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Eemian pollen records from central Europe describe a transition from thermophilous tree taxa in the early Eemian to
boreal tree taxa in the late Eemian with forest opening in the subsequent stadial. Available summer-temperature
reconstructions for the mid- to late Eemian transition show decreasing values during that time. We present a new
chironomidrecordfromsouthernGermanythatcovers themid-Eemiantotheendof the firstW€urmianstadial (c. 125–
105 ka) and also parts of the late Rissian glaciation and early Br€orup interstadial of the early W€urmian glaciation.
Basedon this recordwedescribe lake development in the formerF€uramoospalaeolake andquantitatively reconstruct
July air temperature during the examined interval. Late Rissian sediments are dominated by two chironomid taxa,
Sergentia coracina-type and Micropsectra radialis-type, indicating very cold conditions. Following an uncertain
interval, probably includingahiatus at the lateRissian/Eemian transition,mid-Eemian sediments containTanytarsus
glabrescens-typeandTanytarsusmendax-type suggestingrelativelyhighJulyair temperatures.Duringthe lateEemian,
typically thermophilic taxa such as Tanytarsus glabrescens-type disappear, suggesting decreasing temperatures.
Stadial A is associatedwith increases inMicrotendipes pedellus-type suggesting more oligotrophic conditions. Early
Br€orup sediments contain Tanytarsus glabrescens-type, suggesting a slight increase in July air temperature.
Reconstructed July air temperatures show temperatures of 7–8 °C during the late Rissian and a decline from ~15.5–
12 °C during the mid- to late Eemian associated with decreasing Northern Hemisphere July insolation. July air
temperaturevaluesvarybetween12and14 °Cin the lateEemian,while reconstructed temperatures remainwithin12–
13.5 °C during Stadial A. Our new chironomid-based temperature reconstruction provides valuable corroboration
and new quantification of temperature development from the mid-Eemian to the early Br€orup interstadial aswell as
for sections of the late Rissian from the alpine foreland of southern Germany.
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During the last interglacial interval, the Eemian, global
temperatures were 1–2 °C higher than pre-industrial
values (Turney & Jones 2010; Masson-Delmotte et al.
2013; Otto-Bliesner et al. 2013) and as a result of large-
scale deglaciation sea level was 6–9 m higher than today
(Dutton et al. 2015). TheEemian is broadly correlated to
Marine Isotope Stage (MIS) 5e (Dansgaard et al. 1993)
but there is a c. 6000-year lag between the onset of MIS
5e and afforestation in some terrestrial records from
central Europe (Shackleton et al. 2003). Transition from
the penultimate (i.e. Rissian) glacial to the Eemian was
characterized by greenhouse gas concentrations rising
on aglobal scale (L€uthi et al. 2008; Schilt et al. 2010) and
increasing Northern Hemisphere summer insolation
(Berger & Loutre 1991).

Terrestrial records from central Europe identify the
Eemian as a heavily forested interval chronologically
between the open landscapes of the previous Rissian
glacial and the first phase of forest opening in the
following glacial complex (Turner & West 1968). Over
largepartsofEurope, steppic tundras associatedwith the
penultimate, Rissian glaciation transitioned into forest
biomes at the onset of the Eemian (e.g. Litt 1994).

Eemian vegetation reconstructions for central Europe
indicate a characteristic succession of arboreal taxa,
broadlydescribed in threephases byKlotz et al. (2003) as
the early Eemian Pinus–Quercetum mixtum–Corylus
phase, themid-EemianCarpinus–Piceaphaseand finally
the late-Eemian Pinus–Picea–Abies phase, although
regional disparities exist between the available pollen
records. The end of the Eemian in central Europe is
characterized by a strong increase in the percentages of
herbs, and particularly Poaceae, at the expense of tree-
pollen percentages thatmarks the onset of the last glacial
period (e.g. Woillard 1978; M€uller et al. 2003).

For terrestrial environments in Europe, quantita-
tive proxy-based temperature reconstructions for the
Eemian interglacial and W€urmian glacial periods have
been produced from pollen (e.g. K€uhl & Litt 2003; K€uhl
et al. 2007), beetle (Ponel 1995; Walkling & Coope 1996;
Behre et al. 2005) and chironomid assemblages (Engels
et al. 2008, 2010, 2014; Plikk et al. 2019; Bolland et al.
2020; Ilyashuk et al. 2020). The use of multiple proxies for
temperature estimation is vital for understanding conti-
nental temperature development because different proxies
can respond differently to environmental forcing factors
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(Lotter et al. 2012). Hence, by utilizing multiple proxies it
is possible to develop an integrated picture of past climatic
change, ideally identifying and separating the influence of
different seasonal variables such as summer temperature,
winter temperature and continentality.

The fossil remains of chironomid larvae are an excel-
lent proxy for reconstructing environmental change,
being ubiquitous, diverse, nearly eurytopic as a family
and remaining well preserved in lacustrine sediments
(Brooks et al. 2007). They allow the assessment of in-lake
environmental change through time and, because of the
close relationships of many chironomid taxa with sum-
mer air temperatures, can be used to quantitatively
reconstruct mean July air temperature by numerically
relating the fossil assemblages tomodern assemblage and
temperature data (Brooks 2006; Eggermont & Heiri
2012).Herewepresent anewchironomid recordcovering
sections of the late Rissian, Eemian and early W€urmian
from F€uramoos, southern Germany, to infer environ-
mentalchange intheF€uramoospalaeolakeandproducea
chironomid-based July air temperature reconstruction.
Our new record yields a stratigraphically well con-
strained, centennial-scale temperature reconstruction
from the mid-Eemian (c. 125 ka) to the end of Stadial
A (c. 104.5 ka), thus covering the transition from the
mid-Eemian to the late Eemian and the subsequent
Stadial A. Our record also provides insights into July air
temperatures during the Late Rissian glaciation, prior to
the onset of the Eemian and the early Br€orup interstadial
that follows Stadial A, although these sections of our
record are less well constrained by the available chrono-
logical data.

The study site

The F€uramoos Ried peat bog (Fig. 1) was formed in a
basin between two Rissian glacial moraines in the
German alpine foreland (Schreiner 1996; Busschers
et al. 2008) situatedat662 ma.s.l. Its sediments represent
a nearly continuous archive of environmental change
from the end of the Rissian glaciation to the Holocene
(Schreiner 1982; M€uller et al. 2003; Winterholler 2004;
Kern et al. 2019). Themodernmean July air temperature
of the German alpine foreland region is between 16–
18 °C for the period 1961–1990 (https://www.dwd.de)
and mean July air temperatures of 17.8 °C have been
recorded at Memmingen, 20 km from F€uramoos
between 610–615 m a.s.l. for the period 1991–2020
(DWD Climate Data Centre 2021). The study is based
onthesedimentcoreFu15-2, retrievedfromF€uramoosat
latitude 47°59026.14900N, longitude 9°53013.31800E in
2015 using a mobile drilling rig.

In this study we describe the results from a single
sediment core segment Fu15-2 790–890 cm (hereafter
referred to as ‘Fu15-2 core’) that contains sediments
from the Rissian glaciation, Eemian interglacial, Stadial
A and early Br€orup interstadial (Fig. 2). The sediment

core has previously been correlated to the record of
M€uller et al. (2003), also from F€uramoos (Becker 2018;
Kern et al. 2019). These correlations indicate that the
sediment between 890 and 856 cm is from the Rissian
glacial and consists primarilyof greyclayswith some fine
sand grains. There then appears to be a hiatus in the
sediment core at 856 cm (see Discussion) seen in the
lithology as an abrupt change from Rissian glacial clays
to Eemian fen peat. Sediments from 855 to 837 cm are
diagnosed as fen peats because they are highly organic
and contain a high proportion of inorganic clastic
material (Kern et al. 2019), while the microfossil content
clearly indicates that sedimentation took place under
water in lacustrine conditions (Fig. 3). The fen peat is
believed to have formed due to the increased deposition
rates of detritus originating from aquatic macrophytes
and near-shore terrestrial vegetation relative to algal
organic matter or other aquatic sediment components
during these intervals, possibly related to changing
productivity in the littoral or open water of the lake, or
changes in the relevant transport processes for these
sediment components to the coring site. At 837 cm there
is a transition to highly organic lacustrine muds until
819 cm. Sediments within the section 856–819 cm are
largely homogenous, and due to the high degree of
humification individual plant remains cannot be identi-
fied (Kern et al. 2019). Sediments from depths 819–
803 cmare low-organic lacustrinemuds that correspond
to Stadial A and sediments from depths 803–790 cm are
fen peat corresponding to the Br€orup interglacial, again,
basedon themicrofossil content, clearlydeposited under
water in lacustrine conditions. Macroscopically, sedi-
ment layers from the Br€orup form plates of organic-rich,
highly humified sediments that can be easily separated
fromoneanother in layers but remaindifficult tobendor
break individually.

