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The archaeological sites in the open-cast mine of Schoningen, Germany, represent outstanding archives for
understanding Middle Pleistocene interglacial-glacial transitions and human adaption. Aquatic microfossil and
pollen assemblages from the ‘Reinsdorf sequence’, likely correlated to Marine Isotope Stage 9, document
environmental changes from a thermal maximum to succeeding glacial conditions recorded in two sequences of
excavation sites 12 II and 13 II. Multi-proxy analyses enable detailed reconstruction of lake-shore and landscape
developments despite variable microfossil preservation in changing carbonate- and organic-rich deposits. Rich
aquatic vegetation with abundant charophytes suggests repeated phases with water depths of 0.5-2 m at site 13 II,
while even greater temporary depths are deduced for 12 IT DB. Mesorheophilic and mesotitanophilic ostracod species
indicate stream inflows with medium-low calcium contents of >18 mg Ca L' originating from nearby springs.
Diatoms point to meso-eutrophic conditions and an alkaline pH of the lake water. Interglacial conditions with
thermophile forests but no aquatic microfossils preserved, suggesting a dry or only temporarily flooded site, mark the
beginning of the sequence. Continuous presence of aquatic organisms and overall dominance of small tychoplank-
tonicdiatoms during a subsequent cool steppe phase provide evidence for increased water depths and unstable habitats
characterized by erosion and probably prolonged periods of lake ice cover. During the succeeding boreal forest-steppe
phase, surface runoff into the productive, shallow lake decreased due to a more extensive vegetation cover.
Concurrently, intensified groundwater input in contact with the nearby salt wall caused elevated salinities. Followinga
lakelevel drop, stream inflows and lake levelsincreased again towards the end of the Reinsdorfsequence and promoted
development of a diverse fauna and flora at the lake shore; thereby maintaining an attractive living and hunting
environment for early humans during a phase of generally cooler temperatures and landscape instability at the
transition into a glacial period.
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The deposits in the open-cast lignite mine of Schoningen,
eastern Lower Saxony, Germany, contain one of the
most important Lower Palaeolithic sites that is interna-
tionally renowned for the worldwide oldest wooden
hunting spears associated with diverse floral and faunal
remains and flint artifacts (e.g. Thieme 2007; van
Kolfschoten 2014; Serangeli et al. 2015, 2018). These
finds prove hitherto unknown organized hunting, com-
plex abstract thinking, and cognitive abilities of Homo
heidelbergensis (Conard et al. 2015). Environmental
information at high resolution as well as the abundant
artifacts (Thieme 2007) enable direct correlation of
climatic change and human adaption. The well-pre-
served weapons were embedded in an exceptionally
complete sequence of Middle Pleistocene sediments,
deposited between Elsterian and Saalian glacial tills,
during the locally named Reinsdorf Interglacial (Urban
et al. 1991a; Urban 1995, 2007). Based on thermolumi-
nescence dating of heated flint from stratigraphically
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underlying deposits (13 I) a correlation of the so-called
‘Spear Horizon” with Marine Isotope Stage (MIS) 9 was
proposed (Richter & Krbetschek 2015). A recently
obtained age of about 300 ka of sediments from the
Reinsdorf sequence, based on luminescence dating,
supports this correlation (Tucci et al. 2021). Results
thereby agree well with recent stratigraphical inter-
pretations from central Europe allocating the Elsterian
to MIS 12 and the Holsteinian to MIS 11 (Lauer & Weiss
2018).

Since 1981/1982, samples of Pleistocene deposits have
been recovered and analysed for geo-, bio- and archae-
ological studies. Especially the palaeolake-shore excava-
tion site 13 II, where in level 4 eight wooden hunting
spears along with remains of more than 20 butchered
horses and around 1500 stone artefacts were discovered,
is of great interest for understanding human behaviour
and evolution (Thieme 1997, 1999, 2007; Serangeli
et al. 2012, 2018).
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Biological and geochemical proxies preserved in lake
sediments have long been used to reconstruct large-scale
to site-specific short-term climate variations as they can
provide high-resolution palacoenvironmental informa-
tion (Last & Smol 2001; Smol et al. 2001a, b; Hoelz-
mann et al. 2010; Pérez et al. 2013). For example,
aquatic microfossils such as ostracods and diatoms allow
the reconstruction of past temperatures (Kumke
etal 2004; Horne et al. 2012), salinity and conductivity
(Gasse et al. 1987, Reed et al 2012; McCormack
et al. 2019), water depths (Wrozyna et al. 2009) and
trophic status (Smol & Stoermer 2010).

The goal of this paper is to draw a more consistent
picture of Middle Pleistocene human habitats during the
transition of the Reinsdorf Interglacial and succeeding
forest and steppe phases into a glacial period by
providing qualitative and quantitative environmental
information from aquatic and terrestrial proxies. We use
fossil ostracod, diatom and charophyte assemblages
preserved in sediments of two archaeologically impor-
tant sites (Schoningen 12 II, Schoningen 13 II) to
document lake level, nutrient level and salinity changes
and further reconstruct palacolake-shore characteris-
tics, such as stream inflow and water depth. Statisti-
cally refined palynological interpretations of data
published by Urban & Bigga (2015) serve for compar-
ison with vegetation development and provide the
biostratigraphical framework.

Site description

The open-cast lignite mine of Schoningen (latitude
52°8'N, longitude 11°0'E, altitude 90—130 m a.s.l.) is
located in eastern Lower Saxony, northern Germany,
about 100 km east of Hanover (Fig. 1A) at the south-
eastern edge of the Muschelkalk limestone ridge of the
Elm. The Stassfurt-Helmstedter salt wall, a 70-km-long
narrow salt structure, runs in a northwest—southeast
direction along the northeastern area of the mine
(Brandes et al. 2012). Until 2008/2009 the pit was
separated into a northern and a southern mining area
by a dam (Deutsche-Bahn-Pfeiler, ‘DB’; Fig. 1B).

A sequence of six superimposed interglacial-glacial
cycles was identified in the mine. Mania (1995, 2007a)
interpreted these deposits as infillings of northwest to
southeast trending large-scale fluvial channels overlying
Elsterian till, each one starting with late glacial sedi-
ments, discordantly overlain by silty, organic-rich limnic-
telmatic sediments covering an interglacial and its
transition into the succeeding glacial period. This
interpretation provided the nomenclature of the
individual sites (‘channels I to VI”). However, based on
data from outcrop sections, shear wave seismics and
borehole logs, Lang et al. (2012, 2015) challenged this
model and inferred deposition of the interglacial
sequences within a shallow, elongated lake basin, formed
in the depression of an Elsterian tunnel valley. A long-
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lived lake, infilled by delta sediments and fed by small
streams from the Elm ridge, was proposed, and the
‘channels’ were interpreted to represent major uncon-
formities within the palaeo-delta caused by climate-
driven lake level changes. According to this view, sites
12 1T and 13 II were located on a delta plain at the
southwestern shore of the palaeolake.

Sandwiched between Elsterian and Saalian glacial
deposits, three succeeding interglacial-glacial cycles
were defined by Urban ez al. (1988, 1991a,b)and Urban
(1995) based on palynological evidence. The oldest
interglacial deposits overlying Elsterian till from the
northern mining area were assigned to the Holsteinian
Interglacial (‘channel I’). The mid- to late interglacial
pollen succession from ‘channel II’ (southern mining
area) differs considerably from these Holsteinian depos-
its and those from other Holsteinian sequences in
northern Germany. Therefore, this succession was
locally defined as the Reinsdorf Interglacial and later
correlated with Marine Isotope Stage (MIS) 9 (Urban
et al. 2011; Sierralta et al. 2012; Urban & Bigga 2015).
The warm climatic period represented by ‘channel I1I”
deposits in the northern mining area was named the
Schoningen Interglacial and based on biostratigraphical
evidence and 2*°U/***Th dating correlated with MIS 7
(Urban et al. 1991a; Heijnis 1992; Urban 1995, 2007).

Material and methods

Sampling and lithological description

Reference Profile 13 I (2003 ). — At archaeological site
13 1II (56°07'59"N, 10°59'19"E; Fig. 1C), a 10.25-m-
thick sediment sequence was designated as Reference
Profile (RP). It was lithologically described by Mania in
Bohner et al. (2005) and Thieme (2007), and sedimen-
tologically and geochemically investigated by Urban &
Bigga (2015) (Table S1). Samples for palynological and
geochemical analysis were taken at five staggered
profiles (squares) in 2003 from RP 13 II (Urban &
Bigga 2015; Fig. 1D). From these samples, subsamples
were separated for aquatic microfossil (62 samples) and
geochemical analyses (51 samples), each 1-2 cm thick.
No material was left to analyse level 13 II-4b(c) 4a
(‘Spear Horizon’). The designation (13 = archaeologi-
cal site, II = channel/climatic cycle) and subdivision
(level: 1I-1 to 5, sublevel: e.g. II-1a, sub-sublevel: e.g.
II-1al) follows Mania (1998), Bohner et al. (2005) and
Urban & Bigga (2015).

