).

Lakeshore and catchment dynamics throughout the
Reinsdorf sequence

Seven main zones (Z-I–VII) were defined in the
sequence based on changes in biological and geochem-
ical proxies and the established biostratigraphic subdi-
vision (Reinsdorf A–E; Fig. 2, Table 1). Three distinct
environmental oscillations, represented by both micro-
fossil and bulk stable isotope data, were herein recog-
nized, partly interrupted byperiods of poor preservation
and lack of remains and isotope data. These environ-
mental phases are characterized by (i) Reinsdorf A – P.
zenkeri–I. bradyi, no diatoms, medium d13Ccarb and
higher d18Ocarb (Z-III); (ii) Reinsdorf B – P. compressa,
increased abundances of benthic diatoms, variable
d13Ccarb and lower d18Ocarb (Z-IV); and (iii) Reinsdorf
C–P. zenkeri–I. bradyi–L. inopinata, dominanceof small
fragilarioid diatoms, higher d13Ccarb and higher d

18Ocarb

(Z-V) (Fig. 2).
In lake systems, stratigraphical changes in d18O values

are often attributed to changes in temperature, seasonal-
ity, hydrology and the precipitation/evaporation (P/E)
balance (Leng & Marshall 2004). Lower temperatures
result in more negative d18O of precipitation, while
concurrently temperature-dependent fractionationduring
carbonate formation in the water leads to enriched bulk
carbonated18Ovalues at lower temperatures. Especially in
closed lakes, increased evaporation leads to a preferen-
tially loss of 16O to the atmosphere and thereby 18O-
enriched lake water (Teranes & McKenzie 2001; Leng &
Marshall 2004; Xu et al. 2006). Changes in the catchment
hydrology, such as increased input of isotopically enriched
detrital carbonates through rivers and streams into the
lake, could also lead to more positive d18O values
(Hammarlund & Buchardt 1996). Lacustrine carbonate
d13C values can be influenced by parameters such as algal
productivity, the degradation of organic matter, water
residence time, vegetation changes within the catchment,
river or groundwater discharge into the lake and CO2

exchange with the atmosphere (Schelske & Hodell 1991;
Aravena et al. 1992;McKenzie&Hollander 1993; Leng&
Marshall 2004;Lu et al. 2010). Preferential assimilation of
lighter 12C by phytoplankton during photosynthesis
results in the enrichment of 13C and more positive d13C
values of carbonates forming in the surface waters,
whereas oxidation during the decay of organic matter at
the lake bottom may release 12C-enriched CO2 and
decrease d13Ccarb values (Schelske & Hodell 1991;
Schwalb 2003). Higher d13Ccarb values may correspond
to a development of a poorly vegetated or C4 plant-
dominated vegetation cover within the catchment or vice
versa (Andrews et al. 1997; Hammarlund et al. 1997; Liu
et al. 2019). High d13Ccarb can also be produced by the
dissolution of old carbonate catchment rocks or detrital
carbonate input (Hammarlund&Buchardt 1996; Leng&
Marshall 2004; Leng et al. 2010; Mangili et al. 2010). We
generally interpret more negative bulk carbonate d18O
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values in our record to correspond to overall wetter
conditions and cooler summer temperatures, resulting in
increased freshwater discharge into the lake and a
decreased P/E balance as well as more negative d18O
precipitation values. More negative bulk carbonate d13C
values are mainly attributed to tree cover expansion and
reduced photosynthetic activity. However, the signals are
influencedbyawide rangeof interlinkedprocesses and the
effectsmightdampenoramplify eachother.The following
subsections related to Reinsdorf A, Reinsdorf B and
Reinsdorf C describe in detail changes in lakeshore
and catchment dynamics based on changes in the
biological and geochemical proxies.

Terminating Reinsdorf Interglacial (Z-I–Z-II) and first
post-interglacial steppe (open woodland) phase (Z-III,
Reinsdorf A). – The interglacial temperature maximum
and its terminal phase in the beginning of sequence PRP
13 II (2014)/ZB13 II (2018) (Z-I/Z-II) arenot recorded in
themicrofossil record, probably because of very low lake
levels and/or poor preservation of remains (Fig. 2). The
C/N ratios of the followingZ-III are in the lower range of
the record at about 13–18, thereby suggesting higher
proportions of aquatic-derived organic matter and
increased lake levels (Meyers 1994; Brodie et al. 2011).