Material and methods

Pollen sample preparation and analysis

For the present study, eight pollen samples were pro-
cessed across the transition from Rissian glacial sedi-
ments toEemian fen peat (857–851 cm; 1-cm resolution;
Fig. 2). These samples complement the previously
available, low-resolution (12 cm) palynological data set
for the same core segment examined by Becker (2018;
Fig. 2),making 20pollen samples in total. Thiswasdone
to examine an uncertain sediment interval, 857–851 cm,
and confirm the hiatus at 856 cm as the original low
resolution vegetation reconstruction (Becker 2018) did
not capture the first vegetation stages of the Eemian
interglacial interval at F€uramoos. Specifically these
additional analyses confirmed that intervals of Betula
andPinusdominance andQuercusdominance, displayed
in M€uller et al. (2003) were absent from the Fu15-2 core
(see below).
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For palynological processing, 1 cm3 was used per
sample, and Lycopodium tablets were added for estima-
tionofpollen concentrationsprior tochemical treatment
(Stockmarr 1971). Sediments were processed in 10%
NaOH following Eisele et al. (1994). Residues were
embedded in glycerine jelly, mounted on microscope
slides and analysed with a Carl Zeiss Axio Scope A1�

microscope (400–10009 magnification) at the Institute
of Earth Sciences, Heidelberg University.

Loss on ignition (LOI) analysis

The organic-matter content of the sediment was mea-
sured in 89 samples between 888 and 794 cm core depth
using 0.5–2 g of sediment per sample. The percentage
of organic matter in each sample was determined
following loss on ignition (LOI) at 550 °C following
Heiri et al. (2001).LOIwas conductedat theDepartment
of Environmental Science, University of Basel.

Chironomid sample preparation and analysis

A total of 94 chironomid samples were taken every 1 cm
along the sediment core between absolute sediment
depths of 888 and 794 cm. The volume of sediment used
ranged between 1 and 6 cm3. For samples taken below
and including 855 cm there was no chemical pretreat-
ment, since the sediments could be sieved easily using
water only. However, samples from 858 cm and above
were heated in 10% KOH for 15 min at 85 °C due to
processing difficulties (see below). All samples were
sieved at 100 and 200 µm, and chironomid head capsules
as well as other chitinous aquatic invertebrate remains
were picked from a Bogorov tray under a stereomicro-
scope (30–509 magnification). Samples were dried and
mounted in Euparal before identification at 40–4009
magnification using a compound microscope. A mini-
mumhead count of 80 was aimed for to ensure that more
than the recommended 45 head capsules were found per

Fig. 1. Site locations of temperature reconstructions in centralEurope referred to in the text for the interval from theRissian glacial interval to the
Br€orup interstadial: 1 = F€uramoos (blue circle; Klotz et al. 2003, 2004; M€uller et al. 2003; this study); 2 = Les Echets (Klotz et al. 2004); 3 = La
Flach�ere (Klotz et al. 2003); 4=Lathuile (Klotz et al. 2003); 5=LaGrandePile (Woillard 1978; Ponel 1995;K€uhl&Litt 2003;Klotz et al. 2004); 6=
Meikirch II (Klotz et al. 2003); 7=Beerenm€osli (Klotz et al. 2003); 8=Oerel (Behre et al. 2005); 9= Jammertal (M€uller 2000;Klotz et al. 2003, 2004;
M€uller et al. 2005); 10 =Bispingen (K€uhl&Litt 2003); 11 =Eurach (Klotz et al. 2003); 12 = Samerberg (Gr€uger 1979;Klotz et al. 2003, 2004); 13 =
Gr€obern (Litt 1994;Walkling&Coope1996;K€uhl&Litt 2003;K€uhl et al. 2007) (Klotzet al. 2003).
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sample (Heiri & Lotter 2001). Head capsules with a
complete mentum or greater than half a mentum were
counted as one specimen, head capsules with half a
mentum were counted as half a specimen and head
capsules with less than half a mentum were disregarded.
Furthermore, other invertebrate remains including
remains fromDaphnia, Sialidae,Ceratopogonidae,mites,
Ephemeroptera, Trichoptera and Plecoptera in addition
to Plumatella resting cysts were mounted and identified.
Characeae oogonia were also enumerated.

Chironomid identification

Chironomid identification followedWiederholm (1983),
Schmid (1993), Brooks et al. (2007) and Andersen et al.
(2013). Specimens that could only be identified to low
taxonomic resolution were excluded from further anal-
ysis. Samples consisting of peat were difficult to process
(see below) and resulted in a relatively large number of
mountedTanytarsus specimenswith damaged ormissing

antennal pedestals. In these sections head capsules
belonging to specimens identified as Tanytarsus were
assigned to the categoryofTanytarsusmendax-type, since
this was the only abundant Tanytarsus morphotype
present in these samples. The descriptions of Solhøy
(2001) and Haas (1994) were used to identify oribatid
mites and Characeae oogonia, respectively. Plumatella
statoblasts and Daphnia ephippia were identified based
on Francis (2001) and Vandekerkhove et al. (2004). A
reference collection of mounted modern specimens at
Geoecology, University of Basel, was used to identify
larval mandibles and head capsules of Sialidae, Cerato-
pogonidae,Ephemeroptera,Trichoptera andPlecoptera.

Chironomid-based temperature reconstruction

The Swiss-Norwegian calibration data set and inference
model from Heiri et al. (2011) was used to develop
quantitative July air temperature estimates based on
fossil chironomidassemblages.Thedata set describes the
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distribution data of 154 chironomid taxa from 274 lakes
in Switzerland and Norway across a mean July air
temperature gradient of 3.5–18.4 °C. A temperature
reconstruction was produced using a two-component
weightedaveragingpartial least squaresmodel (WAPLS;
ter Braak & Juggins 1993; ter Braak et al. 1993). To
produce the reconstruction some F€uramoos samples
needed to be combined to achieve higher chironomid
counts (see below and Fig. S1). The model used in this
study had a root mean square error of prediction
(RMSEP) of 1.41 and an r2 of 0.90 between predicted
and observed temperatures (estimates based on 9999
bootstrapping cycles). The chironomid samples in the
record were identified to a higher resolution than the
Swiss-Norwegian training set (Heiri et al. 2011) and
therefore someof theoriginal42 typeswereaggregated to
match the trainingset resolution.Thesewere (trainingset
resolution: Fu15-2 core resolution) Einfeldia: Einfeldia
dissidens-type and Einfeldia natchitocheae-type; Dicro-
tendipes: Dicrotendipes nervosus-type and Dicrotendipes

notatus-type; Cricotopus 292: Cricotopus laricomalis-
type and Cricotopus intersectus-type. Furthermore, one
type, i.e.Psectrocladius calcaratus-type,wasnot included
in the calibration data set, resulting in 38 types that
formed the basis for chironomid-inferred temperature
estimates.

Samples were compared with the modern calibration
data using squared chi-square distance to assesswhether
chironomid assemblages had either ‘no close’ or ‘no
good’modern analogues in the calibration data set. The
2nd and 5th percentiles of all distances in the modern
calibration data set were set as thresholds for identifying
subfossil samples with ‘no close’ or ‘no good’ modern
analogues, respectively (Birks et al. 1990; T�oth et al.
2015). Goodness of fit statistics were calculated follow-
ing Birks et al. (1990) by first conducting a canonical
correspondence analysis (CCA) of the Swiss-Norwegian
training set datawithmean Julyair temperature set as the
only constraining variable. The fossil datawere analysed
as passive samples. Samples with a ‘poor’ or ‘very poor’
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fitwith temperaturewere identifiedbyusing the90thand
95th percentile of residual distances of the modern
calibration data set samples to axis 1, respectively (Birks
et al. 1990; T�oth et al. 2015). Bootstrapping with 9999
cycles was used to calculate sample specific estimated
standard errors of prediction for reconstructed temper-
atures (Birks et al. 1990). Rare taxa (N2 < 5 in the
calibration data set; Heiri et al. 2003) and taxa absent
from the training set were also calculated. The CCAwas
producedusingCANOCO5(terBraak&Smilauer2018)
and analogue statistics were calculated using the pro-
gram C2 Version 1.7.7 (Juggins 2007). All analyses were
based on square root transformed percentages.

Zonation and ordination analysis

Zones in the chironomid record were determined using
the clustering algorithm CONISS (Grimm 1987) and a
broken stick model (Bennett 1996) was used to test them
for statistical significance.Theseanalyseswereperformed
using the Rioja (Juggins 2017) package on R studio
version 1.1.463 (R Studio Team 2015). A detrended
correspondence analysis (DCA) was calculated in
CANOCO 5.1 (�Smilauer & Lep�s 2014) to summarize
major changes in the chironomid assemblage. Both
analyses were conducted following sample aggregation
and were calculated based on square root transformed
percentages.