Ostracods, diatoms and charophytes were analysed
at the Institute of Geosystems and Bioindication
(IGeo), TU Braunschweig, geochemical analyses were
prepared at IGeo and further carried out at the GFZ
German Research Centre for Geosciences, Potsdam.
Palynological analyses were performed in the Laboratory
of Palynology, Institute of Ecology, Leuphana Univer-
sity of Liineburg.
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Fig 1. A. Location of Schoningen (red rhombus) in Germany and maximum extent of Pleistocene ice sheets (coloured lines; E = Elsterian;
SW = Saalian Warthe ice advance; SD = Saalian Drenthe ice advance; W = Weichselian; modified from Tucci er al. 2021). B. Digital
elevation model showing the Elm, Schoningen, position of the open-cast mine with archaeological sites (Schoningen 13 11, 12 11 DB), salt wall
covered by Palaecogene sediments (position from Brandes ef al 2012) and the modern MiBaue flood-plain (modified from Serangeli
et al. 2018; original map by U. Bohner, NLD, Hanover; DEM by D. Fabian). C. Archaeological site Schoningen 13 II with levels 1-4 of
terrestrial and lacustrine sediments corresponding to the Reference Profile Schoningen 13 11 (2003) (photograph: J. Serangeli 2012). D. Example of
continuous profile sampling at profile Schoningen 12 II x-897, y579 (2009) (photograph: J. Serangeli).

Profile Schoningen 12 II DB (2009). — During the
excavation of the ‘DB-Pfeiler’ prior to mining the
underlying brown coal seams, site Schoningen 12 II
as well as under- and overlying sediments were
exposed, excavated and described (Lang & Winsemann
2012; Lang et al. 2012; Serangeli et al. 2012; Kunz
et al. 2017; Table S2). Excavations were conducted
stepwise on plateaus.

Samples of the sedimentary sequence 12 IT DB (2009)
were collected for palynological and geochemical anal-

ysis at plateau 4 from four staggered profiles: Schoningen
12 11 x-897, y579 (2009) (52°8°32.37”N, 10°59°12.99”E;
Fig. 1D), Schoningen 12 II x903, y598 (2009)
(52°87;32.67"N, 10°59°13.87”E), Schoningen 12 1T x-
899, y615 (2009) (52°8°33.16”N, 10°59°14.39”E) and
Schoningen 12 II x-896, y603.4 (2009) (52°8°32.96”N,
10°59°13.82”E) (Julien et al. 2015; Kunz et al. 2017,
Table S2; Fig. 1D). Subsamples for aquatic microfossil
and geochemical analyses were later taken from these
palynological samples. Except for two samples, which
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had to be merged with samples from adjoining depths to
have sufficient sediment for analysis, subsamples were
1-2 cm thick.

Ostracod and charophyte analysis

A total of 60 and 42 samples, respectively, were analysed
for ostracods and charophyte gyrogonites in RP 13 I
(2003) and 12 11 DB (2009). Between 3 and 8 g(RP 131I)
and 5—10 g (12 IT DB) sediment was processed. For one
sample of the RP (RP56), only 1 gwasavailable. Samples
were immersed overnight in ~4% H»O, to disaggregate
the sediment and then washed through stacked 250-, 125-
and 63-pm mesh sieves. If possible, 300 valves were
extracted from the 250-um fraction with fine brushes and
identified using a Leica M80 stereoscopic microscope.
Because of the limited amount of sediment and partially
poor preservation, a sufficient valve number was only
reached in seven samples of RP 13 II. In sequence 12 11
DB (2009), the 250-um fraction provided constantly
fewer than 300 ostracods. Samples with fewer than 10
identified ostracod valves (RP 13 II: three samples, 12 11
DB: one sample) were excluded from the quantitative
reconstructions. Valves in the smaller fractions were
counted to assess the ostracod concentration (valves per
gram dry weight). Whole carapaces were counted as two
valves. The 63-um fraction samples of 12 II DB (2009)
were analysed using two defined crossing transect lines
and count numbers extrapolated. Intact adult and
juvenile ostracod valves and valve fragments were
counted separately to assess adult/juvenile-ratio and
preservation. Taxonomic identification of ostracods was
carried out using standard identification keys (e.g.
Meisch 2000; Fuhrmann 2012). Additionally, gyrogo-
nites of charophytes were separated from the same
samples, counted and identified. The identification is
based on Soulié-Mairsche (1989), Détriché et al. (2009),
Soulié-Mirsche & Garcia (2015), and Sanjuan et
al. (2017). Only samples with more than five identified
gyrogonites were used for quantitative reconstructions.

Diatom analysis

Fordiatoms, 59 (RP 13 1I) and 39 (12 I1 DB) samples were
analysed. Preparation of samples was performed after
Kalbe & Werner (1974) with minor modifications.
Naphrax® was used as mountant to prepare permanent
slides for light microscope analyses. Diatom counting was
performed using a Leica DM 5000 B LM equipped with a
ProgRes® CT5 camera with differential interference
contrast under oil immersion at x1000 magnification.
Diatom concentration was determined by adding known
quantities of microspheres (Battarbee & Kneen 1982) and
valves were identified using standard literature (e.g.
Krammer & Lange-Bertalot 1986, Krammer & Lange-
Bertalot 1998, 1991a, b; Lange-Bertalot et al. 2017) and
relevant taxonomic publications. If possible, 400 valves
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per sample were identified. Analysis of samples of RP 13
II (2003) lacking diatoms or with extremely low diatom
concentration was stopped when 500 microspheres and
fewer than 10 diatom valves had been counted. In
samples with low diatom concentration, valves were
counted until 1000 microspheres had been reached.
Samples containing fewer than 25 identified diatom
valves were excluded from the quantitative reconstruc-
tion. In sequence 12 II DB (2009), analyses were stopped
when 1000 microspheres had been counted.

Palynological analyses

Approximately 10 g of each sample was treated by
standard palynological methods (Faegri & Iversen 1989;
Moore et al. 1991). Details for sample selection and
preparation for palynological analyses of RP 13 11(2003)
and 12 II DB (2009) can be found in Urban & Bigga
(2015) and Kunz et al. (2017), respectively.

Analysis of TOC, TN, CaCOj; and CIN

In total, 51 samples of RP 13 11 (2003) and 35 samples of
sequence 12 I1 DB (2009) were analysed for total nitrogen
(TN), total organiccarbon (TOC), total carbon (TC) and
CaCOj; for further aquatic microfossil sample correlated
information in addition to the already established
geochemical data. For TC and TN, around 10 mg of
sample material was loaded in tin capsules. The TC and
TN contents were calibrated against acetanilide and
verified with a soil reference sample (Boden3, HEKA-
TECH). For TOC determination the samples were
prepared by in-situ decalcification. Around 3 mg of
sample material was weighed into Ag-capsules and
treated with 3% and then with 20% HCl solution droplets
repeatedly until complete removal of carbonates. Subse-
quently, the samples were heated for 3 h at 75 °C and
finally wrapped and measured. TC, TOC and TN were
determined using an elemental analyser (ISOLINK EA)
coupled with a ConFlolV interface on a DELTA V
Advantage isotope ratio mass spectrometer (Thermo
Fischer Scientific). The reproducibility for replicate
analyses was 0.2% for TC, TN and TOC. The atomic C/
N ratio is based on the TOC and TN mass relationship.
The CaCO; content was calculated using the equation
(TC - TOC) x 8.33.

Data handling and statistical analysis

For statistical analyses, rare taxa (ostracods: taxa with
less than 2% abundance in fewer than three samples;
diatoms: taxa with less than 2% abundance in the
samples) were excluded and relative abundances square
root transformed. Samples containing fewer than 10
ostracod and 25 diatom valves were excluded as well.
Hierarchical clustering (Bray—Curtis similarity index) to
identify zone boundaries for ostracod and diatom
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assemblages and principal component analyses (PCAs)
(ter Braak 1983) to study trends in species composition
were performed and displayed with PAST ver. 3.25
(Hammer et al. 2001). Transition zones (TZ) were
defined based on hierarchical clustering as one or very
few samples next to a barren section in the sequence. One
single sample clearly separated by cluster analysis from
neighbouring assemblage zones (AZ) was identified as
event layer (E). Results were stratigraphically displayed
using C2 ver. 1.7.7 (Juggins 2007).

Based on a modern training set applied to another
Quaternary profile in central Germany by Pint et
al. (2017), a salinity reconstruction was carried out based
on samples from RP 13 II. The salinity transfer function
(R? = 0.74, RMSEP = 0.9) relies on a merged data set of
26 modern samples from Central Germany (Pint
et al. 2015) plus 47 from the southern Baltic Sea coast
(Frenzel et al. 2010) and covers salinities from 0.1 to 6.1
(psu). AWAPLS model was applied. Only samples with at
least 50 valves were analysed. Eight adjacent samples with
fewer valves were placed into groups of two or three to
reach the minimum number of shells if samples belonged
to the same ostracod zone. Juvenile taxa and shell
fragments with known higher taxon attribution were
added to the corresponding species according to their
adult proportions.