The first steppe (open woodland) phase Reinsdorf A
(Z-III) is represented byP. zenkeri–I. bradyi, no diatoms,
medium d13Ccarb and higher d18Ocarb (Figs 2, 5). It must
be noted, however, that diatoms, mainly small fragilar-
ioid species, were present in sub-sublevel II-2c1 of RP 13
II (2003) (Krahn et al. 2021). Their lack in this part of the
PRP 13 II (2014) can probably be attributed to
preservation effects. The ostracod P. zenkeri avoids
standing and deep waters, preferring slow-flowing,
vegetated streams, and is often associated with ground-
water issues (spring flows), and I. bradyi is considered to
be mesorheophilic (Meisch 2000). The co-occurrence of
both species and the low MOTR reconstructed mean
winter air temperatures (Fig. 3) probably suggest an
increased influence of flowing waters, probably from
surface stream inflow at the lakeshore originating
from springs at the Elm ridge during a phase with colder
winters. Our new results thereby confirm previous
microfossil- and pollen-based interpretations pointing
towards a seasonally cooler and drier climate oscillation
with reduced vegetation cover resulting in increased
surface runoff in the catchment (Urban & Bigga 2015;
Krahn et al. 2021; Tucci et al. 2021; Urban et al. 2023a),
and additionally provide quantitative temperature data.
The climate could have beenmore continental (Fig. 6A),
as suggested by Urban and Bigga (2015) based on
vegetational data, with increased seasonal temperature
variations (colder winters and warmer summers) and
overall reduced annual precipitation (Duckson 1987).
The higher water table in Z-III compared with the
interglacial temperature maximum as suggested by
the presence of aquatic microfossils and a generally

lower C/N ratio (see also Urban et al. 2023a), despite
drier conditions, is most probably a consequence of
decreasedvegetation coverand lossofwoodland (Fig. 2),
leading to reduced transpiration (Behre et al. 2005;
Urban et al. 2023a). Alternatively, a decrease in lake
evaporation as a consequence of overall cooler temper-
atures could have led to a higher water table as well. A
peak in d13Costracod can be observed in the upper part of
Z-III andmight be the effect ofmoulting of theCandona
valves during the colder season (Leng&Marshall 2004).
The silty sands of the uppermost part of Z-III are void of
ostracods, which is probably related to a depositional
eventat the transition to the succeeding layerasproposed
by Urban et al. (2023a).

First post-interglacial woodland and steppe (woodland)
phase (Z-IV, Reinsdorf B). – Progressive lake level
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lowering at the beginning of the woodland and steppe
(woodland) phase (Z-IVa, Reinsdorf B1) probably led to
an increased influence of terrestrially derived organic
matter, visible in rising C/N ratios (up to 23) and the
highest TOC contents (Fig. 2).

Ostracods reappear in Z-IVb confirming at least
temporary submerged conditions with sufficient oxygen
availability. Concentrations, however, are low and many
valves were found broken and could only be identified to
genus level. Their poor preservation is probably attribut-
able tostill increasedcontents inorganicmatter (Fig.2)and
associated bacterial activity, resulting in lower pH and
dissolution of the calcareous valves (DeDeckker 2002).