Results

LOI and organic matter content

The organic-matter content of Rissian sediments in the
Fu15 core (887–855 cm) ranges between 0.8 and 5.7%
(Fig. 2). Between 855 and 850 cm, there is an abrupt
increase inorganic-mattercontent fromwithina rangeof
0.8–5.7 to71%.Theorganicmatter reachesapeakof74%
at 849 cmbeforedeclining to28–44% in the interval 835–
820 cm. Low LOI values (12.5–19.5%) characterize the
interval 819–804 cm. Further upcore, LOI values
increase sharply to 43–69% in the interval from 803 to
794 cm.

Pollen analysis

The eight pollen samples processed for this study
between 857 and 851 cm core depth show an abrupt
transition from non-arboreal pollen (NAP) dominance
toCorylus dominance at 857 cm (Fig. 2). Together with
the information from the previously available samples of
Becker (2018) from the same core section, the samples
show steppe tundra in the Rissian glacial interval (890–
858 cm) identified by high non-arboreal pollen (NAP)
percentages of 65–80% associated with Artemisia abun-
dances of 10–15%. However, the samples of Becker
(2018) apparently show smearing of Corylus into the

Rissian sediments below 857 cm, which does not make
sense climatologically (Corylus is a warm-adapted tree
species) and suggests some minor downward contami-
nation of pollen samples in this record (Fig. 2). The
abrupt transition at the onset of theEemian sediments in
the core segment at 857 cm shows arboreal pollen
percentages rising to 90%, of which Corylus comprises
70% and Quercus 15% of the abundance. The initial
stages of Eemian development at F€uramoos, a Pinus/
Betulapeak followedbyapeak inQuercuspollen (M€uller
et al. 2003; Fig. 2), are not observed in the Fu15-2 pollen
sequence. Overall the pollen results in these intervals
suggest someof theoriginal sedimentation ismissingand
that the pollen stratigraphy may be influenced to some
extent by vertical pollen transport in the latest Rissian
samples. The exact chronological positions of these
sections therefore remain uncertain and poorly con-
strained by the available stratigraphical data (see below).
At 851.5 cm Corylus andQuercus are replaced by Abies
and Carpinus, which increase to values of 50 and 27%,
respectively. At 826 cmAbies declines to 5% abundance,
and Carpinus disappears from the record with Pinus
abundances increasing to 70%. During Stadial A, at
814 cm there is an increase in NAP to 18% coinciding
with a decrease inPinus from 70% in the Eemian to 36%.
Pinus abundances decline further to 10% in the Br€orup
interstadial coinciding with maximum abundances of
Betula of 67%.

The F€uramoos chironomid record

Chironomid counts range from 26 to 193 head capsules
per sample. Samples were aggregated based on chirono-
mid head capsule counts to >30; >40 and >45 head
capsules, 45 being the minimum number recommended
for statistical analysis of fossil chironomid assemblages
(Heiri&Lotter 2001).Thisproduced three recordswitha
total of 92, 84 and82 samples per record, respectively.All
three aggregated records were then used to perform
temperature reconstructions and assess the differences
between the reconstructed values (Fig. S1). The differ-
ences between the three records were minimal and
thereforewe continued this study using aminimumhead
capsule count of 30 and a total of 92 chironomid samples
for all further analysis and presentation. CONISS
zonation of the chironomid record identified five statis-
tically significant breaks in the chironomid assemblage,
resulting in six chironomid zones, i.e. F€uramoos Chi-
ronomid Zone (FCZ) 1 through 6.

Zone FCZ1 (884.5–854.5 cm) is dominated by
Micropsectra radialis-type and Sergentia coracina-type.
Subdominant taxa include Paracladius, Cricotopus type
P,Cricotopus intersectus-type,Paratanytarsusaustriacus-
type,Tanytarsus lugens-typeandProtanypus.ZoneFCZ2
(854.5–843.5 cm) begins with a drastic change in chi-
ronomid assemblages, Micropsectra radialis-type and
Sergentia coracina-type disappear, and there is an
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increase in chironomid-type diversity. Tanytarsus
glabrescens-type, Tanytarsus mendax-type and Procla-
dius dominate throughout the zone, although there are
distinct changes in chironomid types within it. Chirono-
mus anthracinus-type and Dicrotendipes notatus-type
dominate initially before being replaced by Cladotan-
tarsus mancus-type, Dicrotendipes nervosus-type and
Ablabesmyia. Within zone FCZ3 (843.5–818.5 cm)
Dicrotendipes nervosus-type is replacedbyPsectrocladius
sordidellus-type.Cladotanytarsusmancus-type andTany-
tarsus glabrescens-type initially decrease in abundance at
the onset of FCZ3, and disappear later in the zone, while
other taxa that were dominant in FCZ2 persist into
FCZ3 and continue to dominate, including Tanytarsus
mendax-type, Chironomus anthracinus-type, Ablabes-
myia and Procladius. Zone FCZ4 (818.5–811.5 cm)
begins with an increase in Microtendipes pedellus-type
as well as Tanytarsus lugens-type and Parakiefferiella.
Theabundanceoforibatidmites alsodecreasesmarkedly
from a maximum late in FCZ3. In zone FCZ5
(811.5–802.5 cm), Tanytarsus lugens-type and Parakief-
feriella bathophila-type disappear and are replaced with
Corynocera ambigua, while Microtendipes pedellus-type
decreases in abundance. In zone FCZ6 (802.5–794 cm),
Microtendipes pedellus-type disappears, and there
is a strong increase in Procladius, Psectrocladius
sordidellus-typeandTanytarsusmendax-type.Tanytarsus
glabrescens-type also returns. There is a short, distinct
increase inCorynocera ambigua percentageswithin zone
FCZ6, with this type dominating the assemblages with
abundances between 70 and 77%.

Chironomid-inferred July air temperature and ordination
results

Chironomid-inferred temperatures show very little
change within zone FCZ1 fluctuating around 8 °C
within a range of 7–9 °C (Fig. 3). The onset of zone
FCZ2 displays a marked and abrupt increase in temper-
ature reaching 14 °C and increasing to 15–16 °C mid-
way through the zone. Later, within FCZ3, there are
distinct fluctuations in temperature but inferred temper-
atures display a general cooling trend across the zone
with peak temperatures of 14 °C and minima of 12 °C.
After the final cooling in FCZ3, temperatures remain at
~12.5 °C (range: 11–13 °C) within zones FCZ4 and 5.
FCZ6 is characterized by a temperature decrease to
~10.5 °C and finally an increase to ~13 °C at the end of
the zone.

DCA Axes 1 and 2 explain 29.7 and 7.5% of the
variance in the chironomid recordwithaxis lengthsof 4.2
and 1.9 SD, respectively. Neither Axis 1 nor 2 varies
within FCZ1 but both change markedly at the interface
between FCZ1 and 2, DCA axis 1 decreasing from 4 to 0
SDandAxis2 increasing from0.5 to1.9SD.Axis1values
remain low in FCZ2 and Axis 2 values decrease slightly
after the initial peak. Axis 1 values exhibit signs of

gradual increase beginning in FCZ3 culminating in a
fluctuating interval resulting from the re-emergence of
Sergentia coracina-type at the end of the zone, whileAxis
2 increases during the same interval. Axis 1 values
decrease into FCZ4, while Axis 2 remains low after the
decrease at the endofFCZ3.DCAAxis 1valuesdecrease
throughout FCZ5 and remain at ~0.2–0.4 SD. Axis 2
values decrease from FCZ4 into FCZ5 and generally
increase in FCZ6.

Modern-analogue statistics suggest that no samples in
the record have ‘no good’ modern analogue and only
some samples,mainly between 826–820 and808–798 cm
have ‘no close’modern analogue (Fig. 4).Most samples
also have a good fit with temperature (Fig. 4) although
the interval 798–796 cm is a notable exception with a
‘very poor’ fit with temperature. Taxa that were rare in
the training set never exceed 3.5%, and only two samples
contain types (Psectrocladius calcaratus-type) not
included in the training set reaching amaximumof 4.8%.