Five of the fossil taxa (Neglecandona altoides, Candona
weltneri, Fabaeformiscandona balatonica, Cyclocypris
serena and Limnocytherina sanctipatricii) are not cov-
ered by the modern training set. Because the two
Candona species are prominent in many samples, the
reliability of the reconstruction is probably reduced. We
therefore added a mutual ostracod salinity range
(MOSR) reconstruction sensu Pint et al (2017) for
cross-validation of results. Whereas the salinity transfer
function gives mean values and error margins, the
MOSR reconstructs minimum and maximum values
based on salinity tolerances given in Meisch (2000) and
Frenzel et al. (2010). An advantage of the MOSR is its
better coverage of species but it is more dependent on the
presence of single species.

To assess the ratio of turbulent and flowing water to
calm water preferring ostracod species, the ostracod
turbulence index (OTI) was calculated following Pint
et al. (2015) (Eqn. 1). Rheoeuryplastic species were
excluded from the calculation and Cyclocypris serena
was also left out because this species is considered oligo-
mesorheophilic (Meisch 2000).
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normally be observed on late juvenile but not on recent
adult valves (Meisch 2000). Nonetheless, tuberculated
adult specimens and transitional forms are documented
(Mazzini et al. 2014) and individuals of 1. bradyi with
tubercles have also been reported from other Middle
Pleistocene deposits in England (D. J. Horne, pers.
comm. 2021). In addition to Cyclocypris ovum, small
numbers of specimens of Cyclocypris taubachensis were
observed. However, because transitional forms were
present as well and Meisch (2000) placed C. taubachensis
within the variability range of C. ovum, both taxa are
discussed together as C. ovum.

Pollen data were re-evaluated using the TILIA soft-
ware package (Grimm 1990). Local pollen assemblage
zones (LPAZ) defined for sequences Schoningen 12 11
and 1311 s./. arebased on conventional observation of the
distribution and variation of the dominant taxa (Urban
1995,2007; Urban & Bigga 2015; Kunzet al. 2017). The
basic sum of calculations generally refers to the sum of
arboreal (AP) and non-arboreal (NAP) pollen. Ther-
mophile pollen in levels younger than 13 II-2c3 are
interpreted as reworked palynomorphs. For validation of
the LPAZ, a program for stratigraphically constrained
cluster analysis (Grimm 1987) was applied to the pollen
data of the Reference Profile (RP) 13 II in this paper.
Furthermore, ecological groups were formed to better
illustrate major changes of vegetation and environment
(Fig. 6).

Results

Ostracod and charophyte developments

The ostracod abundance in RP 13 II (2003) is highly
variable (0—1086 ostracod valves per gram dry weight
(DW)) and preservation often poor (Fig. 2). Out of the
60 samples analysed, 31 samples were void of ostracods
or contained fewer than 10 valves. Levels belonging to
these barren sections are mainly 13 II-1 — lower part of
sub-sublevel 13 11-2c4, upper part of 13 11-2c1-11-2b 2a
(b), upper part of 13 II-4e3—11-4el and 13 11-5d2-11-5¢2.
A total of 20 ostracod species were found. Juvenile
Candoninae and Cyclocypris spp. dominate the
sequence. The most frequent species are Cyclocypris
ovum (Jurine, 1820), Pseudocandona compressa (Koch,
1838), Prionocypris zenkeri (Chyzer & Toth, 1858),
Ilyocypris bradyi Sars, 1890, Cyclocypris laevis (O.F.
Miiller, 1776) and Limnocythere inopinata (Baird, 1843)

(valves of mesorheophilic 4 polyrheophilic species) x 100

OTI (%) =

In ostracod analyses, Ilyocypris bradyi morphotype
(MT) 2 wasseparated from 1. bradyi MT]1 because valves
of the former possess tubercles, a feature that can

(valves of rheophobic+ oligorheophilic +mesorheophilic + polyrheophilic species)

(1)

(Fig. 3). Both female and male specimens of L. inopinata
were found. Neglecandona altoides Petkovski, 1961
shows a slightly variable shape with some specimens
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Fig 2. Ostracod (dark blue) and charophyte abundances of Reference Profile 13 II (2003) with results of the hierarchical cluster analysis.
Ostracod taxa that occurred in more than two samples are included and differentiated as rheophobic + oligorheophilic, mesorheophilic +
polyrheophilic and rheoeuryplastic ostracod species. DW = dry weight; CG = charophyte gyrogonites; OAZ = ostracod assemblage zone;
OTZ = ostracod transition zone; E = event layer; n. a. = not analysed. In samples with less than 10% of the targeted individual counts
(ostracods: 30 valves; charophytes: 10 gyrogonites), abundances are indicated semi-quantitatively with a plus. Grey dots in ostracod
concentration curve indicate that fewer than 300 valves were identified, and grey areas show barren sections. Star indicates position of the ‘Spear

Horizon’.

possessing more elongated posterior ends. Gyrogonites
of four charophyte taxa are present, with Chara cf.
vulgaris Linnaeus, 1753 being dominant and Chara cf.
hispida Linnaeus, 1753 and Chara cf. globularis Thuiller,
1799 co-occurring commonly. Additionally, very rare
gyrogonites belonging to genus Sphaerochara were iden-
tified.

In sequence 12 IT DB (2009), preservation is generally
poor and aquatic microfossil abundance low (Fig. 4).
Identifiable remains were only present in sub-sublevel 12
I1-4c1 (14 samples), except for one ostracod valve in sub-

sublevel 12 I1-3¢c1 (DB18). Eleven ostracod species and
gyrogonites of four charophyte taxa were found. The
ostracod concentration varies between 0 and 298 valves
per gram DW, while the concentration of charophyte
gyrogonites ranges between 0 and 8 CG g~' DW. Because
of the poor preservation and missing identification
characteristics, ostracod valves were often only identi-
fied to genus level. Juvenile Candoninae (60%) are
dominant and Cyclocypris spp. and Ilyocypris spp.
commonly co-occur. The most frequent ostracod
species are Herpetocypris reptans Baird, 1835 (9.7%),

B

-~ )
- @,
& i

Fig 3. Mostabundant ostracod taxain the Reinsdorfsequence. A. Neglecandonaaltoides, RV. B. Candonaweltneri, LV. C. Cypridopsis vidua, LV. D.
Candona candida, LV. E. Fabaeformiscandona balatonica, RV. F. Pseudocandona compressa, LV. G. Ilyocypris bradyi without spines MT1, LV. H.
Ilyocypris bradyiwith spines MT2, LV. 1. Ilyocypris bradyiwithout spines MT1, LV, SEM detail image of PVMR (unscaled). J. Ilyocypris bradyiwith
spines MT2, LV, SEM detail image of PVMR (unscaled). K. Cyclocypris laevis, RV. L. Cyclocypris ovum, RV. M. Cyclocypris serena, LV. N.
Prionocypris zenkeri, LV. O. Limnocythere inopinata, RV, female. P. Limnocythere inopinata, LV, male. Q. Herpetocypris reptans, RV. RV = right
valve; LV = left valve; SEM = scanning electron microscope; PVMR = postero-ventral marginal ripplets.
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Fig 4. Ostracod, charophyte and geochemistry record of 12 II DB (2009). Grey lines in geochemical data columns show mean value of the
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Horizon’.

L. bradyiMT1 (3.6%) and Neglecandona altoides (2.1%).
The ratio of broken to intact valves is highest at the
beginning and end of sub-sublevel II-4cl. Chara cf.
hispida clearly dominates the charophyte assemblage
(86.9%).

Based on hierarchical clustering, a differentiation in RP
13 II into three ostracod assemblage zones (OAZ1-3),
two subzones (OAZ2a/2b), two ostracod transition zones
(OTZ1/2) and one event layer (E) was made.

The lowermost ostracod sample (OTZ1, sub-sublevel
13 11-2c4) is comprised of higher abundances of juv.
Candoninae and Cyclocypris spp., Ilyocypris bradyi
MT?2 and Cyclocypris serena (Koch, 1838). The calcu-
lated ostracod turbulence index (OTI) amounts to 50%.

OAZ1 (sub-sublevels 13 11-2¢3 — beginning of 13 1I-
2cl) is characterized by low ostracod concentrations
(80 valves g~! DW on average). Characteristic species of
this zone are I. bradyi MT2 (up to 27.3%), Cypridopsis
vidua (O.F. Miiller, 1776) (up to 14.3%), Fabaeformis-
candona protzi (Hartwig, 1898) (up to 8.0%) and
Darwinula stevensoni (Brady & Robertson, 1870) (up
to 1.8%), which only occur in low abundances in the
other zones if at all. The ratio of broken to intact (B/I)
valves ranges between 0.6 and 1.9, while the juvenile/
adult (J/A) ratio varies between 2.5 and 7.5. Values of
the OTI are high (75-100%). Gyrogonites of charo-
phytes (CG) are only found in low concentrations in the
lower part of OAZ1 and dominated by Chara cf.
vulgaris (maximum 90%).