A significant environmental shift is detected at the top
of Z-IVb, as documented by an initial marked decreases
in d13Ccarb and d18Ocarb records and generally lower
values ind18Ocarb inZ-IV(Figs2,4, 5).The sediment type
changes from an organic mud to a silicious and
subsequently calcareous mud (Fig. 2). The d18Ocarb and
d18Oostracod values are relatively similar with just slightly
higher values in the ostracod record (Fig. 4), hinting at a
shallow, well-mixed lake without much difference
between bottom waters (ostracods) and surface waters
(authigenic carbonates, bulk) (Schwalb 2003). We
therefore assume that the input of detrital carbonate
was minor. Reduced evaporation with concurrently
increased less-evaporative enriched river inflow would
result in lower d18Ocarb values. Therefore, we propose
that awetter, less continental climatewith a changed P/E
balance towards increased precipitation has led to the
more negative d18Ocarb values during this woodland and
steppe (woodland) phase (Fig. 6B). Today, precipitation
in the region is highest during the summer months
(IAEA/WMO 2022) and lower summer temperatures,
leading to overall lower d18O values of the annual
precipitation signal, would have contributed to lower
d18Ovaluesof the lakewater aswell (Schwalb 2003;Leng
& Marshall 2004). Comparable d13Ccarb values of Z-III
andZ-IVare probably the result of two opposing effects:
(i) decreasing d13Ccarb because of a denser vegetated
catchment together with possibly less influence of spring
waters more strongly influenced by dissolved old
carbonates from the limestone ridge (Hammarlund &
Buchardt 1996; Leng &Marshall 2004; Leng et al. 2010;
Mangili et al. 2010), as suggestedby thedisappearanceof
the ostracod P. zenkeri in Z-IV, with concurrently (ii)
increasing d13Ccarb owing to enhanced photosynthetic
productivity, as inferred fromtheaquatic faunaand flora
andhigherorganicmatter contents (B€ohme2015;Krahn
et al. 2021; Figs 2, 5), leading to a 12C depletion in the
dissolved inorganic carbon pool and consequently 13C
enrichment in authigenic carbonates forming in surface
waters (Schwalb 2003; Leng &Marshall 2004).

The appearance of diatoms in PRP 13 II (2014) aswell
as the lack of ostracods, low CaCO3, further decreasing
TOC and variable C/N with generally elevated values
characterize sub-sublevel 13 II-3b1 (Z-IVc, Fig. 2),

suggesting reduced aquatic productivity and/or anoxic
bottom conditions. The latter is also supported by low
Fe/Ti ratios, indicating increasing anoxia (Urban
et al. 2023a). The absence of diatoms that usually occur
inalmostall typesofhabitats (Battarbeeetal. 2001) in the
older sections of the sequence (Z-I–IVb) is probably
related to unfavourable preservation conditions
(Flower 1993).

Significantly increased abundances of P. compressa
in Z-IVd (Reinsdorf B2; Fig. 2), with concurrent
decreases in the prominent, flowing waters indicating
species of Z-III, indicate a change towards calmer
environmental conditions close to the lakeshore at site
13 II. Pseudocandona compressa is considered to be
oligorheophilic, mesothermophilic and oligo- to meso-
halophilic, and generally occurs in shallow areas of
both temporary and permanent water bodies
(Meisch 2000). A stream flows nowadays from the
north towards the study area (Missaue, Fig. 1B). The
well-vegetated catchment during this phase probably
reduced the direct inflow of the smaller, eastwards-
located spring streams at site 13 II during deposition
of Z-IV sediments, and the lake water could have been
more strongly influenced by increased ‘pre-Missaue’
river and groundwater discharge as suggested by lower
d18Ocarb values (Fig. 6B). Krahn et al. (2021) recon-
structed higher salinities for this phase and proposed
increased groundwater input, influenced by the nearby
salt wall. Common epiphytic diatom species occur-
rences (e.g. Cocconeis spp.; Fig. S1) hint at rich aquatic
vegetation. Although decreasing towards the top of Z-
IV, overall elevated C/N ratios suggest an increased
influence of terrestrial organic matter and lower lake
levels (Fig. 2). Interestingly, palynological findings
characterize the Reinsdorf B2 oscillation as a cooler
and drier period within the first post-interglacial
woodland phase Reinsdorf B with shallowing lake
levels and increased seasonality (Urban et al. 2023a).
This period seems to have been especially favourable
for microfossil development and/or preservation at the
study site. More negative d13Costracod in comparison
with the bulk data (Fig. 4) can be explained by 12C-
enriched bottom waters from decomposition of
organic matter (Fig. 6B). Parallel trends of d13Ccarb

and d18Ocarb are interpreted to reflect variable stream
input in a closed lake system in Z-IV (Figs 2, 5).

