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A B S T R A C T

The location of Bergsee (382 m a.s.l.), between the Black Forest and northern Alpine glaciers during their
maximum extent of the Würm glaciation, makes the sediment record of this lake a unique palaeoenvironmental
archive that probably recorded the entire Last Glacial Period. Here we present a chironomid record from Bergsee
covering ca. 35 thousands of years (kyr) including the period corresponding to the Last Glacial Maximum in the
northern Alpine area. The record is divided into 6 biostratigraphical zones. Between ca. 45.4–30.1 thousand
calibrated 14C years (cal ka BP) taxa typical for the littoral of relatively warm lakes (Parakiefferiella bathophila-
type and Paratanytarsus penicillatus-type) are dominating. Then (ca. 30.1–23.3 cal ka BP), Sergentia coracina-type,
a profundal and cold indicative taxon, becomes dominant alongside Parakiefferiella bathophila-type. Low diversity
and high abundances of Sergentia coracina-type suggest the most severe environmental conditions of the record.
The third zone (ca. 23.3–20.6 cal ka BP) is largely dominated by Parakiefferiella bathophila-type and warmer
indicative taxa replace Sergentia coracina-type. In the fourth zone (ca. 20.6–16.9 cal ka BP), Paratanytarsus
penicillatus-type and Tanytarsus pallidicornis-type dominate and the presence of Chironomus anthracinus-type
suggests slightly warmer conditions, more nutrients or organic matter and lower oxygen availability in the lake.
In the next zone (ca. 16.9–10.7 cal ka BP), Corynocera ambigua, a taxon with uncertain distribution in respect to
temperature, becomes the dominant chironomid. Changing abundances of Corynocera ambiguamatch the climate
variability of the Lateglacial, with high abundances corresponding to the cold phases of the Oldest and Younger
Dryas interrupted by the warmer Bølling/Allerød interstadial. However, the high abundances of Corynocera
ambigua are not necessarily due to colder temperature but could also be explained by changes in the trophic
conditions in the lake or other environmental changes. The last zone (ca. 10.7–8.4 cal ka BP, onset of the Ho-
locene), shows the highest diversity and presence of warm indicative taxa such as Endochironomus tendens-type
and Polypedilum nubeculosum-type. The high abundances of Corynocera ambigua make the temperature recon-
struction challenging for the Lateglacial since this taxon is restricted to cold lakes in some European chironomid-
temperature calibration datasets, whereas it is known that it can also be found in high abundances in warmer
lakes in other calibration datasets. A chironomid-temperature transfer function based on a Swiss-Norwegian
calibration dataset reconstructed exceptionally cold values in the interval with maximum abundances of Cor-
ynocera ambigua, which disagree with reconstructions from other palaeoenvironmental archives in the region. To
address this problem, the Swiss-Norwegian model was also used excluding Corynocera ambigua and another
calibration dataset (Finnish), having a more realistic temperature optimum for Corynocera ambigua, was applied
to the Bergsee chironomid record to evaluate the results. The reconstructions with the Swiss-Norwegian cali-
bration dataset excluding Corynocera ambigua and with the Finnish calibration dataset resulted in a more realistic
temperature development for the Lateglacial at Bergsee. The reconstructions based on these datasets indicate
temperatures of ca. 11.6 ◦C for the period 45–30.1 cal ka BP, the coldest phase between 30.1 and 23.3 cal ka BP
with July air temperature of ca. 10.5 ◦C, an abrupt warming at the beginning of the Bølling interstadial to ca.
16 ◦C and a decrease to 12.2 ◦C during the Younger Dryas. Another warming of 3.7 ◦C is estimated after the
Younger Dryas and reconstructed temperatures reached ca. 16.4 ◦C in the Early Holocene. However, inferred
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temperatures in this range may already have been affected by the edge effect that can lead to underestimated
temperatures close to the maximum temperatures covered by calibration datasets. The timing of the coldest
phase is consistent with reconstructions of the expansion and maximum extent of northern Alpine glaciers, the
pollen record from Bergsee and other palaeoenvironmental records in the region.