The succeeding OTZ2 (central section of sub-sublevel
13 I1-2c1) is comprised of three samples, of which one is
almost barren. Juvenile Candoninae (25.9-57.1%) and
unidentifiable Cyclocypris spp. (28.6-55.6%) dominate
OTZ2. Pseudocandona compressa occurs with higher
abundances (11.1%).

OAZ2a (sublevels 13 I1-2b 2a(b)/3c-11-4h2) is marked
in the beginning (sublevels 13 1I-2b 2a(b)/3c, 101.35 m
a.s.l., square 670/1) by the highest ostracod concentra-
tion (1086 valves per gram DW). Pseudocandona com-
pressa remains common (10.6%). The following three
samples (sublevels 13 II-3c/3b2-11-3b1l) document a
phase void of ostracods. The upper part of OAZ2a
(sublevels 13 I1-3a-11-4h2) is characterized by increased
abundances of Pseudocandona spp. (average 17.1%) and
Candona weltneri Hartwig, 1899 (4.0%). The ostracod
concentration (5-277 valves per gram DW) and the J/A
ratio (1.4-15.9) increase therein towards the top. OTI
values are low and range between 0 and 30%.

Sub-sublevel 13 11-4h1 (E, 102.41 m a.s.l., square
670/1), separating OAZ2a and 2b, shows a significant
increase in the B/I ratio (26.7) and a low J/A ratio (2.6).
Pseudocandona compressa is the most dominant species
(40%), while juvenile Candona spp., C. weltneri, I. bradyi
MT1 and L. inopinata frequently co-occur.

With the onset of OAZ2b (sublevels 13 II-4g — lower
part of 13 I1-4e3) ostracod concentrations along with the
J/A ratio increase again, while the B/I ratio decreases.
Pseudocandona compressa still occurs frequently (aver-
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age 16.3%) and the relative abundance of Neglecandona
altoides increases (up to 7.9%). Lowest values were
calculated for the OTI (0—17%). Gyrogonites of charo-
phytes reach a maximum concentration of 21.6 CG per
gram DW.

OAZ3 (sublevel 13 1I-4¢) is marked by a distinct
change in species composition. The ostracod concentra-
tion is comparatively high with a maximum of 1046
valves g' DW and up to 11 different species occur.
Numbers of juvenile valves (J/A ratio: 29.7) increase and
the OTI shows again higher values of between 79 and
100%. Average relative abundances of L. inopinata
(10.8%), P. zenkeri (10.1%) and I. bradyi MT1 (9.2%)
increase, while P. compressa is rare. Chara cf. vulgaris is
again the most dominant taxa (on average 70.3%).

Salinity reconstruction

Only 15 samples of RP 13 II contained enough valves to
apply the salinity transfer function (TF). Seven other
samples were merged to three samples thus leaving 18

Middle Pleistocene palaeolake development at two Lower Palaeolithic sites of Schoningen, Germany 9

levels for salinity reconstruction in total. The recon-
structed salinity varies between 0.6 and 2.8 (psu) with an
increase in OAZ2a and a maximum in OAZ2b within the
B-oligohaline range (0.5—-3 (psu)) of the classification of
brackish waters (Fig. 8). Salinities reconstructed by the
ostracod-based TF correspond to ranges indicated by
MOSR. The error ranges of the reconstructed TF values
of all samples are overlapping making absolute values
less reliable. The clear trends of increased values in OAZ2
and their reflection by MOSR, however, confirm the
results.

Diatom assemblages

The diatom concentration in RP 13 II ranges from
0—119x10° valves per gram DW and 33 out of the 59
analysed samples are void of diatoms or almost barren
(sub-sublevels 13 II-1a2 —lowermost part of 13 11-2¢1, 13
1I-4e2 — central part of 13 Il-4c, 13 II-5d2-II-5c2)
(Fig. 5). In total, 194 diatom taxa were identified.
Despite the high number of benthic species, only tycho-

Planktonlt:/ tychoplanktonic 7 benthic
o
& \\Q
4&4 & < / \
oy & & &° (‘\o (“9 & &° L 00
Ne.® ¢ ST a . vcb & @ K XK
S S & & z 9 . (& ¢ & \;o ® p P & o""(\ > & & o O (\e@ o
ST o L S g@ & & s S @ o z° FRee L
’6"0 PR & S © z(‘& &0 & L v\(‘ & ,o@ \(@ & 6° & A »‘5 »® ?;,\0 &&‘oqo 0@? & L wgwowsne
o \cﬁ o QT Y & Lol 3 Q 3 \\ R W W \\ [} Q ¢ N W o S P 538RE30Y
o
I ST L TR Lol L Lol L L o TR
B0 s [B R iy
102751 —5c3 _ (18 [ RP60
102/50-| 1 F RP59
10238y 51 [ RP58
102.25{2 542 0 I RP57
101.87q™ * kn.a
101.76-| 426  — — i — = F RP56
101.63-| 427 — - ] 0 = DAZ3 | [ RPS5
101331 a7 =g 5 iy = — | [ Ress
32 [
102.72 ot [ RP52
102661 4, [0 t RP51
102.604 [ RP50
102.47 0 t RP4g
102,35 2 [ RP48
102.29 0 [ RP47
10222 1 [ RP46
102.16-| 0 t RP45
10197 1 [ RP44
101824541 |2 t RP43
101663 1 [ RP42
101.41- 0 F RP41
. 101294  4e2 o t RP40
= 10122 8 [ RP39
@ 101.044 28 | | 0:0] + * * e (v -+ DT, - RP38
& 100.97+ 346  —— — t RP37
E 100881 4e3 1s1  ———— = L g ] 5 i N [ RPs
E 1007s] .
c 4 T = DAZ2b |[
S loomal _ate) |40y | = 588 B 1] il [ Rpas
2 100,
S 10260 lg__ | 309 — = o R o A o N F RP32
@ 102414 4h1 336 | | ] i] —] mopn = E r RP31
i 102.264 Zh2__ | 402 | — | = g p = il  RP30
1021344 _ |413 — —— = i il ] 5] t RP29
074S T —] F
e |} B ozza || 122
101854 _ 301|400 Ce u] ] ] il m i B = - RP26
10198 e | 438 — e T T A [ Re%s
99 C| r
191.26—_% 427 | = ] —] [ RP23
101.001 410 —m ] = /4 t RP22
100,97 479 — = ]  — ] F RP21
10091 42 ——m | o B B DAZ1 | [ Rp20
100724 2¢1  |450 — = i — t RP19
100.534 412 | —— =] 0 [ RP18
100.34-| 333 e — =] ] ——— t RP17
100.074S 1 + RP16
9999 {8 1 [ RP15
2.914° |2 F RP14
99.80 - e F RP13
99,68 4 0 [ RP12
99,57 4 0 [ RP11
99494 _ 28 |3 [ rRP10
99.28 4 0 F RP9
90224 _ 2¢4 |3 + RP8
98.40 0 [ RP7
98344, 132 14 [ rRP6
98.02 5 Tad_ | 1 F RP5
97.7718_1c 0 9 - RP4
97.49 2 (0 © F RP3
97.24 G i 6 [ rRP2
96.76 - c4 6 O L RP1

T [ R
0 8 16 24 320 20 40 60 801000100 20 400100 200 200 20 0 20 40 60 0100100 200 200100100100100100100 200100 20010

(N)(valvesx10° g" DW)

(%)

Fig 5. Diatom record of Reference Profile 13 11 (2003) with relative abundances of most abundant taxa and results of hierarchical cluster analysis
(zones). In samples with less than 10% of the targeted individual counts (40 valves), abundances are indicated semi-quantitatively with a plus.
DW = dry weight; DAZ = diatom assemblage zone; E = event; DTZ = diatom transition zone; n. a. = not analysed. Grey areas show barren
sections. Grey dots in diatom concentration indicate samples with fewer than 400 valves counted. Star indicates position of the ‘Spear Horizon’.



10 Kim J. Krahn et al.

planktonic taxa, e.g. Pseudostaurosira brevistriata (Gru-
now) D.M. Williams & Round, 1988, Pseudostaurosira
elliptica (Schumann) Edlund, Morales & Spaulding,
2006 and Staurosira venter (Ehrenberg) Cleve & J1.D.
Moller 1879 s.1., are dominant. Planktonic taxa occur
only occasionally. Diatom samples in sequence 12 II DB
(2009) did not yield enough valves for a reliable recon-
struction.