Discussion

Correlations to earlier F€uramoos records

The results of the LOI and pollen analyses allow
correlation of the Fu15-2 core to the earlier total organic
carbon and pollen records of M€uller et al. (2003) who
have previously described the lithology of the F€uramoos
palaeolake. The percentages of total organic carbon from
M€uller et al. (2003) are consistently lower thanLOI as the
latter measures total organic matter (rather than organic
carbon) percentages. Four tie points were used to
correlate the Fu15-2 core with the record of M€uller
et al. (2003) shown inFig. 2 (*1,*2,*3 and *4). Tie points
*1, *2 and *3 are based on large changes in organic
carbon/organicmatter (LOI) in the sediment samples and
are supported by the available pollen data. Tie point *1
represents the beginning of the Br€orup interstadial and is
based on increasing LOI values following the low values
during Stadial A, a transition that is associated with
Br€orup afforestation. Tie point *2 represents the begin-
ning of Stadial A, is based on decreasing LOI values
following the late Eemian and is associatedwith the onset
of forest opening. Tie point *3 occurs at the transition
from themid-Eemian to late Eemian and is characterized
by decreasing organic matter associated with the transi-
tion fromAbies/Carpinus forest toPinus/Picea forest. Tie
point *4 is based on palynostratigraphy and ties the
transition of the Corylus-dominated to Abies/Carpinus-
dominated pollen assemblages in the Fu15-2 core to the
record of M€uller et al. (2003). All tie points were used in
correlation and dating. The age estimates for tie points
are *1 (104.5 ka), *2 (110 ka), *3 (118.8 ka) and *4
(125 ka)basedon theM€ulleret al. (2003) chronology.For
discussion and plotting a linear interpolation was used
between the points to derive approximate age estimates
for the interval from themid-Eemian to end of Stadial A.
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The Rissian sediments below the chronologically uncer-
tain interval at the Rissian to Eemian transition (897–
855 cm) remain temporally lesswell constrained than the
sections from the mid-Eemian to Stadial A, although
their Rissian age is unequivocal (M€uller et al. 2003). The
ages of the sediments above tie point *1 (803–794 cmcore
depth) are also poorly constrained but unequivocally
from the Br€orup interstadial.

Sediments in the interval 851 to 855–857 cm of core
segment Fu15-2 cannot be reliably correlated with the
earlier recordofM€ulleret al. (2003).Acomparisonof the

LOI/organic matter and pollen records (Fig. 2) strongly
suggests that sediment sections are missing in Fu15-2 at
the Rissian to Eemian transition and in the earliest
Eemian, as the gradual increase in LOI/organic matter
apparent in the M€uller et al. (2003) record is absent
together with important features in the pollen record
suchas the initial afforestationbyBetulaandPinusor the
subsequent interval of Quercus dominance prior to the
interval of Corylus dominance. Instead, in the Fu15-2
core there is an immediate transition from high percent-
ages in NAP in the Late Rissian to high Corylus
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Fig. 4. Chironomid-inferred July air temperatures, ordination results and reconstruction diagnostic statistics based on the Fu15-2 chironomid
record.A.Chironomid-inferredJulyair temperatures (solid line)andassociatederrorestimates (dashed lines).B.DCAAxis1 (solid line)andAxis2
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identifyingno close (2%) analogue is indicated by thedashedhorizontal line followingT�oth et al. (2015), the threshold for identifying sampleswith
nogoodanalogues (5%) is not shown since all samples had goodanalogues.D.Goodness of fit statisticswith thresholds for ‘poor fit’ or ‘very poor
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set. F. Percentage of fossil taxa that are absent from the Swiss-Norwegian training set. The grey bar represents the chronologically poorly
constrained sediment interval that probably contains a hiatus (see Discussion). SA = Stadial A; Br = Br€orup.
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dominance. The lithology of Fu15-2 also suggests an
unexpectedly abrupt change in sediment composition at
855 cm with a transition from grey calcareous muds to
fen peat (lithology and core image; Fig. 2). Available
evidence therefore suggests that the oldest sediments in
Fu15-2 are of late Rissian age, with a major hiatus and
missing sediments characterizing the Rissian to Eemian
transition aswell as large parts of the early Eemian. The
early to mid-Eemian transition characterized by the
Corylus to Abies/Carpinus transition is well represented
in the pollen record and provides a reliable stratigraph-
ical marker. However, the age and stratigraphical posi-
tion of the Eemian sediments older than this transition
remain uncertain (grey bar in Figs 2, 3 and 4), also
because the LOI record does not show the plateau of
intermediate organic matter values reported by M€uller
et al. (2003) for the early Eemian. We therefore consider
these sediments poorly constrained stratigraphically and
of uncertain age and do not interpret chironomid-
inferred temperatures from this section of the Fu15-2
record.

The interpretation of theRissian toEemian transition
and early Eemian in the Fu15-2 core is further compli-
cated by a slight (~1–2 cm) offset between variations in
pollen assemblages on one hand and the LOI and
chironomid assemblages on the other. This is a result of
pollen samples being taken from the side of the sediment
corewhile chironomid andLOI sampleswere taken from
the centre. For the majority of the sequence this has not
adversely affected interpretations. However where there
are high resolution pollen data between 857 to 851 cm,
the boundary between the Rissian and Eemian sedi-
ments, which we interpret as a hiatus, is not perfectly
horizontal (Fig. 2) and has led to a slight offset between
the records. As a consequence, the rapid transition
between cold stenothermic chironomid assemblages
associated with the Eemian to more temperate taxa is
apparent at 855 cm, as is the initial LOI increase. In
contrast, the initial increase in Corylus pollen occurs at
857 cm even though this represents the same environ-
mental transition in the record.

Processing and analysis of strongly compacted samples

Fu15-2 core sections 854–818 and 803–794 cm are
characterized by fen peat deposited in limnic environ-
ments and consist of strongly compacted sediment with
moderate to high organic-matter contents. Extracting
chironomid head capsules from them was challenging
andverytimeconsuming.Thesediments in these sections
were very hard, appearing homogenous in the section
854–818 cm, and having a hard structure consisting of
plateletsoforganicmatter thatwere remarkably resistant
to bending or breaking in section 803–794 cm. Amonth
of submersion in 4 °C water yielded no changes to the
consistency of sediments from either section. Breaking
the samples into smaller pieces and then immersing them

in 10% KOH at 85 °C for 15 min (Brooks et al. 2007)
loosened the sedimentmatrix andallowedthematerial to
be more readily separated. Immersing a single large
sediment sample, >2 cm3, into the 10% KOH solution
overnight at room temperature only softened the mate-
rial on the exterior while the internal sediments were
unaffected. Sieving the treated sediments removed very
little material, only breaking the sediment into smaller
pieces and expanding the sediment volume as it became
less compact, similarly to what was observed by Behre
et al. (2005) in a beetle assemblage reconstruction from
peat sediments from Oerel, northern Germany. Most
chironomid specimens in samples from sections 854–818
and 803–794 cm were trapped in organic material
>200 µm in size and needed to be manually separated
from the sediment matrix for mounting (examples in
Fig. 5). Many of the specimens from sections 854–818
and 803–794 cm were damaged as a result of sediment
processing, e.g. torn in two with parts critical for
identification missing. No further or harsher pretreat-
ments were used as these would likely have resulted in
further damage to the remains.

Within the sediment sections 854–818 and 803–
794 cm, many Tanytarsini were missing antennal pedes-
tals and mandibles as they were torn off during mount-
ing. Both the antennal pedestals and mandibles are
important identification features for the Tanytarsini,
needed to achieve identification at a higher taxonomic
resolution (Brooks et al. 2007). For sections 854–818 and
803–794 cm, three Tanytarsus types were identified that
couldnotbe reliably identified to type resolutionwithout
the antennal pedestals/mandibles: Tanytarsus mendax-
type, Tanytarsus pallidicornis-type and Tanytarsus
lactescens-type. In this study, for the entire core, Tany-
tarsus mendax-type were consistently in far higher
abundance than both the Tanytarsus pallidicornis-type
and Tanytarsus lactescens-type head capsules. Further-
more, identifiedTanytarsusmendax-type specimenswere
present in every sample in the 854–818 and 803–794 cm
intervals whereas Tanytarsus pallidicornis-type and
Tanytarsus lactescens-type only occurred intermittently.
Therefore, for further analysis all unidentified Tanytar-
suswere reclassified as Tanytarsus mendax-type in these
sections. Unidentified Tanytarsini that could not be
clearly associated with Tanytarsus were not taken into
account for further analysis.

Ecological interpretation by assemblage zone

Chironomid assemblages from zone FCZ1 indicate
prevailing cold temperatures.Micropsectra radialis-type
and Sergentia coracina-type are typical for cold, olig-
otrophic lakes in sub-arctic to arctic and sub-alpine to
alpine environments (Heiri et al. 2011). The dominance
of Micropsectra radialis-type (Fig. 2) also indicates
highly oxygenated water (Brodersen et al. 2004) and an
ultraoligo-/oligotrophic lake environment (Saether
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1979; Brodersen & Anderson 2002; Brooks et al. 2007)
with lowproductivity. Overall FCZ1 represents cold and
oligotrophic conditions.