1. Introduction

The Last Glacial Period, dated to 115,000–11,700 years before pre-
sent (115–11.7 ka BP), began after the Eemian interglacial (Shackleton
et al., 2003) and ended with the beginning of the Holocene. In marine
records, the period covers the interval from the Marine Isotope Stage
(MIS) 5d to the oldest part of the MIS 1 (Lisiecki and Raymo, 2005)
whereas over the continents it was characterised by several phases of
glacier advances (Hughes et al., 2013) as well as abrupt changes in the
climate affecting terrestrial and aquatic ecosystems (e.g., Guiot et al.,
1989; Ampel et al., 2010; Harrison and Sánchez Goñi, 2010; Galbraith
and Skinner, 2020; Bolland et al., 2021). In the North Atlantic, the
period was marked by a multi-millennial-scale decrease in temperature
towards the Last Glacial Maximum (LGM; Martrat et al., 2004; Sánchez
Goñi et al., 2008), followed by a reversal towards warmer temperatures
(Shakun and Carlson, 2010). In addition, as many as 26
stadial-interstadial cycles, showing centennial to millennial-scale vari-
ations, described based on shorter-term variations in oxygen isotope
composition in Greenland ice cores, were superimposed on these
long-term trends (Dansgaard et al., 1993; Rasmussen et al., 2014). Rapid
warming episodes in Greenland, commonly referred to as
Dansgaard-Oeschger events, were followed by gradual cooling (Grootes
et al., 1993) with some of the cold stadials characterised by massive
iceberg release in the North Atlantic, known as Heinrich events
(Broecker et al., 1992; Bond et al., 1992). On the European continent,
these climatic variations have been documented through, for example,
vegetation changes (e.g., Müller et al., 2003; Fletcher et al., 2010; Pini
et al., 2010) or oxygen isotope analyses in speleothems (e.g., Moseley
et al., 2020). In southwestern sectors of Central Europe, the Last Glacial
Period is referred to as the Würmian glaciation (Chaline and Jerz, 1984;
Ivy-Ochs et al., 2008) and has been documented in various environ-
mental archives (de Beaulieu and Reille, 1992; Antoine et al., 2013;
Luetscher et al., 2015).

In the northern Alpine and pre-Alpine area, three major glacier ad-
vances have been documented for the Würmian glaciation with the
latest one having the maximum extent (Ivy-Ochs et al., 2008) and
roughly corresponding to the global maximum extent of glaciers be-
tween 26.5 and 19 ka BP (Clark et al., 2009). During these advances, ice
sheets extended far into the Swiss Plateau through different glacier
fronts (Ivy-Ochs et al., 2008; Preusser et al., 2011). Ice sheets also
developed over the Vosges mountains (Mercier and Jeser, 2004) and the
Black Forest (Hemmerle et al., 2016; Hofmann, 2023) but the synchro-
nicity of the maximum extent of ice in these different regions remains
unknown (Hofmann et al., 2020). The start of the deglaciation, which
began around 19 ka BP in the Alps (Ivy-Ochs et al., 2004; Ivy-Ochs,
2015), occurred during a period of increasing Northern hemisphere
summer insolation (Clark et al., 2009). Various proxy-based re-
constructions covering sections of the last glaciation in Central Europe
are available and provide information on past temperature variability
(e.g., pollen records, δ18O records of speleothems, studies of aquatic
invertebrate remains; Guiot et al., 1993; Moseley et al., 2020; Bolland
et al., 2021). However, many of these studies do not cover the LGM. This
is particularly true for the northern pre-Alpine forelands (e.g., Heiri
et al., 2014), where quantitative palaeotemperature reconstructions
covering the LGM are largely lacking. Nevertheless, studies on speleo-
thems providing information on past precipitation and wind patterns (e.
g., Luetscher et al., 2015; Spötl et al., 2021), as well as climate simu-
lations providing model-based estimates of past temperature (e.g., Kim
et al., 2003; Russo et al., 2024) are available for the LGM in the Alpine

region. Very few palaeolimnological investigations have been developed
for this period, since most lake basins were either covered with ice or not
formed yet (Duprat-Oualid et al., 2017; Rey et al., 2020).