Hierarchical clustering resulted in the differentiation
of three main diatom assemblage zones (DAZ1-3) in RP
13 II, two subzones (DAZ2a/2b), one diatom transition
zone (DTZ) and one event layer (E).

In DAZ]1 (sub-sublevels 13 I11-2¢1—11-2b 2a(b)/3c), the
relative abundance of tychoplanktonic diatoms remains
constantly high (average 83.3%). Dominating taxa are
P. brevistriata and P. elliptica, which constitute together
half of the assemblage. S. venter s.I. MT1 (15.3%) and
Nanofrustulum sopotensis (Witkowski & Lange-Ber-
talot) E. Morales, C.E. Wetzel & Ector, 2019 (12.9%)
are also frequently present. The diatom concentration
shows large variations (1.8-24.5 valvesx10® per gram
DW).

The onset of DAZ2a (sublevels 13 I1-3¢/3b2-11-4h2) is
marked by a sudden increase in benthic taxa, especially of
Navicula spp. (up to 19%), Cocconeis spp. (up to 13%)
and Gomphonema spp. (up to 7%) and highest abun-
dances of planktonic taxa (maximum 7.7%, mostly
Aulacoseira spp.). Rhoicosphenia abbreviata (C. Agardh)
Lange-Bertalot, 1980, Navicula slesvicensis Grunow,
1880 and Epithemia adnata (Kiitzing) Brébisson, 1838
are the most frequent benthic species. Moreover, Punc-
tastriata lancettula (Schumann) P.B. Hamilton & Siver,
2008 and Staurosira binodis (Ehrenberg) Lange-Ber-
talot, 2011 increase in abundances. The diatom concen-
tration is low at the beginning of OAZ2a (sublevels 13 II-
3¢/3b2-11-3b1, 0.5-2.5 valvesx10°® per gram DW) but
increases towards the top (up to 31.1 valvesx10° per gram
DW).

A significant drop in diatom concentration (1.78
valvesx10® per gram DW) can be observed in sub-
sublevel 13 I1-4h1 (102.41 m a.s.l., square 670/1). More-
over, this distinct horizon (E) is characterized by the
one-time occurrence of Navicula lacuum Lange-Bertalot,
Hofmann, Werum & Van de Vijver, 2009 as well as
increased abundances of Navicula cari Ehrenberg,
1836 (6.3%) and Gyrosigma attenuatum (Kiitzing)
Rabenhorst, 1853 (4.8%), species which rarely occur in
the other samples.

In the succeeding DAZ2b (sublevels 13 1I-4g — lower
and central part of 13 II-4e3), benthic taxa are still
present (average 42.5%). However, several benthic taxa
frequent in DAZ2a decrease in abundances, while
Amphora spp. (average 4.2%) and Cymbopleura inae-
qualis (Ehrenberg) Krammer, 2003 (average 1.9%) occur
more often. Diatom concentrations initially increase in
DAZ2bup to the central part (maximum 29.7 valvesx10°
per gram DW) and drop again suddenly afterwards.
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The DTZ (uppermost part of sublevel 13 Il-4e,
101.04 m a.s.l., square 692/2) is almost barren (0.15
valvesx10° per gram DW) and followed by a long section
of poor diatom preservation. Several common taxa
disappear, while Navicula oblonga (Kiitzing) Kiitzing,
1844 (10.7%) and Epithemia frickei Krammer, 1987
(10.7%) become more abundant.

In DAZ3 (upper part of sublevel 13 II-4c) highest
diatom concentrations are documented (119 valvesx10°
per gram DW), and benthic taxa are replaced by the
tychoplanktonic taxa dominating DAZIl (average
82.5%).

Statistical validation of local pollen assemblage zones

The results of the pollen data cluster analysis are plotted
together with selected pollen groups which reflect the
status and development of vegetation in more detail.
Cluster analysis and distribution and variation of the
dominant taxa identify four main clusters and eight local
pollen assemblage zones (LPAZ) in Reference Profile 13
II (Fig. 6).

The first cluster separates LPAZ R3a, R3b (thermal
maximum) and R4/5 from the upper part of the profile.
This lowermost cluster ends with the last occurrence of
thermophile woody taxa. LPAZ RP1, beginning with
sub-sublevel 13 II-2¢3 and ending with sub-sublevel 13
I1-2c1, is defined by the second cluster. Indifferent woody
taxa decrease (~25%), while terrestrial herbs as well as
Poaceae increase.

A third cluster separates LPAZ RP2a to LPAZ RP3
from the upper part of the profile. This separation is
based on a higher proportion of tree and shrub pollen of
the indifferent woody taxa group. The fourth cluster
groups RP4a with RP4b, and RP5 with RP6. The first
group is characterized by a drop and subsequent rise of
tree and shrub pollen of indifferent woody taxa and a
higher proportion of terrestrial herbs (RP4a and RP4b).
The second group of this cluster is separated by a further
rise of terrestrial herbs and a strong decrease of indiffer-
ent woody taxa such as Pinus and Betula (RP5 and RP6).

Ordination of aquatic microfossil data

The variance explained by the first and second compo-
nent of the PCA of the ostracod data setin RP 131115 22.9
and 18.2%, respectively (Figs 7, 8). Comparison with the
broken-stick model shows that the first five components
can be regarded as significant and bear relevant infor-
mation. The PCA biplot shows three clusters, which
mainly correspond to the OAZ determined by hierarchi-
cal clustering (Fig. 7A). Cyclocypris species are strongly
associated with component 1, which also separates OAZ1
and 3. Pseudocandona compressa is connected to positive
values of component 2 (OAZ2a/2b), whereas Priono-
cypris zenkeri, Limnocythere inopinata and Ilyocypris
bradyi are oriented towards negative values (OAZ1/3).
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In the diatom data set, the first four components PCA biplot (Fig. 7B). Component 1 mainly separates
determined by PCA explain a significant portion of the  tychoplanktonic (more negative values, DAZ1/3) from
variance (component 1: 32.7%, component 2: 13.1%). benthic taxa (more positive values, DAZ2a/2b). Positive
Four clusters, which mainly coincide with the DAZ values of component 2 are strongly associated with
defined by hierarchical clustering, are displayed in the  Pseudostaurosira brevistriata + P. elliptica and negative
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valueswith Staurosiraventers.l., Punctastriata lancettula
and Nanofrustulum sopotensis.

Changes in the TN, TOC, CaCOj3; and CIN records

The Reinsdorf deposits are marked by considerable,
often opposing variations in CaCO; and TOC contents
(Figs 4, 8). TN and TOC show similar trends in both
sequences and C/N ratios generally decline towards the
top.

Highest TN and TOC values in RP 13 II occur from
sublevel 13 II-2b 2a(b)/3c to the beginning of sub-
sublevel 13 II-4e2, with a maximum of 0.9% (TN) and
16.2% (TOC) in sub-sublevel 13 11-4h1 (Fig. 8). Addi-
tionally, values are generally higher between sublevels I1-
3c¢/3b2 and 13 11-4h1.

Increased CaCOj; contents are recorded in sublevel 13
I1-2b 2a(b)/3c (75.7%), sublevels 13 11-4i up to the
beginning of 13 II-4e3 (~50%) and the upper part of
sublevel 13 I1-4¢ (~56.8%). Sub-sublevels 13 I1-2¢3 to 11-
2cl are characterized by slightly increased values
(9.1-19.6%), whereas especially sub-sublevels 13 I1-4e3
(upper part) to II-4el and level II-5 show very low CaCO;
contents (<3.2%).

Slight increases in C/N ratios are detected at the
transition of sub-sublevels 13 II-2¢2 to II-2c1 (19-20)
and between sublevel 13 II-3¢/3b2a and the beginning of
sub-sublevel 13 1I-4e3 (17-19). The latter roughly
corresponds to increased TN and TOC contents. Lowest
values are found in sub-sublevel 13 II-5¢2 (6-9).

Sequence 12 II DB (2009) is characterized by high
variation in TOC content, exhibiting values in the range
of 0.3—11.6% (Fig. 4). Highest values were recorded in
level 1211-2b(a), in the upper part of level 12 I1-2b? and in
level 12 II-4al/b. Especially the uppermost part of the
sequence exhibits low TOC values (0.3—0.9%). Overall,
the TOC development roughly correlates with TN
(0.03-0.5%).

The CaCO; content is generally very low (<6.5%),
except for sub-sublevel 12 II-4cl with values varying
between 17.2 and 67.4%.

C/N ratios vary between 10 and 24 and show tempo-
rary increases in the middle of sub-sublevel 12 11-2¢4 (24),
at the top of sublevel 12 I1-2b? (up to 22) and in the upper
part of sub-sublevel 12 I1-4c1 to I1-4b (17—19). High C/N
ratios in sublevel 12 II-2b? correspond to highest TOC
and TN contents.