Many of the taxa present within the first part of zone
FCZ2, such as Dicrotendipes notatus-type, Chironomus
anthracinus-type and Procladius have wide thermal

tolerances (Brooks et al. 2007; Luoto et al. 2019).
Dicrotendipes notatus-type, Chironomus anthracinus-
type and Tanytarsus glabrescens-type are dominant at
the beginning of FCZ2 suggesting relatively warm
conditions (Brooks et al. 2007; Heiri et al. 2011). At
851 cm core depth, Dicrotendipes notatus-type is

500 μm 100 μm

100 μm300 μm

100 μm500 μm

A B

C

E F

D

Fig. 5. Examples of chironomids embedded in highly compacted fine organic material (fen peat) under a stereomicroscope. A, B. (796 cm core
depth). Overview (A) and detailed view (B) of a pair of chironomids trapped in a large piece of organic matter where B represents the area
encompassed by the red box inA. C,D. (800 cm core depth). Overview (C) and detailed view (D) of a single chironomid trapped in a large piece of
organic matter where D represents the area encompassed by the red box in C. E, F. (core depths 796 and 795 cm, respectively). Chironomids
extracted from the compacted organic material and in need of cleaning. Note that the two chironomids on the right-hand side of E are the same
specimens as displayed in A, B. All samples are from fen peat.
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replaced by Dicrotendipes nervosus-type and the abun-
dance of Chironomus anthracinus-type is reduced, at the
same time as oribatid mites increase in the record. These
changes are associated with abundance increases of
Cladotanytarsus mancus-type, Tanytarsus mendax-type
and Tanytarsus glabrescens-type, all of which are typical
for temperate to warm lakes (Brundin 1949; Saether
1979; Brodin 1986; Brooks et al. 2007; Heiri et al. 2011).
The presence of Sialidae throughout the zone suggests
the presence of a shallow water environment near the
coring site (Lemdahl 2000). Similarly, many of the
chironomids in this zone (e.g. Dicrotendipes nervosus-
type and Dicrotendipes notatus-type) are typical for
littoral to sublittoral habitats (Walker et al. 1991; Millet
et al. 2007).Overall FCZ2 is considered representativeof
awarm, productive lake.

The onset of zone FCZ3 is defined by a pronounced
increaseofPsectrocladius sordidellus-typeandassociated
decrease of Dicrotendipes nervosus-type. Both Psectro-
cladius sordidellus-type and Dicrotendipes nervosus-type
are associated with littoral to sublittoral habitats in
temperate lakes (Brooks et al. 2007;Nazarovaet al. 2017)
and can occur in lakes across a wide temperature range
although the thermal optimum of Psectrocladius
sordidellus-type is slightly lower than Dicrotendipes
nervosus-type (Heiri et al. 2011). Less pronounced
changes include the decrease and almost complete
removal of Tanytarsus glabrescens-type and Cladotany-
tarsus mancus-type, which supports a decrease in tem-
peratureas,while theyarebothable tooccur incool lakes,
these taxa are generally considered to be thermophilic
(Brundin 1949; Saether 1979; Brodin 1986; Brooks et al.
2007). In theupper sectionofFCZ3there is anoscillation
in the chironomid assemblage (between 829.5 and
818.5 cm) where Tanytarsus mendax-type and Psectro-
cladius sordidellus-type are replaced by Dicrotendipes
nervosus-type, then byChironomus anthracinus-type and
finally, Sergentia coracina-type followed by a reversal
to Chironomus anthracinus-type and Dicrotendipes
nervosus-type. In a shallow lake environment this change
in chironomid assemblages suggests cooling to a tem-
perature minimum at 825 cm with maximum abun-
dancesofSergentiacoracina-type,whichhasapreference
forcoldwater (Brooks&Birks2000;Heiri&Lotter 2010;
Heiri et al. 2011) followed by a warming. Alternatively,
this change could suggest a deepening of the lake
reaching a maximum depth at 825 cm followed by a
subsequent shallowing. This is because while Sergentia
coracina-type is a cold stenotherm (Brooks et al. 2007), it
is able to persist in temperate lakes in the cool waters
beneath a thermocline where there is sufficient oxygen
(Hofmann 2001; Bolland et al. 2020). The lake level
change scenario is supported by the increasing abun-
dance of oribatidmites following the Sergentia coracina-
type peak at 826 cm, which can indicate shallow littoral
environments (de la Riva-Caballero et al. 2010; Heggen
et al. 2012). Overall, FCZ3 appears to represent a cooler

and less productive lake than FCZ2 that culminates in
either a temperature or lake level oscillation.

There is a pronounced change at the onset of zone
FCZ4 withMicrotendipes pedellus-type replacingDicro-
tendipes nervosus-type, as well an increase in Tanytarsus
lugens-type and Parakiefferiella bathophila-type. Micro-
tendipes pedellus-type and Tanytarsus lugens-type are
typical for cooler lakes (Heiri et al. 2011)withTanytarsus
lugens-type also indicating a well-oxygenated and more
oligotrophic system (Frey 1988). The loworganicmatter
content in FCZ4 (<20%) supports the interpretation of a
less productive environment andmay have promoted the
dominance of Microtendipes pedellus-type (McGarrigle
1980;Millet et al. 2007), a taxon that has a preference for
sediments with low organic content and a coarse grain
size (McGarrigle 1980). Overall FCZ4 indicates a cool
and relatively unproductive lake.

In zone FCZ5 there is an increase in Corynocera
ambiguaandChironomusanthracinus-type,anassociated
decline in Microtendipes pedellus-type and the disap-
pearance of Tanytarsus lugens-type. Chironomus
anthracinus-type can occur over a broad temperature
range of 8–16 °C (Heiri et al. 2011) and the most telling
indication of temperature change in FCZ5 is the disap-
pearance of the cold stenotherm Tanytarsus lugens-type,
which implies climatic warming relative to FCZ4 (Heiri
et al. 2011). Overall the chironomid assemblage from
FCZ5 indicates a cool lake with low productivity that
may have been warmer than in FCZ4.

The onset of zone FCZ6 is characterized by a disap-
pearance of Microtendipes pedellus-type, which, in this
record, is restricted to sediments with low organic-matter
contents. Thismay indicate that the declinewas a response
to increasing LOI associatedwith FCZ6 asMicrotendipes
pedellus-type has a preference for sediment with low
organic content and coarse grain size (McGarrigle 1980).
The increase in LOI suggests an increase in productivity
and the reoccurrenceofTanytarsusglabrescens-type,which
reaches up to 25% in FCZ6, supports an increase in
temperatures as it is generally considered to be ther-
mophilic (Brooks et al. 2007; Heiri et al. 2011). Further-
more it is likely that there was a large littoral to sublittoral
area in the lake indicated by the high abundances of
Psectrocladius sordidellus-type (Brooks et al. 2007; Nazar-
ova et al. 2017). Overall, the chironomid assemblage
indicates a response to increasing temperatures and
increasing productivity in the lake.

Temperature reconstruction, vegetation change and
organic-matter content

The new chironomid-inferred temperature record from
F€uramoos reconstructs July air temperatures in a range
of 6.6–16 °C from the Rissian, mid- and Late Eemian,
Stadial A and the first section of the Br€orup interstadial.
Most samples have both a good fit with temperature and
close modern analogues (Fig. 4). Previous analysis of
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chironomid samples at F€uramoos for the Last Glacial
Period (c. 99–46 ka) indicated that most chironomid
assemblages had either ‘no close’or ‘nogood’ analogues
(Bolland et al. 2021). Therefore the chironomid assem-
blages presented here for the Late Rissian, Eemian,
Stadial A and early Br€orup appear more similar to
modern chironomid assemblages than chironomid
assemblages from later intervals in the Last Glacial
Period.Furthermore, theWAPLSregressionmodel used
to produce the July air temperature reconstruction
typically handles non-analogue situations relatively well
(Lotteret al. 1999), lendingmore confidence to those few
samples displayed here that have ‘no close’ modern
analogue. The ecological analysis of chironomid and
other invertebrate assemblages indicated moderate lake
level change that could have influenced the temperature
reconstruction. Such lake level changes and associated
effects such as variations in thermocline development,
oxygen availability and food quantity can alter chirono-
mid assemblage compositions in lakes (Brooks et al.
2007; Engels &Cwynar 2011; Eggermont &Heiri 2012).
However, the Swiss-Norwegian training set is composed
of 274 lakes with a depth range of 0.9–85 m (Heiri &
Lotter 2010; Heiri et al. 2011). Therefore any influence
that changes in water depth have on temperature
reconstruction can be expected to be incorporated into
the model prediction error and the sample-specific
estimated standard errors of prediction of 1.6–1.8 °C.
Fen peat in the intervals 855–837 and 803–790 cm
contains abundant remains of fully aquatic chironomid
and other invertebrate remains (Fig. 3). Therefore
despite the changingwetlandhabitat, the sedimentswere
clearly deposited in open water conditions that are well
represented by chironomid assemblages in the Swiss-
Norwegian training set and do not indicate that the
coring site dried out in this interval, as in such situations
open water taxawould disappear and semi-terrestrial to
terrestrial chironomid and invertebrate remains would
be expected to increase in abundance (see, e.g. Bolland
et al. 2021).