Both sequences fromsite13 II,RPR13II (2014)/ZB13
II (2018) and RP 13 II (2003), document a sudden shift
towards higher d18Ocarb, d

13Ccarb, TOC and C/N values
around sub-sublevel II-4 h1 and II-4 g (Figs 2, 4).
Additionally, reducedmicrofossil abundances andpartly
changed species assemblages, such as the short appear-
ance of the ostracod L. inopinata, are visible in both
records (Krahnetal. 2021; this study).Krahnetal. (2021)
interpreted this prominent change inRP 13 II (2003) as a
local erosion event caused by dry–wet oscillations.
However, because the signal can be observed in both
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sequences, we hypothesize a short-lived climatic oscilla-
tion causing lake-level fluctuations.

To sum up, the woodland and steppe (woodland)
phase Reinsdorf B2 (Z-IV), characterized by P. com-
pressa – increased abundances of benthic diatoms –
variable d13Ccarb and lower d18Ocarb, probably reflects a
period with a higher P/E balance with increased
freshwater input and reduced annual temperature
variations compared with Z-III (Fig. 6B). A denser
vegetation cover with an increased percentage of trees
and shrubs in the catchment (Fig. 2) duringmost parts of
this phase may have resulted in higher infiltration rates
promoting enhanced groundwater and river discharge
into the lake at the expense of smaller Elm spring inflows
at the lakeshore, leading to calmer lake conditions, while
productivity was generally increased.

In the following Z-IVe (Reinsdorf B3), C/N ratios
decrease (minimum 13) and imply an enhanced influence
of algae-derived organic matter because of further
increased lake levels (Fig. 2). However, both ostracods
and diatoms disappear completely and falling lake levels
with enhanced input of soil organicmatter fromC3-plants
with low C/N ratios (Talbot 2001; Enters et al. 2006;
Sanderman et al. 2015) could also be plausible. Urban
et al. (2023a)proposean increased lake levelbasedon lake-
floor anoxia, a shift towards generally more aquatic but
simultaneously reduced bio-productivity and enhanced
minerogenic input. Rigterink et al. (2024) also concluded
rising lakelevelsbasedondecreasingabundancesof littoral
chironomid taxa. The barren microfossil samples are
therefore probably the result of both anoxia and preserva-
tion effects.

In the uppermost part of sub-sublevel Z-IVf at the
transition into Z-V ostracods are again present and
minerogenic input is reduced (Urban et al. 2023a),
suggesting more oxygenated conditions and increasing
bio-productivity; the reappearance ofP. zenkeri suggests
a return to higher spring-fed stream flow.

Second post-interglacial steppe (open woodland) phase
(Z-V, Reinsdorf C). – A permanent lake with probably
higher levels existed throughout Z-V, as documented by
frequent occurrences of ostracods and diatoms and low
C/N ratios as well as high CaCO3 contents (Fig. 2). The
combination P. zenkeri–I. bradyi–L. inopinata – domi-
nance of small fragilarioid diatoms – higher d13Ccarb and
higher d18Ocarb (Figs 2, 5) is characteristic for the steppe
(open woodland) phase Reinsdorf C. Notably decreased
numbers of the ostracod P. compressa, characteristic for
Z-IV and interpreted to represent calmer conditions, in
favour of ostracod species preferring flowing waters
(e.g. P. zenkeri) suggest a return to conditions more
comparable with Z-III with increased inflows of surface
streamsat the study site. Similar d13Candd18Ovalues for
both bulk carbonates and ostracods (Fig. 4) suggest a
well-mixed water column (Schwalb 2003). The promi-
nent small fragilarioid diatoms are often considered

opportunistic pioneer species because of their fast
reproduction rate and wide tolerance for most environ-
mental parameters, which makes them highly competi-
tive in unstable, changing habitats (Hickman &
Reasoner 1994, 1998; Lotter & Bigler 2000; Weckstr€om
& Juggins 2005). Their mass development is proposed to
be stimulated by environmental instability (Denys 1990)
and high abundances in late glacial and early postglacial
lake records (Haworth 1976; Smol 1983) were associated
with long periods of ice cover on the lake (Lotter &
Bigler 2000). The common L. inopinatamainly occurs in
the littoral zone and is considered to be tolerant to awide
range of environmental conditions, especially high
alkalinity (L€offler 1959; Meisch 2000). Its higher
abundance compared with Z-III suggests increased
alkalinity of lake water in Z-V, possibly connected to
high aquatic productivity, which was concluded from
chironomid data for this phase (Rigterink et al. 2024).