Discussion

Preservation of aquatic microfossils in the Reinsdorf
deposits

Aquatic microfauna in the Schoningen record shows
markedly variable concentrations with temporarily
either ostracods or diatoms present (Fig. 8), attesting
to changing preservation conditions. Because diatoms
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and ostracods are present in almost all types of aquatic
habitats, their absence in more than half of the samples
suggests that post-mortem dissolution of ostracod and
diatom valves and repeated silting up of the site likely
took place. Although sample processing could have also
caused damage, we considered this aspect as being minor
as procedures were uniform for all samples of the
sequence. Low concentrations of calcareous remains
often coincide with increased organic matter contents,
causing an acidic pH (Urban & Bigga 2015; Kunz
et al. 2017) and probably postdeposition dissolution of
ostracods in the Reinsdorf deposits related to silting
up. The delayed appearance of diatoms compared to
ostracods in parts of the record (e.g. level 13 I1-4c) was
possibly caused by a high pH of lake water related to
increased fluvial input of carbonate-rich matter from the
catchment and resulting dissolution of silicious diatom
valves.

High numbers of broken ostracod and diatom valves
suggest physical wear of the fossil assemblages in a high-
energy environment and drying-out of sediments. Espe-
cially large pennate diatom species show increased
damage, while small-celled taxa are generally better
preserved. Mechanical breakage of diatoms is often
attributed to shallow conditions with turbulent mixing
and drying (Flower 1993; Ryves et al. 2006). Juvenile
ostracod valves are generally more easily transported
under high-energy conditions (Lord et al. 2012) and
increased abundances of juveniles (J/A ratio up to 30,
sublevel 13 II-4¢) could therefore indicate deposition of
allochthonous valves through incoming streams close to
the study sites.

Physico-chemical palaeolake properties

Littoral ostracod species (e.g. Pseudocandona compressa),
tychoplanktonic diatoms and charophyte gyrogonites
commonly occur in the Reinsdorf sequences, mostly
indicating shallow waters. The presence of charophytes in
general suggests a water depth of at least 50 cm. Chara
vulgaris and Chara globularis are indicative of shallow
waters and develop usually between 0.5 and 2 m but
possibly down to 4-6 (10) m water depth (Corillion 1957;
Soulié-Mérsche et al. 2010). The cosmopolitan C. vul-
garisprefers thelittoral zones of great lakes (Korsch 2016),
whereas Chara hispida mainly occurs in deeper parts of
lakes mostly below 2 m water depth (Pichler 1997,
Langangen 2007; Soulié-Mirsche et al. 2008). These
depth ranges correspond to the results of other
water plant remains found in level 13 II-4 (Bigga 2018).
The occurrence of the calcified fructifications additionally
confirms a continuous submersion of at least 3 months at
the site (Soulié-Marsche 1991; Soulié-Mairsche & Garcia
2015). In general, the formation of gyrogonites is
proposed to be more frequent in shallower water and
might be forced by unstable environments (Soulié-
Mirsche & Garcia 2015). A predominantly shallow water
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Fig 8. Synthesis of biological and geochemical proxies of Reference Profile 13 II (2003). Salinity reconstruction based on an ostracod-based
transfer function, given with error ranges and mutual ostracod salinity range (MOSR) based on salinity ranges of the occurring ostracod taxa. The
MOSR max+ limit relies on unusually high limits from the literature. Samples with counts of fewer than 50 valves are omitted. Elongated symbols
show merged samples. Grey lines in salinity transfer function and geochemical data columns show mean value of the sequence. Dashed linesin PCA
component scores 1 and 2 results show zero-point value. DW = dry weight; OTI = ostracod turbulence index; CG = charophyte gyrogonites;
OAZ/DAZ = ostracod/diatom assemblage zone; E = event layer; OTZ/DTZ = ostracod/diatom transition zone; LPAZ = local pollen
assemblage zone; n. a. = not analysed. R1 is available from corresponding profiles. Star indicates the position of the ‘Spear Horizon’.

body is also supported by the mollusc fauna of Schonin-
gen 13 II (Mania 2007b).

Furthermore, Prionocypris zenkeri, which avoids
standing and deep waters (Meisch 2000), and several
other mesorheophilic ostracod species suggest periods of
slow flowing streams. The diatom Epithemia adnata is
found in running waters, too, and Navicula slesvicensis
prefers alkaline flowing freshwater habitats (Lange-
Bertalot et al. 2017). Temporary influence of running
waters was also deduced from the occurrence of, for
example, the fish species burbot (Lota lota) (Bohme
2015).

Rich aquatic vegetation with abundant charophytes is
documented in many parts of RP 13 II by the presence of
gyrogonites and the ostracod species Cypridopsis vidua
and P, zenkeri (Meisch 2000), together with epiphytic
diatom taxa such as Cocconeis spp. and E. adnata
(Lange-Bertalot et al. 2017). Results are supported by
abundant remains of littoral macrophytes (e.g. Nuphar
lutea, Phragmites, Typha) recorded by pollen (Urban
1995, 2007) and plant macro-remains (Jechorek 2000;
Bigga 2018).

Many common diatom species in RP 13 II are
classified as meso-eutraphentic to eutraphentic (van
Dam et al. 1994) and suggest a rich supply of nutrients.
However, the charophyte C. hispida mainly occurs in the
oligo- to mesotrophic range, while C. vulgaris and
C. globularis also tolerate higher nutrient levels (van de
Weyer & Doege 2016). Macrophyte analyses point to
meso- to eutrophic conditions (Bigga 2018) as well and
fish remains indicated temporary eutrophication of the
palaeolake (Bohme 2015).

Charophyte taxa suggest rather freshwater condi-
tions, although C. vulgaris and C. globularis are
known as halotolerant and may occur in the oligo-
haline range of salinity (generally <5 g L™" of chlo-
rite; Garcia 1994; Garcia & Chivas 2006). Moreover,
C. hispida was only rarely reported from brackish
water (Langangen 2007; Schubert et al 2016). The
documented ostracod species commonly occur in
freshwater environments as well; however, several
taxa such as P. compressa and Limnocythere inopinata
prefer oligohaline to mesohaline waters (Meisch 2000)
and thereby hint at increased salinities. Additionally,
the ostracod-based salinity transfer function yields
values within the p-oligohaline range. A slight influ-
ence of brackish waters is also visible by the presence
of fresh-brackish (e.g. Epithemia frickei, Navicula cari,

Saurosira venter) and brackish-fresh (e.g. N. slesvicen-
sis) diatom species (van Dam et al 1994). Further-
more, salt influencing the palaeolake was derived
from increased soluble salt contents measured in the
Reinsdorf deposits (Urban & Bigga 2015), and the
occurrence of salt-tolerant plants (Jechorek 2000;
Bigga 2018). The Reinsdorf sequence was deposited
within a rim syncline, developed along the edge of the
Helmstedt-StaBfurt salt wall (Brandes et al 2012).
Elevated salinities in the Schoningen deposits are
thereby possibly connected to groundwater discharge
influenced by this nearby salt wall into the lake.

Diatoms from RP 13 II are represented by several
alkaliphilous and alkalibiont taxa (e.g. Pseudostaurosira
brevistriata, S. venter, Gyrosigma attenuatum, E. adnata)
reflecting high lake water pH. The ostracod L. inopinata
was also found in alkaline pools (Loffler 1959) and
Loffler (1990) discusses elevated alkalinity as a reason for
male occurrences. Males of L. inopinata, commonly
presentin sublevel 13 I1-4¢c of the Reinsdorf sequence, are
extremely rare in central Europe today (Meisch 2000),
but they were, for example, abundantly found in
Germany in Eemian deposits and also occur in MIS 9
deposits (Horne & Martens 1999; Fuhrmann 2012;
Bridgland et al. 2013).

Increased calcium content of lake waters is supported
by the ostracod taxa. Although many species are
titanoeuryplastic, several meso-polytitanophilic taxa
point to at least 18 mg Ca L™ (e.g. Ilyocypris bradyi, P
compressa). Prionocypris zenkeri and Cyclocypris serena
even suggest a calcium content of more than 72 mg L™
(Meisch 2000). However, considering its preference for
streams, P. zenkeri might be allochthonous and possibly
documents the calcium content of inflows from the Elm
and not in the palaeolake.

Comparison of lake-shore characteristics between sites 12
IIDBand 13 11

Integration of sites 12 II DB and 13 II allows a better
differentiation between local signals and general envi-
ronmental developments.

Opverall, not all levels documented in RP 13 II can be
found in sequence 12 I DB (2009) and thickness of the
individual levels varies between the sites (Tables S1, S2).
Missing, probably eroded, levels and the poorer preser-
vation of aquatic microfossils in 12 IT DB compared to
RP 1311 generally indicate more disturbances at site 12 IT
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DB. Sand horizons recorded at site 12 (Profile Schonin-
gen 12 B) point to temporarily increased fluvial activity
(Urban & Sierralta 2012).