In the late Rissian glacial period (887–857 cm) the
chironomid-based temperature reconstruction indicates
mean July air temperatures of 7–9 °C. The landscape
around the lake was an open tundra environment as
indicated both by the correlation of our record to the
sediment core of M€uller et al. (2003) and by the pollen
samples available for this sediment section (Fig. 2). The
lower July air temperature limit for tree growth is
presently around 8.5–9.5 °C in central Europe (Landolt
2003), and therefore the reconstructed temperatures
agree with the persistence of open tundra. Similarly,
the low organic-matter content of these sediments
agrees with the interpretation of a lake situated in cold
climate conditions with low in-lake productivity. How-
ever, the exact age of these late Rissian sediments is
difficult to constrain based on the available stratigraph-
ical data.

Following the hiatus at 855 cm the sediments in Fu15-
2 are characterized by fen peat and are dominated by
Corylus pollen until 851.5 cm.Corylus dominance in the
early Eemian is observed on theGerman alpine foreland
(M€uller 2000; M€uller et al. 2003), eastern France (de
Beaulieu & Reille 1984, 1992a, b; Reille & de Beaulieu
1990) and northern Germany (e.g. Litt 1994); however,
the exact stratigraphical position of this entire interval is
not well constrained in Fu15-2 due to obviously missing
sediments in this section and uncertainties in correlating
the sediments with the earlier pollen record of M€uller
et al. (2003). The early Eemian has been reported to be
the warmest section in the entire interglacial interval for
centralEurope (e.g. Zagwijn 1996) and therefore it seems
unusual that the chironomid-inferred temperatureswere
lower in those samples from the early Eemian (14 °C
maximum) when compared to the mid-Eemian (15.5 °C
maximum; Fig. 5). Also, the early Eemian chironomid
assemblagesbetween855and851 cmarenot statistically
different from those in the mid-Eemian (CONISS
Zonation; Fig. 3) and a more pronounced assemblage
shift would be expected if they originated from the
distinctly warmer climatic conditions of the early
Eemian. Finally, the organic matter content of these
sediments alsodoesnot agreewith the relatively high and
constant values observed for the late early Eemian in the
recordofM€ulleret al. (2003).Without robust supporting
evidence from a parallel core we have decided to omit
samples between the depths of 857 to 851 cm from
further analysis and not discuss reconstructed temper-
atures from the early Eemian in the Fu15-2 record.

The mid-Eemian occurs between 851–835 cm and is
defined by Abies and Carpinus pollen dominance based
on a comparison withM€uller et al. (2003) who present a
palynostratigraphical record from the same site. The
inferred chironomid-based July air temperatures within
this section decrease from15–15.5 to 12–12.5 °Cand are
associatedwith thepresenceofpollenof the thermophilic
tree genus Carpinus, which is a common feature of mid-
Eemian pollen records in central Europe, e.g. at La
Grande Pile (eastern France;Woillard 1978; de Beaulieu
&Reille 1992a), Les Echets (eastern France; de Beaulieu
& Reille 1984; Reille & de Beaulieu 1990b), Jammertal
(southernGermany;M€uller 2000;M€ulleret al. 2005) and
Gr€obern (northeastern Germany; Litt 1994). The
F€uramoos palaeolake was likely at its most productive
state between the depths 851–835 cm during the mid-
Eemian, indicated by its association with maximum
organic-matter contents of 75%.

The pollen evidence from the Fu15-2 core documents
the transition from themid-Eemian into the late Eemian
at 835 cm, which lasts until 819 cm. The mid- to late
Eemian transition, identified as the transition from an
Abies and Carpinus dominated pollen assemblage to a
Pinus pollen dominated assemblage coincides with
chironomid-inferred July air temperature decreasing to
12 °C(Fig. 5).This evidence implies thatdecreasingJuly
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air temperatures may have contributed to the transition
from Abies and Carpinus forests to Pinus and Picea
forests in the late Eemian, as Pinus and Picea are typical
for cool temperate to boreal forests (Beck et al. 2016;
Caudullo et al. 2016; Durrant et al. 2016). Furthermore,
organic matter content decreases from 60–75% in the
mid-Eemian to 28–45% in the late Eemian (Fig. 2)
suggesting that the lake became less productive. Late
Eemian July temperatures vary between 12–14 °C,
temperatures at which pollen assemblages dominated
by Abies and Carpinus persisted in the mid-Eemian;
however, neither theFu15-2pollen recordnor theM€uller
et al. (2003) F€uramoos pollen record indicates subse-
quent increases inAbies andCarpinus in the lateEemian.
Therefore it seems that that environmental or climatic
variables other than summer temperature prevented the
reestablishment of more thermophilic tree taxa during
the late Eemian.

Stadial A occurs in the interval from 819 to 803 cm in
theFu15-2coreand is associatedwith loworganicmatter
content decreasing from40% in the lateEemian to<20%.
Pinusdominatedforestsopened,as indicatedbyan initial
reduction in arboreal pollen to 90% that declines further
to 65% in the later part of Stadial A (M€uller et al. 2003;
Fig. 6). Although the onset of Stadial A is associated
with a decrease in chironomid-inferred July air temper-
ature from 14 to 12.5 °C, suggesting that initial forest
opening could have been driven in part by July air
temperature, temperatures in Stadial A largely remain
comparable to those of the late Eemian. Interestingly
however, despite the similar temperatures inferred in the
late Eemian and Stadial A there are completely different
chironomid assemblages inferred for these two intervals
and chironomid assemblage change at this transition
therefore does not appear to be driven by changes in July
air temperature. The chironomid assemblages of the late
Eemian have a high proportion of Chironomus
anthracinus-type,ataxon thathasbeen reported toprefer
softer and more organic sediments (McGarrigle 1980).
In contrast, chironomid assemblages from Stadial A
contain a high proportion of Microtendipes pedellus-
type, which has been reported to have an ecological
preference for less organic sediments with a higher grain
size (McGarrigle 1980). The transition between the
chironomid assemblages of the late Eemian and Stadial
A is also associated with a transition frommore organic
sediments in the late Eemian (20–45%) to less organic
sediments in Stadial A (13–20%), shown by both the
sediment core image (Fig. 2) and the results of LOI
analysis (Figs 2, 6). Therefore chironomid assemblages
appear to have responded to changes in the sedimentary
properties of the lake, while at the same time the
chironomid based temperature reconstruction major
changes in July air temperature. A similar result was also
observed by Bolland et al. (2021), who show a transition
fromchironomidassemblages indicativeofmoreorganic
lake sediments, to Microtendipes pedellus-type domi-

nated assemblages in less organic sediments at the
transition from the Br€orup interstadial to Stadial B
(c. 87 ka) at F€uramoos. In both of these intervals forest
opening appears to be associatedwith possibly increased
erosion and clastic inputs into the lake and lower in-lake
productivity, resulting in lower sedimentary organic
matter contents and a subsequent change in chironomid
assemblage. As chironomid-inferred temperatures dur-
ing Stadial A remain similar to those in the late Eemian,
this also implies that for StadialA forest openingwasnot
driven by summer air temperature change.

Sediment at 803–794 cm depth was deposited during
the Br€orup interstadial and organic matter content
increases from <20% to a range of 45–70%. At the onset
of theBr€orup interstadial Julyair temperatures remain in
the range of 12–14 °C, similar to the temperature range
apparent in the chironomid-inferred temperature recon-
struction for Stadial A. There is an initial increase of
Betula pollen abundance at the onset of the Br€orup to
58% followed by an increase in Pinus pollen to 70%
indicating forestclosingfollowingStadialA(M€ulleretal.
2003). As the reforestation during the Br€orup is not
associated with a July air temperature increase in our
record it is likely that a climatic variable other than July
air temperature was limiting afforestation during the
Stadial A interval, and that variable was no longer
limiting in the Br€orup. There is a clear temperature
decrease to 9.5–10 °C associated with sediment depths
799–797 cm in the Br€orup sediments characterized by
very high (>50%) abundances of Corynocera ambigua.
This taxon was originally described as an indicator of
cold temperatures (Luoto 2009) and has been shown to
dominate in the cooler samples of the calibrationdata set
used in the transfer function (Heiri et al. 2011).However,
it has also been reported in lakes with relatively warm
temperatures including eutrophied lowland lakes in
Denmark (Brodersen & Lindegaard 1999) and warmer
lakes in Russia (Nazarova et al. 2015), thus apparently
having awider thermal tolerance than originally thought
(Brodersen & Lindegaard 1999). This temperature
decrease should therefore be interpreted with caution
unless further evidence becomes available supporting a
short-term summer temperature cooling at F€uramoos in
the early Br€orup.