Concomitant shifts in both d13C and d18O values
generally hint at changes in hydrology (Schwalb 2003).
Both d13C and d18O in bulk carbonate and ostracod
records document a change tomore positive values in Z-
V (Fig. 4), probably attributable to a stronger effect of a
more continental climate with a lower P/E balance and
decreased ‘pre-Missaue’ river discharge into the lake
with a higher contribution of spring water surface
discharge, isotopically enriched by evaporation and
possibly enriched in bicarbonate from theElm limestone
ridge (Figs 1B, 6C). Increased annual temperature
variations with higher d18O in summer precipitation
would also have contributed to more positive isotope
signals. Significantly higher numbers of aquatic micro-
fossil remains indicate that the more positive d13Ccarb in
Z-VcomparedwithZ-III couldbeascribed tohigherbio-
productivity and increased preferential assimilation of
lighter 12C during photosynthesis (Andrews et al. 1997;
Hammarlund et al. 1997; Schwalb 2003; Liu et al. 2019),
possibly as a result of increased erosion and nutrient
input connected to a reduced vegetation cover. Further-
more, higher abundances of calcareous charophyte
remains in the Characeae rich silt of layer II-4c (Urban
et al. 2023a) could also have produced higher d13Ccarb

values (Ito 2001).

Final transition of the Reinsdorf sequence (Z-VI�Z-VII,
Reinsdorf D/E). – Organic-rich deposits may have led
again to the dissolution of ostracod valves during
Reinsdorf D, while siliceous diatoms are still present in
progressively decreasing abundances (Fig. 2). This
suggests at least temporary water coverage of the
lakeshore site, although lake levels may have been low
formuch of the time.Despite the reconstructed return to
a forest-steppe vegetation (Urban et al. 2023a), domi-
nant small fragilarioid diatom taxa still suggest habitat
instability and periods of extended ice cover at the lake,
pointing to coolerwinter temperatures duringReinsdorf
D. Sublevel 13 II-4ab represents the famous ‘spear
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horizon’ and findings support human hunting in wet
mud (Musil 2007; Voormolen 2008) or on temporary
exposed plains (Lang et al. 2012, 2015), rather than on
dried lakeshore sites (Thieme 2007). Our results are also
in accordance with interpretations based on combined
biological, lithological and geochemical analyses
(Stahlschmidt et al. 2015;Urban&Bigga 2015) pointing
to submerged conditions. However, investigations of
several short sediment sections covering the spear
horizon and the underlying sublevel II-4c, distributed
along the palaeo-lakeshore, hint at a diverse patternwith
varying degrees of microfossil preservation (Urban
et al. 2023b). Decreasing lake levels and progressive
siltinguparealso suggestedby risingC/Nratios andhigh
TOC, comparable with Z-IVa. Overall dominance of
small tychoplanktonic diatoms (Fig. 2) suggests unstable
aquatic habitats and/or prolonged ice cover on the lake
during winter.

The topof the sequence (ReinsdorfE;Fig. 2) ismarked
by a severe environmental change leading to a lack of
aquaticmicrofossils,whilemostgeochemicalparameters
exhibit a drop (TOC, C/N).We attribute these shifts to a
further lake-level drop. Soil organic matter from C3-
plants can also have low C/N ratios close to the range of
freshwater algae (Talbot 2001;Enters et al. 2006; Sander-
man et al. 2015), and lowerC/N ratiosmight be the result
of decreasingvegetation coverat the transition towards a
more steppe-like environment with increased erosion of
soil organic matter into the lake.