The ostracod species composition is similar in both
sequences, although abundances of individual taxa vary.
Considering their common location close to the lake
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shore at an approximate distance of 1-2 km (Fig. 1B),
this is not surprising. Mesorheophilic species (e.g.
Ilyocypris bradyi, Herpetocypris reptans) indicate flow-
ing waters at both sites, thereby complementing sedi-
mentological results (e.g. Julien et al. 2015). Slightly
higher abundances of Pseudocandona compressa and
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Fig. 9. Environmental development at the palaeolake shorein Schoningen during the Reinsdorf sequence showing (sub-)sublevel of sequence 12 IT
DB (2009) and Reference Profile 13 II (2003), inferred aquatic microfossil development zones (OAZ, DAZ) combined with local pollen zones
(LPAZ), major lake-shore developments (brown = dry or temporarily flooded; blue = higher water levels and increased erosion caused by
pronounced stream inflows; green = more stable, shallow aquatic conditions with increased productivity and salinity) and vegetation-inferred
climatic conditions (red = warm interglacial; orange = cool-temperate; blue = cool). Letters A—F correspond to diagrams in Fig. 10.
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Fig 10. Simplified, unscaled model of environmental changes throughout the Reinsdorf sequence close to Reference Profile 13 11 (black bar). A.
Thermal optimum, dry or temporarily flooded, thermophile, deciduous dominated forests. B. Increased water levels with pronounced stream
inflows, cool conditions, steppe. C. Less turbulence and more stable, shallow aquatic conditions with increased productivity and salinity, cool-
temperate, boreal forest-steppe. D. Dry or temporarily flooded, cool-temperate, boreal forest-steppe. E. Increased water levels with pronounced
stream inflows, cool conditions, open forest-steppe. F. Early glacial conditions, dry or temporarily flooded, landscape instability, cooling. Letters

A-F correspond to Fig. 9.

juvenile Pseudocandona in sublevel I1-4¢c of 12 11 DB
compared to the same sublevel in RP 13 11, however, hint
at calmer conditions, at least during this phase, at site 12
IT DB. Complementarily, the dominance of Chara cf.
hispida in sequence 12 II DB (2009) clearly indicates
greater water depth in comparison with RP 13 I1. Lower
abundances of the deep and stagnant water avoiding
Prionocypris zenkeri further support both higher water
levels and calmer conditions at site 12 II DB during
deposition of sublevel I1-4c.

In summary, species assemblages of both sites
confirm inferred chemical lake water characteristics.
Similar trends in the geochemical record, e.g. high
carbonate contents especially in sublevel II-4c, giving
evidence for an overall lake level rise at that time, are
consistent with interpretations of Urban & Bigga
(2015) and Kunz et al (2017). However, contrast-
ing the generally recorded greater disturbances and
fluviatile influence at site 12 I DB, higher lake levels
and a possibly more distal inflow are depicted in
sub-sublevel 11-4cl of this sequence compared to RP
13 1II.

Environmental development in the Reinsdorf sequence

Based on aquatic and terrestrial proxies, six main lake-
shore development stages (Fig. I0A—F) are defined for
the Reinsdorf sequence by Reference Profile 13 11 (2003).
Aquatic microfossils along with palynological results
support repeated lake level variations (e.g. Mania 2007a;
Urban 2007; Lang et al. 2012) and consequently cli-
mate-driven changes from aquatic to more terrestrial
habitats at the study site. Aquatic microfossil assem-
blages and vegetation development (Figs 6, 8, 9) jointly
allow for a refined reconstruction of environmental
changes and their impact on the palaeolake ecosystem
during the interglacial-glacial transition.

The Reinsdorf interglacial temperature maximum and
beginning of cooler conditions. — The lowermost levels of
RP 13 II represent the interglacial temperature maxi-
mum and terminal phase, showing a mid- to late
interglacial vegetation succession reconstructed from
five local pollen assemblage zones (LPAZ R1-R4/5,
Fig. 6; Urban 1995, 2007; Urban & Bigga 2015).
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Lack of aquatic microfossils in the lowermost part of
RP 13 II, except for low abundances of ostracods in the
upper part of sub-sublevel 13 I1-2c4 (Fig. 8), suggests
that the site was probably only temporarily covered by
very shallow waters (Fig. 10A). This is consistent with
the documented forest mire development (Urban 1995)
as well as 3D subsurface modelling and shear wave
seismics that suggest a lake level lowstand for 13 II-1a
(Lang et al. 2012).

Steppe environment with increasing lake levels and habitat
instability. — The continuous presence of a diverse
ostracod fauna as well as occurrences of Chara cf.
vulgaris remains in calcareous muds rich in mollusc shells
document submerged conditions (Fig. 10B; OAZl,
Fig. 2). Increasing lake levels promoted development
of a permanent water body with rich aquatic fauna and
flora during deposition of sub-sublevels 13 I11-2¢3-11-2¢1
(Fig. 10B).

In general, the ostracod assemblage is shaped by
littoral species, which prefer shallow water. Mostly
mesorheophilic or rheoeuryplastic ostracod taxa and
the high OTI values (Fig. 2) suggest increased turbu-
lent stream inflow from the Elm, consistent with Lang
et al. (2015) and likely associated with reduced vege-
tation cover in the catchment. The zonal vegetation
during this depositional period was characterized by
high numbers of Poaceae, Artemisia and other terres-
trial herbs. Among the tree and shrub pollen, Betula,
Juniperus and Larix point to open landscape condi-
tions and increasing dryness facilitating erosion
(Fig. 6).

Diatoms were first observed in sub-sublevel 13 II-
2c¢l (Fig. 5). Dominating small tychoplanktonic
fragilarioid diatom taxa (e.g. Pseudostaurosira brevis-
triata, Staurosira venter) are still indicative of a
shallow lake (Bradbury 1988; Schmidt et al. 2004).
Small Fragilaria s.l. are considered pioneer species
occurring after disturbance events with erosion
(Hickman & Reasoner 1994, 1998), and environmen-
tal instability is proposed to stimulate mass develop-
ment (Denys 1990). Their fast reproduction rate and
broad tolerances make them highly competitive in
unstable, changing habitats (Hickman & Reasoner
1998; Lotter & Bigler 2000; Weckstrom & Juggins
2005). Mass occurrence of these taxa is also proposed
to be associated with long periods of ice cover (Lotter
& Bigler 2000). Cooler climates compared to the
preceding thermal maximum of the Reinsdorf
sequence, at least during winter, might have led to
reduced evapotranspiration and consequently higher
lake levels.

Change to a boreal forest-steppe with more stable aquatic
lake-shore habitats and subsequent lake level drop. —
Following the lake level increase indicated by sub-
sublevels 13 II-2¢3-II-2¢l, sediments document
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progressive silting up of the site and deposition of silty
organic muds with peaty layers (II-2b 2a(b)) (Table S1),
which did not preserve ostracod shells (Fig. 10C, D).

Palynological and sedimentological evidence aswell as
plant macro-remains point to repeated dry-wet condi-
tions changing from local swamps to areas of open water
and back, beginning in the uppermost part of sub-
sublevel 13 II-2c1 up to II-4el (LPAZ RP2a/b, RP3). A
Pinus and Betula dominated boreal forest-steppe with
Salix, Populus and Juniperus occurring more locally and
Picea and Larix growing on drier stands are indicative of
a longer cool-temperate dry period, which follows the
cool and dry steppe phase of RP1 (Fig. 6).

A stable and productive aquatic ecosystem with
diverse microhabitats is suggested by the highest ostra-
cod concentration of the entire sequence and a high
diversity (Fig. 2) in the lower part of level 13 II-3. While
the diatom assemblages in the lowermost section are still
dominated by disturbance indicating tychoplanktonic
small Fragilaria s.1., a distinctive shift to benthic diatom
species, occurring in sublevels 13 I1-3¢/3b2 (beginning of
DAZ2a) and prevailing up to sub-sublevel 13 I1-4e3
(DAZ2b),supports morestable conditions (Fig. 5). PCA
component 1 of diatom data further emphasizes this
development by changing from negative to positive
values. The reduction in small fragilarioid diatoms might
additionally be related to shorter periods of ice cover on
the lake, which fits the interpreted increased tempera-
tures during a cool-temperate dry period based on
palynological data.

A marked increase in TOC and TN contents (Fig. 8),
especially between sublevels 13 II-3¢/3b2 and 11-4hl,
indicates a change towards a more productive system or
reduced input of minerogenic matter (Enters et
al. 2006). The frequent occurrence of the fish species
Carassius carassius starting in level 11-3 rather suggests
eutrophication took place (Bohme 2015). High C/N
ratios (17—19), however, show a significant contribution
of terrestrially derived organic matter (Meyers 1994).