Chironomids, also known as non-biting midges, are widely distrib-
uted and abundant in freshwater environments (Armitage et al., 1995).
Summer temperature plays an important role in the geographical dis-
tribution of chironomid species throughout the world and affects
metabolic processes as well as growth and development of the different
stages of their life cycle (Walker et al., 1991; Eggermont and Heiri,
2012). Subfossil remains of the larval stages preserve well and are
usually abundant in Quaternary lake sediments allowing palae-
olimnologists to identify them at generic or morphotype levels (Brooks
et al., 2007). Therefore, the former distribution and abundance of
chironomid larvae in lakes can be reconstructed, providing a way to
constrain past temperature variations from chironomid remains in lake
sediment records. Calibration datasets describing the distribution of
chironomid morphotypes over large spatial and temperature gradients
have been developed for different regions of the world (e.g., Walker
et al., 1997; Eggermont et al., 2010; Heiri et al., 2011). Numerical
inference models (transfer functions) developed from these calibration
datasets can in turn be used to quantitatively reconstruct past summer
air temperature based on the subfossil chironomids identified in lake
sediments. Chironomid-based temperature reconstruction has been
widely used to constrain past summer temperature variability during the
Würmian Lateglacial (e.g., Brooks, 2000; Millet et al., 2012; Samartin
et al., 2012; Bolland et al., 2020). Earlier intervals have received much
less attention, but several chironomid-based temperature re-
constructions are now available for different periods from the Early to
the Late Würmian (Engels et al., 2008, 2010; Bolland et al., 2021, 2022;
Ilyashuk et al., 2022). However, very few reconstructions covering the
global LGM and the phase of maximum ice extent in the European Alps
are available (ca. 26.5–21 ka BP; Ivy-Ochs et al., 2004; Monegato et al.,
2007). To our knowledge, the only available chironomid-based tem-
perature reconstruction covering the LGM is from the southern forelands
of the Alps (Samartin et al., 2016), with only very limited quantitative
information on past temperature variability based on other proxy-types
(Heiri et al., 2014). Therefore, there is an urgent need for more quan-
titative temperature reconstructions to fill the gap of knowledge on
temperature changes during this period. This is particularly relevant
since the LGM can be expected to encompass some of the coldest and
therefore most limiting environmental conditions of the Würmian
glaciation for the local survival of both terrestrial and aquatic organisms
in the Alps and their forelands.

The aim of this study is to develop a new chironomid record from
Bergsee, a small lake on the southern fringe of the Black Forest, Ger-
many. The lake’s basin was formed well before the northern Alpine LGM
and therefore includes the full sequence of sediments deposited imme-
diately prior to, during, and after the maximum glacier extent in the Alps
and the Black Forest. Based on the new chironomid record we aim to
develop a quantitative summer air temperature reconstruction covering
the LGM in the southwestern sector of Central Europe. By doing so, we
hope to provide a new, well dated palaeotemperature record that will be
available for a potential user community that could include glaciolo-
gists, aiming to determine drivers and dynamics of the late Würmian
glacial advances and retreats, but also archaeologists and palae-
oecologists, interested in understanding climate conditions in this
crucial and understudied phase of the latest Pleistocene climate history.
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2. Materials and methods

2.1. Study site

Bergsee is a small eutrophic lake, 335 m long and 250 m wide,
located on the Southern piedmont of the Black Forest in southern Ger-
many (47◦34′16″N, 7◦56′6″E; 382 m a.s.l.; Fig. 1). The water level was
artificially raised by the building of a dam in the 19th century by about 6
m, to reach 13 mmaximum depth today (Müller, 1994). The lake has no
natural inlets and therefore was only fed by precipitation, groundwater
inflow and the natural run-off from its small natural catchment (0.162
km2) before the channelisation of several streams (Becker et al., 2006). A
topographic map of the Black Forest as well as a bathymetric map of
Bergsee are available in Duprat-Oualid et al. (2017). The limnology of
Bergsee has been studied in detail during the 20th and 21st centuries (e.
g., Wütrich and Leser, 2000), however, due to the hydrological modi-
fications and artificial aeration these assessments can not be considered
as representative for the natural conditions of the lake. The bedrock
surrounding Bergsee is, like the rest of the Black Forest, mainly
composed of gneiss and granite (Becker et al., 2004). Bergsee is part of a
former subglacial channel system that probably formed during the Riss
glaciation when the Rhine glacier reached the area (Geyer et al., 2003;
Becker and Angelstein, 2004). During the Würmian LGM, the lake was
not covered by glaciers, due to its position between the Black Forest
glacier to the north and the Rhine glacier to the south making it a unique
environmental archive that probably recorded the entire Last Glacial
period (Becker et al., 2006). The lake was historically named
“Schwarzsee” (Black Lake) suggesting humic conditions before the
recent modifications (Becker et al., 2006). Considering the maximum
depth of the lake before the building of the dam (6 m) and the length of
the sediment core extracted (28.5 m, see Section 2.2), it is clear that
Bergsee was considerably deeper in the past. However, due to uncertain
effects of sediment compaction and possible changes in outlets it is not
possible to obtain reliable palaeodepth estimates. Over the past ten
years, the mean July air temperature at Bergsee is estimated to have
been around 19.9 and 20.7 ◦C based on the measurements of Möhlin
(343 m a.s.l.) and Basel/Binningen (316 m a.s.l) weather stations
(MeteoSwiss) adjusted for elevation differences following Livingstone