Chronological position of the Reinsdorf climate
oscillations

Luminescence dating of the Reinsdorf sequence (Rein-
sdorf A, level 13 II-2c1) gives an age of around 300 ka
(Tucci et al. 2021), therebysuggestinganallocationof the
interglacial part of the sequence to the MIS 9 climatic
optimum (e.g. Railsback et al. 2015). However, in the
absence of an absolute chronology, it remains unclear
which timespan the Reinsdorf sequence covers and,
consequently, if the full transition into the next glacial
stage (i.e. MIS 8) is documented in our record. On this
basis, we propose two alternative stratigraphic positions
for the Reinsdorf sequence (scenarios 1 and 2, Table 1).

In the first scenario, the interglacial forest phase
(Urban et al. 2023a) could be correlated with substage
MIS 9e (e.g. Desprat et al. 2009; Sadori et al. 2016;
Koutsodendriset al. 2023).Given that stadial intervalsof
theMiddle–Late Pleistocene interglacials across Europe
are marked by the expansion of steppe biomes (Reille
et al. 2000; Sadori et al. 2016;Koutsodendris et al. 2023),
the twocool steppe (openwoodland) phasesReinsdorfA
and Reinsdorf C that follow the interglacial forest phase
can be correlated to the MIS 9d and MIS 9b stadials,
respectively (Table 1). Accordingly, the interjacent
woodland phase Reinsdorf B could be correlated to
MIS 9c, whereas the second woodland phase Reinsdorf

D could be correlated to MIS 9a. The top of the
Reinsdorf sequence, which is characterized by a post-
interglacial steppe-tundra phase (Reinsdorf E), could be
subsequently correlated to MIS 8c.

In the second scenario, the cooler steppe phases
Reinsdorf A and C could alternatively represent
suborbital cold events within MIS 9d as they have been
documented in records from the Iberian margin (Rou-
coux et al. 2006;Martrat et al. 2007;Desprat et al. 2009).
Specifically, the integration of palynological and sea-
surface temperature records off Iberia suggests that two
forest contractions (3NWI-fr2 and -fr3) directly corre-
spond to two cooling events (3IMS-15 and -14) during
MIS 9d (Desprat et al. 2009). These climatic oscillations
havebeen linked to changes in the deep-water circulation
of the North Atlantic and possibly an amplification of
the reduction in Atlantic Meridional Overturning
Circulation by iceberg discharges. Such climate change
could also have affected vegetation in the central
European lowlands (Sirocko et al. 2005; Kern
et al. 2022), hence suggesting a potential correlation of
the Reinsdorf A and C steppe phases to the 3NWI-fr2
and -fr3 events from the Iberian margin records, and by
extension the Reinsdorf E phase to MIS 9c.

While both stratigraphical scenarios are possible, a
close inspection of the palynological data from the
Reinsdorf sequence suggests the first one as more
probable. Specifically, the woodland phase Reinsdorf B
is subdivided into three phases (Reinsdorf B1-B3), with
the sub-phase Reinsdorf B2 representing an interjacent
cool and dry phase (Urban et al. 2023a). Assuming a
correlation of the Reinsdorf B with MIS 9c, the B2 sub-
phase may correspond to the forest contraction 3NWI-
fr6 and stadial 3IMS-12 that have been documented
duringMIS 9c (at c. 307 ka) in records from the Iberian
margin (Desprat et al. 2009). This event is also
documented in several other European records. In a
pollen record from the FrenchMassif Central, the Ussel
interstadial, amoderate temperate and fairly longperiod
corresponding to MIS 9c, is interrupted by an abrupt
cold fluctuation (labelled PraC 37), associated with the
expansion of steppe taxa (Reille et al. 2000). Moreover,
theTenaghiPhilippon record fromSEEurope shows two
forest expansion events (labelledA1andA2) duringMIS
9c, intersected by a reduction of arboreal and temperate
pollen percentages at c. 309 ka (Fletcher et al. 2013;
Koutsodendris et al. 2023). Independent evidence for
climate variability duringMIS9c is further provided bya
speleothem record from SE Europe, documenting the
interruption of agenerallywet climatebyamarked event
of reduced precipitation at around 310 ka (Regattieri
et al. 2018). IfReinsdorfB2 corresponds to thismid-MIS
9c oscillation documented across southern Europe from
Iberia to the Balkan Peninsula, however, the two
aforementioned cold events during MIS 9d (3NWI-fr2
and -fr3, 3IMS-15 and -14) would not have a represen-
tation in the Reinsdorf sequence. This can possibly be
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explained by a weaker imprint of these events on the
central European vegetation under stadial cool and dry
conditions. Finally, the treeless steppe-tundravegetation
(Reinsdorf E) at the top of the Reinsdorf sequence
(Urban et al. 2023a) is associated with the first weakly
developed frost structures, suchas ice-wedge fissures and
cryoturbations (level II-5, Mania & Altermann 2015),
typical for a periglacial environment (Urban 2007). The
cold and dry conditions derived from these findings thus
strongly support the interpretation of a transition into
the next glacial stage (MIS 8), hence making the first
scenario for the stratigraphical position of theReinsdorf
climate oscillations within the marine isotope stratigra-
phy more plausible.