Comparison with summer temperature reconstructions
from central Europe based on biotic proxies

Rissian glaciation. – Our new chironomid-based temper-
ature reconstruction from F€uramoos yields late Rissian
July air temperatures of 7–9 °C. These temperatures are
consistent with the relatively narrow temperature range
produced by beetle-based mean temperature of the
warmest month reconstructions from La Grande Pile
(8–12 °C; Ponel 1995). Zagwijn (1996) used 31 pollen
records from across northwestern and central Europe to
produce apollen-basedmean temperature of thewarmest
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month estimate that suggests low temperatures of 10 °C
prior to the onset of the Eemian K€uhl & Litt (2003)
indicate warmer Rissian temperatures of 13 °C at
Gr€obern, Germany, using pollen-based probable mean
July temperatures, as doM€uller et al. (2005)who estimate
summer temperatures between 11–13.5 °C from Jammer-
tal, southernGermany. The pollen-based reconstructions
of Klotz et al. (2003) from sites across eastern France, the
Swiss plateau and Germany generally indicate higher
Rissian temperatures of the warmest month ranging
between 10 and 22.5 °Cwith the exception of Beerenm€o-
sli, Switzerland, that has a Rissian temperature range of
5–17.5 °C. Furthermore the warmest temperature range
presentedbyKlotz et al. (2003) for the lateRissian is from
F€uramoos, where a temperature range of 14–22.5 °C is
presented in stark contrast to the 7–9 °C resulting from
the new chironomid-based reconstruction.

The discrepancy between some of the late Rissian
temperature reconstructions (Table 1) could be a result of
how the different biotic proxies, used to develop the
summer temperature reconstructions, respond to climatic
changes. Chironomid assemblages in shallow lakes are
closely related to summer temperature (Eggermont &
Heiri 2012), but also protected from extreme winter
temperature and precipitation changes so long as the lake
they are in does not completely freeze or dry out (Lotter
et al. 2012; Samartin et al. 2017). In contrast, the
vegetation surrounding a lake is exposed to extreme
winter temperatures and ismore susceptible to changes in
moisture and precipitation, and as such pollen can be
more reliable for reconstructing January temperatures
andprecipitation than for July air temperature (Cheddadi
et al. 1998). Discrepancies in the July air temperature
estimations from parallel chironomid- and pollen-based
reconstructions have alsobeen identified anddiscussedby
Lotter et al. (2012) in a study from Gerzensee, Switzer-
land, covering the W€urmian Lateglacial. The disparities
between the reconstructionswere attributed to vegetation
responding more strongly to changes in seasonality and
precipitation and chironomid assemblages responding
more strongly to summer temperature change.

Discrepancies such as the difference between the new
late Rissian chironomid-based July air temperature
estimates from F€uramoos of 7–9 °C and the pollen-
based temperature reconstruction ofKlotz et al. (2003) of
14–22.5 °C, can also be evaluated by ecologically assess-
ing the assemblages from which the reconstructions were
developed. The chironomid assemblage in the Rissian
Lateglacial was dominated by two chironomid morpho-
types, Micropsectra radialis-type and Sergentia coracina-
type, which, as discussed above, indicate a cold, olig-
otrophic lake, in line with the 7–9 °C July air temperature
range produced by the transfer function in this study. The
pollen assemblage used to produce the 14–22.5 °C mean
temperature of the warmest month estimate for the
Rissian Lateglacial (Klotz et al. 2003) was dominated by
NAP(80%abundance) includinganArtemisiaabundance

of 11%andPoaceae abundanceof 32%.At other sites and
based on other reconstruction methods this type of late
Rissianvegetationhas been considered to represent a cold
steppic tundra (e.g.Guiot et al. 1989;Zagwijn1996;Bi�nka
& Nitychoruk 2001). It therefore appears that the
reconstructions by Klotz et al. (2003) may have over-
estimated summer temperature values based on this
pollen assemblage type. This example highlights the
necessity of comparing a temperature reconstruction, or
any other quantitative biotic proxy-based reconstruction,
against the assemblage from which it was developed, and
determining if itmakes sense ecologically and in abroader
palaeoecological or palaeoclimatological context (Birks
et al. 2010).

Mid- and late Eemian. – Summer temperature recon-
structions for the mid-Eemian from central Europe are
very similar despite the different biotic proxies used. The
chironomid record from F€uramoos yields a July air
temperature range of 12–16 °C for the mid-Eemian
(c. 118–125 ka; Fig. 5). This temperature range is similar
to the lower range of the estimates for mean temperature
of the warmest month using beetle assemblages for La
Grande Pile of 13–26 °C (Ponel 1995; Table 1) as well as
pollen-based temperature reconstructions that produce
temperature estimates from across central Europe indi-
cating a summer temperature range of 14–19.5 °C (e.g.
K€uhl & Litt 2003; K€uhl et al. 2007; Table 1). Summer
temperature reconstructions for the late Eemian (c. 110–
118 ka) are also similar for central European records
producedwith biotic proxies. The new chironomid-based
July air temperature reconstructions from F€uramoos
indicate a temperature range of 12–14 °C for the late
Eemian that is in good agreement with the lower range of
summer temperature estimates for both beetle-based
reconstructions that range from 11–25 °C (e.g. Ponel
1995) and pollen-based temperature reconstructions that
range from 10–21.5 °C (e.g.K€uhl&Litt 2003;Klotz et al.
2004; Table 1).

In general the proxy-based summer temperature recon-
structions presented in Table 1 describe a decrease in
temperature from themid-Eemian to the late Eemian, and
Field et al. (1994) further suggest a reduction in growing
degree days (calculated relative to 5 °C) from the Eemian
thermal optimum to the late Eemian in Bispingen (north-
ern Germany) based on pollen data.While overall there is
a clear decrease in the lower range of summer temperature
estimates in all proxies, many of the upper limits of
estimation from the pollen-based summer temperature
reconstructions remain relatively warm, indicating ther-
mal conditions uncharacteristic for boreal conifer forests
(K€uhl & Litt 2003; Klotz et al. 2004). Beetle-based
temperature reconstructions produced with the mutual
climatic range method containing many eurythermic
species can produce very broad estimates of temperature.
Behre et al. (2005) use a calibration method that narrows
the temperature rangeproduced frombeetle-basedmutual
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climatic range reconstructions ofmean temperature of the
warmest month from 11–24 to 16–19 °C from Oerel,
northern Germany, for the Late Eemian (Table 1) but
regard the calibrated temperatures as being ‘rather high’.
Nevertheless, many of the estimated summer temperature
ranges presented in Table 1 show an overlap with the
chironomid-based temperatures, even more so when the
errorof the chironomid-based temperature reconstruction
(�1.3–1.4 °C) is taken into account.

Stadial A. – The chironomid-based July air temperature
values for F€uramoos during Stadial A (104.5–110 ka) of
12–13 °C are similar to the reconstructed late Eemian
temperatures of 12–14 °C. These results are comparable
with the beetle-based reconstruction ofWalkling&Coope
(1996) who indicate a calibrated temperature range of
8.5–15 °Cfor theHerning stadial (correlated toStadialA).
Overall the summer temperature ranges produced by
the pollen-based reconstructions remain rather broad
displaying temperatures of 10–21.5 °C, the lower limits
of which are in good agreement with the 12–13 °C
chironomid-based July air temperature reconstruction
while the upper ranges of the pollen-based summer

temperature reconstructions are considerably higher than
chironomid-based estimates.

Br€orup. – The F€uramoos chironomid record describes a
temperature range of 9.5–14 °C for the Br€orup interval;
however, the cooling at 799–797 cm is not currently
considered representative (Fig. 4) and without those two
samples the temperature range is 12–14 °C. Comparisons
for the Br€orup interstadial should be treated with some
caution as the new chironomid record does not cover the
entire Br€orup interval and neither do all of the pollen-
based temperature reconstructions (e.g. M€uller et al.
2005). However, chironomid-based July air temperature
reconstruction ranges produced for our new F€uramoos
record are within the estimated summer temperature
ranges of both the beetle- and pollen-based summer
temperature reconstructions (Table 1).