et al. (1999).
Previous studies have examined pollen (Duprat-Oualid et al., 2017)

and geochemistry (Kämpf et al., 2022) in Bergsee sediment cores for the
period analysed in the present study. Between 45 and 30 thousand
calibrated 14C years BP (cal ka BP), the vegetation around the lake
repeatedly changed between steppe and boreal forest (Duprat-Oualid
et al., 2017). Between 30 and 23.5 cal ka BP the vegetation around the
lake was an Artemisia dominated steppe indicating cold and dry climate
(Duprat-Oualid et al., 2017). Finally, between 23.5 and 14.7 cal ka BP
the presence of Betula pollen, although in low abundances, indicates
more humid conditions after the LGM (Duprat-Oualid et al., 2017). An
earlier chironomid record is available from Bergsee but with a lower
taxonomic and temporal resolution than the present study and only
dated by one 14C date for the period older than 12,000 14C years BP
(Becker et al., 2006). It was therefore not possible to develop a detailed
chironomid-based temperature reconstruction from this record.

2.2. Coring and chronology

Bergsee was cored in 2013 in its centre, at 11 m water depth. From
the retrieved sediment cores, a 28.26 m long master core was built using
magnetic susceptibility and high-resolution core imaging. Detailed de-
scriptions of the sediments, grain size analyses, mineralogic assess-
ments, total organic and inorganic carbon as well as C/N ratios are given
in Kämpf et al. (2022). The sediment record analysed in the present
paper is divided as follows: light brownish to grey sediments with low
TOC (28.26–16.1 m), a transitory laminated sediment (16.1–14.5 m)
and a dark brownish organic mud with high TOC and C/N values
(14.5–13.7 m; Kämpf et al., 2022). More information on the coring, core
correlation and sediment geochemistry are provided in Duprat-Oualid
(2019) and Kämpf et al. (2022).

The age-depth model for Bergsee presented by Duprat-Oualid et al.
(2017) was later updated with 6 new 14C dates (Kämpf et al., 2022 and
data in the Supplementary online information). The IntCal 20 calibra-
tion curve (Reimer et al., 2020) and the clam version 2.5.0 (Blaauw
et al., 2022) package in R studio version 2023.09.1 (R Core Team, 2022)
were used to develop a revised age-depth model for the sediment record
based on a smooth spline (degree of smoothing: 0.3) and 10,000

Fig. 1. A: Location map showing Bergsee and other sites discussed in the text: 1. Bergsee (Becker et al., 2006; Duprat-Oualid et al., 2017; Kämpf et al., 2022; this
study), 2. Lac Lautrey (Heiri and Millet, 2005), 3. Eiffel volcanic field (Zander et al., 2024), 4. Gerzensee (Brooks, 2000; Lotter et al., 2012), 5. Burgäschisee (Bolland
et al., 2020), 6. Sieben Hengste (Luetscher et al., 2015), 7. Egelsee (Larocque-Tobler et al., 2010), 8. Füramoos (Bolland et al., 2021), 9. Lago della Costa (Samartin
et al., 2016), 10. Unterangerberg (Ilyashuk et al., 2022). B: Location of Bergsee (red triangle) and the assumed Würmian maximum ice extent (LGM) in the Black
Forest (Hemmerle et al., 2016), the Vosges and Switzerland (Ehlers et al., 2011). CH: Switzerland, DE: Germany, FR: France. Data from the package rnaturalearth
version 1.0.1 (Massicotte and South, 2023) were used to make the maps in R studio version 2023.09.1 (R Core Team, 2022).
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iterations to infer sediment ages and uncertainties.