Temperature comparison of the Reinsdorf sequence with
other Middle Pleistocene records

European MOTR data of MIS 9 for comparison is
scarce, especially for the post-interglacial phases. MIS 9
interglacial MOTR reconstructions from Purfleet, UK,
encompass January mean air temperature ranges of�3–
3 °C and July ranges of +16–21 °C, which is consistent
with other British records and proxies (Bridgland
et al. 2013). Compiled MOTR results for other UK
MIS9 sites produce evennarrower consensus rangeswith
winter temperatures of �3–1 °C and summer tempera-
tures of +16–19 °C. These July temperatures are
consistent with the modern UK range but allow the
possibility that summers were one or two degrees
warmer,whilewinter temperatureswere colder.However,
a comparison of these data with the Reinsdorf sequence
is problematic because the British records mainly cover
the warmest substage (MIS 9e), and it cannot be
determined if stratigraphically younger deposits repre-
sent this same substage or one of the later substages of
MIS 9. In contrast to the British records, MOTR data
from Sch€oningen are only available for the interglacial–
glacial transition following the temperature maximum.

It has long been discussed whether the Reinsdorf
represents a regional variety of the Holsteinian and if the
Holsteinian corresponds to MIS 11 or 9 (see above).
Therefore, a comparison of the Reinsdorf data with
available European Holsteinian and Hoxnian (MIS 11)
data is presented in this paragraph. Holsteinian Intergla-
cial MOTR-based temperature reconstructions from
Bilzingsleben (Germany) showmean January air temper-
aturesof�4–4 °CandmeanJulyair temperaturesof+16–
20 °C, indicating mild winter and summer temperatures
similar tothepresent-dayclimate(Daniel&Frenzel2023).
Multiproxy temperature reconstructions from Hoxne
(UK) suggest similar or around 3 °C cooler winter
temperatures and similar or up to 4 °C higher summer
temperatures during the Hoxnian interglacial period
which is correlated to MIS 11c (Horne et al. 2023). In a
succeeding cold interval, a multi-proxy consensus using
ostracods, beetles, chironomids and plant macrofossils

showed that temperatures were reduced by around 3–5
and 2.5 °C comparedwith present-day duringwinter and
summer, respectively (mean January�2–0 °C), although
itmustbenoted that themutualoverlapof theMOTRand
Beetle Mutual Climatic Range methods alone showed
much colderwinters atHoxne, at least 5 °Ccooler than in
the present day (Horne et al. 2023). The application of the
MOTR method at another UK MIS 11 site, West Stow,
has shown a post-interglacial cold interval with mean
January temperatures of �1 °C or lower (Benard-
out 2015). The reconstructions for the post-interglacial
phasesof these twoMIS11sites in theUKindicategreater
summer and winter cooling during the cold interval
compared with our results, which, apart from the
palynological differences of Holsteinian sequences, fur-
ther supports the assignment to two different MIS and
consequently the present correlation of the Reinsdorf
sequence toMIS 9 instead of MIS 11.