A decrease in spring and flowing water-associated
ostracod species (e.g. Prionocypris zenkeri) marks sub-
levels 13 II-3a-II-4e3 (OAZ2a/2b). Oligorheophilic
species (e.g. Pseudocandona compressa, Candona welt-
neri) increase in abundance, the OTI reaches its lowest
values of the whole sequence and PCA component 2 of
ostracod data, mainly separating calm and more turbu-
lence indicating species, shows a shift towards more
positive values (Figs 7, 8). An increase in vegetation
cover along the lake shore and accompanied reduced
surface spring water discharge possibly explain the
development towards a less turbulent environment.

Concurrently, ostracod-based reconstructed salinities
show a maximum within the p-oligohaline salinity range,
re. >2 (psu) (OAZ2a/2b), thereby indicating brine
influence under positive precipitation—evaporation bal-
ance during this phase. Especially OAZ2b shows a
marked salt influence, probably driven by subrosion



BOREAS

related to fluctuations of the groundwater table.
Generally increased soluble salt contents in organic-rich
Reinsdorf deposits were associated with periods of
higher groundwater levels (Urban & Bigga 2015).

The interjacent event layer (sub-sublevel 13 1I-4h1) is
characterized by a high number of broken ostracod
valves, low microfossil concentrations and the one-time
appearance of the diatom species Navicula lacuum,
together with increasing occurrence of otherwise rare
taxa. Moreover, higher amounts of reworked paly-
nomorphs and suddenly increased abundances of Eri-
caceae are evident. High input of allochthonous
material, possibly as a result of a major erosion event of
older lake sediments at the lake shore, could have been
caused by changing dry-wet conditions or a short-lived
climatic oscillation leading to lake level variations.

After this event layer, a decline in abundances of the
diatoms Cocconeis spp. and Rhoicosphenia abbreviata in
favour of Cymbopleura inaequalis, as well as the return of
charophyte gyrogonites, is suggestive of less eutrophic
conditions in sublevels 13 II-4g-11-4e3 (DAZ2b) com-
pared to sublevels 13 II-3c/3b2-11-4h2 (DAZ2a),
although productivity is still high as suggested by TOC
and TN contents.

Overall, the concomitant changes in ostracod and
diatom assemblages reflect a decreased inflow of surface
waters accompanied by turbulence and erosion. Surface
inflows were probably hampered by a more extensive
vegetation cover, whereas groundwater discharge into
the lake increased. Aquatic vegetation could have devel-
oped extensively, and productivity was high (Fig. 10C).

The disappearance of diatoms and ostracods follow-
ing the period of less disturbed aquatic conditions in
OAZ2a/2b and DAZ2a/2b suggests a further lake level
drop during the deposition of sub-sublevels 13 I1-4e2 and
I1-4el (Fig. 10D). This drop is also supported by
crumbly-structured, clayey-silty muds (Table S1), an
increase of terrestrial herbs as well as of Calluna and
other Ericales, and an almost entire lack of aquatic taxa,
pointing to wet-dry conditions and strong desiccation
processes (LPAZ RP3) (Fig. 6).

Repeated period of increased lake levels and transition into
a glacial phase. — The reappearance of ostracods start-
ing in sublevel II-4c suggests another increase in lake
levels favouring development of diverse aquatic organ-
isms (Figs 2, 10E). The charophyte assemblages indi-
cate water depths of at least 50 cm for RP 13 II and
probably more than 2 m at site 12 II DB. The ostracod
Limnocythere inopinata appears for the first time with
constantly higher abundances in RP 13 II. In a study
about the ecology and distribution of living ostracod
assemblages in a lake in central Italy, L. inopinata was
dominant in slightly deeper water areas (around
150-210 cm), while C. vidua (OAZ1) was common in
shallower waters (20-140 cm) (Marchegiano et
al. 2017). Therefore, higher lake levels in OAZ3, in
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comparison with OAZ1, could explain the different
assemblages. Flowing water and spring input indicating
ostracod taxa occur again frequently and the OTI
values point to increased turbulence.

Very low numbers of Pinus and high values of
heliophilic terrestrial herbs, with Betula being a major
component of the riparian vegetation, characterize this
phase (pollen subzones LPAZ RP4a and LPAZ RP4b,
sublevel 13 I1-4¢) and show opening of the landscape and
development of a steppe ecosystem under a cool conti-
nental climate (Fig. 6).

Small fragilarioid diatoms are again abundant in the
upper part of sublevel 13 II-4c (DAZ3), comparable to
DAZ1 (Fig. 5), hinting at similar unstable conditions
with possibly longer duration of lake ice cover. The
microfossil records thereby show again a climatic oscil-
lation with lake level rise, flooding and increased
influence of stream activity originating from the Elm
causing turbulence and erosion in a deltaic or alluvial
system (Fig. 10E).

Termination of the Reinsdorf sequence. — Sub-sublevel
II-4al/b in sequence 12 IT DB (2009), corresponding to
the ‘Spear Horizon’ of site 13 II, is void of diatom,
ostracod and charophyte remains. Nonetheless, macro-
remains and pollen of aquatic taxa were found in RP 13
II, suggesting submerged conditions at least in the
beginning of this phase (Fig. 10F; Urban & Bigga
2015). Pollen analyses show another relatively temperate
phase reflected by a Pinus increase, a drop of Betula, very
few Salix, Alnus, Juniperus and Piceapollen and very rare
occurrences of Larix (LPAZ RP5, sublevels 13 11-4ato I1-
4b(c)).

The succeeding level II-5 is again void of aquatic
microfossils and reworked palynomorphs increase in
abundance. The zonal vegetation and climatic conditions
can be described as a highly continental open forest-
steppe environment transitioning into another steppe
phase with increased occurrences of Poaceae and Cyper-
aceae and decreasing amounts of Betula and Pinus
(Fig. 6, LPAZ RP6). We propose climatic deterioration
characterized by cool climates, a lake level drop,
progressive desiccation and landscape instability during
deposition of the uppermost part of RP 13 II and
termination of the Reinsdorf sequence (Fig. 10F).

Conclusions

Ostracods, diatoms and charophytes generally record
shallow, alkaline lake waters with slightly increased
salinities (f-oligohaline), meso-eutrophic conditions
and rich aquatic vegetation during phases of higher
lake levels. We suggest inflows from the Elm as the origin
of the increased calcium concentrations, whereas the
salinization can be connected to the salt wall. The new
results thereby support and concretize previous inter-
pretations of e.g. pollen, plant macro-remains, fish and
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sedimentological investigations regarding lake level
variations, increased nutrient levels and salinities. Over-
all, aquatic microfossil analyses provide more detailed
information about lake-shore structures and water
depths at sites 12 II DB and 13 II (RP), as well as
quantitative salinity data.

This Reinsdorf succession is characterized by six
major lake-shore development stages with highly vari-
able lake levels, aquatic habitats and vegetation patterns
(A—F). The Reinsdorf Interglacial is followed by drier
and cooler forest-steppe and steppe phases that ulti-
mately transform into a cold phase. Lake levels were low
in the beginning of the Reinsdorf sequence, which was
characterized by thermophile, deciduous dominated
interglacial forests (A). Progressive forest opening and
steppe development in the catchment during cooler
climates led to enhanced surface runoff and deposition
in a lake-shore environment influenced by small, turbu-
lent streams with elevated lake levels (B). Development
of boreal forest-steppes with increased vegetation cover
during a climate oscillation in the central part of the
sequence resulted in calmer, shallow water conditions
with generally higher trophic levels (C). Concurrently,
brine influence, probably driven by stronger subrosion
activity, increased. Following temporary desiccation
(D), landscape opening, increasing spring water input
via surface streams, and consequently increasing lake
levels, favoured again growth of aquatic organisms at the
lake shore during a late, cooler steppe phase in the
younger part of the sequence (E). Progressive climate
cooling, resulting in landscape instability and low lake
levels, during an early glacial phase ultimately termi-
nates the Reinsdorf sequence (F).

Multi-proxy studies are especially suited for archives
subjected to highly variable conditions and sedimento-
logical changes. The Reinsdorf deposits represent com-
plex palaeolake-shore records with repeated phases of
lake level rise and fall leading to the alternating depo-
sition of lake marls and peat, as well as temporary
desiccation, affecting the preservation of diatoms and
calcareous microfossil remains. Therefore, a combined
interpretation of aquatic and terrestrial proxies is needed
and provides detailed information about Middle Pleis-
tocene environmental changes around 300 ka ago that
shaped early human habitats in Schoningen during
periods of repeated landscape instability and climate
cooling.
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Table S1. Lithological description of Reference Profile
Schoningen 13 II (2003) with pictures of the five
profiles in stratigraphical order, elevation (m a.s.l.),
level, square, sedimentological description and local
pollen assemblage zones (LPAZ) (modified from
Urban & Bigga 2015).

Table S2. Lithological description of sequence 12 II DB
(2009) at plateau 4 showing four profile coordinates in
stratigraphical order, level, sample ID (DBG only
geochemical analysis), elevation (m a.s.l.), sedimento-
logical description and local pollen assemblage zones
(LPAZ) (modified from Kunz et al. 2017).