Synoptic temperature and climatic development for the
Eemian, Stadial A and Br€orup

Our new chironomid-based temperature reconstruction
shows long term variations in reconstructed summer

Table 1. Summer temperature reconstructions from central Europe for the Rissian glacial, mid-Eemian, late Eemian, Stadial A and the Br€orup
based on biotic proxies. Mean July air temp. = mean July air temperature; MTW = mean temperature of the warmest month; TMAX = mean
temperature of thewarmestmonth; TMAXcal = calibratedmeanvalues of themean temperature of thewarmestmonth; Summer temp = summer
temperature.Wedonot compare earlyEemian temperatures in this study, since this interval is not reliably represented in theF€uramoos chironomid
record. N/A represents intervals in which data are not available.

Author Proxy Site MIS stage 5c 5d 5e 5e 5e 6
Stage name Br€orup Stadial A Late

Eemian
Mid-
Eemian

Early Eemian Rissian

This study Chironomids F€uramoos Mean July
air temp.

9.5–14 12–13 12–14 12–16 Unconformity 7–8.5

Ponel (1995) Beetles La Grande
Pile

MTW 12–25 N/A 11–25 13–26 Not compared 8–12

Behre et al. (2005) Beetles Oerel TMAX 9–26 N/A 11–24 N/A N/A
TMAXcal 11–19 N/A 16–19 N/A N/A

Walkling
& Coope (1996)

Beetles Gr€obern TMAXcal 11.5–17 8.5–15 13.5–15 N/A N/A

K€uhl & Litt (2003) Pollen La Grande
Pile

July temp. N/A N/A 15–18 18–19.5 N/A

Bispingen July temp. N/A N/A 14.5–17.5 16.5–17.5 N/A
Gr€obern July temp. N/A N/A 15 16.5–17 13

Klotz et al. (2004) Pollen Jammertal MTW 9.5–20.5 10–18.5 15.5–17.5 15.5–18.5 N/A
Les Echets MTW 13.5–20.5 13.5–20.5 14.5–17 16–18.5 N/A
F€uramoos MTW 11.5–19 11–16 10–17 16–17 N/A
Samerberg MTW 10.5–19 11–21.5 10.5–21.5 16–19.5 N/A

K€uhl et al. (2007) Pollen Gr€obern MTW 16.5–17.5 12.5–18 14.5–17.5 17–18 N/A
M€uller et al. (2003) Pollen Jammertal Summer

temp.
11.5–19.5 11.5–21 17–18 18.5 11–13.5

Klotz et al. (2003) Pollen La Flach�ere MTW 8–18 10–22 10–19 16.5–19 N/A
Lathuile MTW 12–8 12–18 15–19 14–18.5 16–18.5
Meikirch II MTW N/A N/A 12–20 15.5–18 11.5–17.5
Beerenm€osli MTW 12–17 10–18.5 10–18.5 14–18.5 5–17.5
Jammertal MTW 11–20 11–17.5 12–17 16–18 13–21.5
F€uramoos MTW 11–19.5 11.5–15.5 13.5–17 15–19 14–22.5
Eurach MTW N/A N/A 13.5–18 15–18 10–19
Samerberg MTW 11.5–18 11–18.5 15–18.5 14–19 11–16.5
Zeifen MTW N/A N/A N/A 15–18 11–20.5

Zagwijn (1996) Pollen and
macrofossils

31 European
sites

Summer
temp.

N/A N/A 13.5 17 10
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temperatures including the cold temperatures inferred
for the late Rissian, relatively high temperatures recon-
structed for the mid-Eemian and lower temperatures
inferred for the late Eemian and earliest W€urmian
sections of the record. This agrees with expected
temperature changes for these time periods based on
other palaeoclimatic evidence (e.g. Ponel 1995; K€uhl &
Litt 2003; K€uhl et al. 2007). The most pronounced
reconstructed temperaturedecreasewithin theEemian in
the chironomid-inferred July air temperature recon-
struction, from 16 to 12 °C, is at the transition from the
mid- to late Eemian and is associated with decreasing
Northern Hemisphere summer insolation (Fig. 6; Ber-
ger & Loutre 1991). This suggests that decreasing July
temperatures from the mid- to late Eemian may have
been a consequence of decreasing summer insolation
across this interval. Above we suggest that July air
temperature change could have influenced the vegeta-
tional transition fromthemid- to lateEemianandcaused
or reinforced the observed shift from a vegetation
dominated by Carpinus and Abies to one dominated by
Pinus andPicea. Bolland et al. (2020, 2021) also describe
two examples of major chironomid-inferred July air
temperature changeswithin the last glacial interval from
Burg€aschisee, Swiss plateau (16–14 cal. a BP), and
F€uramoos (approximately 84–76 ka), that were both
associated with changes in Northern Hemisphere July
insolation (Berger&Loutre 1991) andpollen evidenceof
major vegetation change. However, Brewer et al. (2008)
indicate an increase in seasonality at the mid- to late
Eemian transition based on an analysis of 17 European
terrestrial pollen records, including the one from
F€uramoos, and indicate that this increased seasonality
was driven by decreases in mean temperature of the
coldest month. The transition from Carpinus and Abies
forests to Pinus and Picea forests at F€uramoos could
therefore havebeen influenced by decreasing summer air
temperatures, increasing seasonality or both.

Greenland stadial (GS) and interstadial (GI) events
are recognized as decadal- to centennial-scale shifts in
d18O in the Greenland ice-core records covering the
W€urmian glaciation and the very youngest sections of
the Eemian (Rasmussen et al. 2014), many of which are
observed in speleothem records such as the NALPS
record from central Europe (Boch et al. 2011; Moseley
et al. 2020). Several of these stages have been correlated
to stadial and interstadial intervals from central Euro-
pean pollen records also (e.g.M€uller et al. 2003; Fletcher
et al. 2010). There are possibly three GS stages that
could coincide with decreases in chironomid-inferred
temperature in the Fu15-2 core, GS 26, 25 and 24
(Fig. 6). GS 26 has a similar age as the transition from
the mid- to late Eemian and the largest temperature
decrease in the chironomid-inferred July air tempera-
ture reconstruction from 16 to 12 °C. Although changes
in the NALPS speleothem record are very minor during
GS 26, this event may possibly have reinforced the

cooling trend during the mid-Eemian recorded at
F€uramoos. GS 25 is recorded as a short-lived decrease
in d18O in the NALPS speleothem record and may
possibly be associated with a very minor reconstructed
temperature decrease at the beginning of Stadial A from
14 to 12.5 °C, although temperatures in Stadial A are
almost entirely within the reconstructed error margins
of the late Eemian temperature reconstructions. Finally,
earlier research has linked GS 24 to the Montaigu event
(Woillard 1978; M€uller et al. 2003), a well-documented
stadial interval in central European pollen records
within the Br€orup interstadial. The decrease observed in
the chironomid-based July air temperature recon-
struction between 799 and 797 cm could possibly be
representative of the Montaigu event. However as
discussed, this decrease is considered uncertain and
the Br€orup section of the core remains temporally
poorly constrained.

Conclusions

Wepresent anewchironomid-based Julyair temperature
reconstruction from F€uramoos, southern Germany,
yielding temperature estimates from the late Rissian,
the Eemian interglacial, Stadial A, and the Br€orup
interstadial. Our chironomid-based reconstructions are
augmented by palynological information from the same
core. The Rissian part of the examined core is charac-
terized by summer temperatures of 7–9 °C associated
with open tundras. Mid-Eemian July air temperatures
decrease from 16 to 12 °C at the transition to the Late
Eemian, which is reconstructed to have July air temper-
atures of 12–14 °C. July air temperatures were at 12–
13 °C in Stadial A and remained at 12–14 °C in the
Br€orup interstadial.

In general, the summer temperature decrease asso-
ciated with the transition from the mid-Eemian to the
late Eemian is in agreement with previously available
central European temperature reconstructions. How-
ever overall pollen-based reconstruction methods tend
to infer higher temperatures than observed in the new
chironomid record. The most pronounced decrease in
July air temperature within the Eemian was associated
with decreasing July insolation and the transition from
a thermophilic mid-Eemian forest to a coniferous late
Eemian forest at F€uramoos. The new chironomid-
based temperature reconstruction from F€uramoos
provides valuable corroboration and new quantifica-
tion of temperature development from the late Rissian
as well as the interval from the mid-Eemian to the early
Br€orup interstadial in the alpine foreland of southern
Germany.
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Supporting Information

Additional Supporting Informationmay be found in the
online version of this article at http://www.boreas.dk.

Fig. S1. Testing sensitivity of the reconstruction in
relation to number of chironomid head counts using

minimum head count criteria of >30, >40 and >45
head capsules per sample. SA = Stadial A; BR =
Br€orup.

Data S1. Comparison of reconstructed mean July air
temperature values from the FU15 chironomid record
at different temporal resolutions.
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