Conclusions

The full interglacialphase,whichpossiblycorresponds to
MIS 9e based on luminescence dating results, and its
transition into a first cooler phase (Z-I and Z-II), the
Reinsdorf A oscillation, were marked by low lake levels,
probably connected to increased evapotranspiration.
Lower P/E balance, reduced vegetation cover, landscape
instability and erosion with pronounced streams fed by
springs from the Elm mountain ridge during periods of
greater continentality are depicted for Reinsdorf oscilla-
tionsA andC (Z-III andZ-V), which probably represent
MIS 9d and MIS 9b, respectively. Winter temperatures
were lower (narrowest January range, �4–0 °C) com-
pared with today and summer temperatures embraced
present-day values (narrowest July ranges, +17–19 or
+17–21 °C).The interjacentReinsdorfBperiod (Z-IV) is
characterized by a more humid climate with denser
vegetation cover in the catchment, associated with
increased river and groundwater discharge and tempo-
rarily more stable aquatic habitats and higher lake levels
at the study site. A dynamic lake systemwith fluctuating
lake levels is depicted by highly variable geochemical
parameters and microfossil abundances for this period,
which was tentatively correlated to MIS 9c. Recon-
structed monthly mean air temperatures yield wide
ranges, especially for January (�4–3 °C). The famous
‘spear horizon’ (Z-VI) of the Reinsdorf D is marked by
another phase of decreasing lake levels during an open
woodland environment and might correspond to MIS
9a. Still submerged conditions or at least temporary
water coverageare followedbya further lake leveldrop in
the uppermost part of the sequence (Z-VII), which is
already characterized by a steppe-tundra vegetation at
the onset of phase Reinsdorf E (probably MIS 8c).

In the absence of an absolute chronology, a second
chronological position of the Reinsdorf sequence was
proposed in addition to the aforementioned allocations
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of the phases Reinsdorf A–E toMIS 9d–8c, respectively.
In this alternative scenario, the two cool steppe phases
ReinsdorfAandCwouldcorrespondtosuborbitalNorth
Atlantic cooling episodes punctuatingMIS 9d (3IMS-15
and -14), and theReinsdorf sequencewould consequently
end within substage MIS 9c. However, considering the
pronounced interjacent cool and dry phase during the
first woodland phase (Reinsdorf B), comparable with
findings in other European records during MIS 9c, and
the cold, rather periglacial conditions derived for the top
of theReinsdorf sequence (Reinsdorf E, level 13 II-5), the
first scenario appears at present more plausible.

Investigation of two lakeshore sequences andmultiple
proxies from Sch€oningen helps to overcome limitations
posed by depositional gaps in the individual sequences
and varying preservation of microfossils, and to further
distinguish between sequence-specific and climate sig-
nals. The new qualitative and quantitative multi-proxy
investigations from the Reinsdorf sequence of Sch€onin-
gen provide evidence for considerable climate variability
during the interglacial–glacial transition of MIS 9. Our
study contributes to the understanding of younger
Middle Pleistocene climate dynamics as well as aquatic
ecosystem responses to the MIS 9 environmental
oscillations. Furthermore, our research presents one of
the first more detailed, quantitative MIS 9 temperature
reconstructions for central Europe.
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Supporting Information

Additional Supporting Information to this article is
available at http://www.boreas.dk.

Fig. S1. Most abundant ostracod and diatom taxa
throughout the Reinsdorf sequence (PRP 13 II (2014) +
ZB 13 II (2018)).

Fig. S2. Example of the application of the MOTR
method on sample ZB23 of sequence RP 13 II (2014) +
ZB (2018) which represents Reinsdorf C (Z-V). Results:
meanJanuaryair temperature range�4–0 °C,meanJuly
air temperature range +17–19 °C.

Table S1. Calibration forMutualOstracodTemperature
Range method with mean monthly air temperature
ranges in °C for January and July, respectively (Horne
et al. 2012; D. J. Horne unpublished data) of the 22
calibrated species.
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