2.3. Chironomid and aquatic invertebrate analysis

A total of 134 4-cm-thick samples, with a volume ranging from 2 to 5
cm3, were analysed for chironomids and other aquatic invertebrates.
The samples were taken on the same cores as the pollen samples from
Duprat-Oualid et al. (2017) and geochemical analyses of Kämpf et al.
(2022). No chemical treatment was required so the samples were simply
sieved gently under water through a 100 μm sieve (Brooks et al., 2007).
Chironomid head capsules as well as other chitinous aquatic remains (e.
g., Cladocera ephippia, insect mandibles) were hand-picked from the
sieved residue using a Bogorov tray (Gannon, 1971) under a stereomi-
croscope (20–50× magnification) before being permanently mounted
using Euparal. Chironomids were identified using Wiederholm (1983),
Schmid (1993) and Brooks et al. (2007) under a compound microscope
(100–400× magnification). Head capsules with more than half a
mentum were counted as one, head capsules with half a mentum were
counted as half and head capsules with less than half mentum were not
counted. For Paratanytarsus, the mandibles were rarely preserved mak-
ing the identification to morphotype level challenging. However, the
vast majority of specimens with mandibles belonged to Paratanytarsus
penicillatus-type, therefore the specimens lacking mandibles were
assigned to this morphotype. For the head capsules belonging to the
Tanytarsus genus, those missing mandibles were assigned to Tanytarsus
morphotypes based on the proportions of the identified specimens with
mandibles (e.g., Bolland et al., 2021).

Cladoceran ephippia of daphniids were identified using Vandeker-
khove et al. (2004) and Szeroczyńska and Sarmaja-Korjonen (2007),
insect mandibles based on a slide collection at the University of Basel
partly published in Courtney-Mustaphi et al. (2024), bryozoan stato-
blasts with Wood and Okamura (2005) and oribatid mites with Solhøy
and Solhøy (2000). Chaoborus mandibles and thoracic horns were
identified with Uutala (1990) and Salmela et al. (2021) and the mini-
mum number of individuals per sample was estimated based on these
two remains. Oogonia produced by charophytes were enumerated and
identified using Haas (1994).

2.4. Statistical analyses

A minimum count of 50 head capsules was aimed for in each sample
(Heiri and Lotter, 2001; Larocque, 2001; Quinlan and Smol, 2001a).
However, some adjacent samples needed to be grouped together to
reach this count sum for statistical analyses resulting in 84 samples with
a minimum count of 51 head capsules (mean: 105). As described below,
we also explored reconstructions excluding Corynocera ambigua and
since this taxon was very abundant in some samples, removing it
resulted in three samples with effective counts between 33 and 45 head
capsules (14.685, 15.570 and 16.045 m). Subsequent analyses were all
performed on square root transformed percentage data unless specified
otherwise.

2.4.1. Zonation and ordination
Zones in the chironomid record were assessed by the constrained

cluster algorithm CONISS (Grimm, 1987) with Euclidean distance as
distance measure. A broken stick model (Bennett, 1996) was used to
determine the number of statistically significant zones. Analyses were
performed with the rioja package version 1.0–6 (Juggins, 2023) in R
Studio version 2023.09.1 (R Core Team, 2022).

Major changes in the chironomid assemblages were summarized
with a Detrended Correspondence Analysis (DCA) performed with
CANOCO 5.11 (Šmilauer and Lepš, 2014).

2.4.2. Diversity
Alpha diversity was calculated for the chironomid assemblages using

rarefaction which estimates the taxon richness for each sample using a

fixed count size (i.e., based on the smallest count sum among our sam-
ples of 51; Birks and Line, 1992). This rarefaction was calculated on
untransformed count data using the function ‘rarefy’ of the vegan
package version 2.6–4 (Oksanen et al., 2022) in R Studio version
2023.09.1 (R Core Team, 2022).

2.4.3. Temperature reconstructions
Several chironomid-based temperature reconstructions were pro-

duced using different modern calibration datasets documenting the
distribution of chironomid taxa in regard to July air temperature.
Models were calculated based on a Swiss-Norwegian calibration dataset
that has been extensively used in Central Europe and the Alpine region
(Heiri et al., 2011) as well as on a Finnish calibration dataset (Luoto
et al., 2014) that was considered to contain a more realistic distribution
of Corynocera ambigua, one of the key taxa in the Bergsee record. Mor-
photypes that were not included in the modern calibration datasets but
identified in the Bergsee record were excluded when performing the
reconstructions. Inference models developed from these calibration
datasets were based on Weighted Averaging Partial Least Squares
(WA-PLS) regression (ter Braak et al., 1993) with two components and
used to estimate past mean July air temperatures from fossil assem-
blages. Cross-validated performance and error statistics of each model
were calculated based on bootstrapping with 9999 bootstrap cycles. The
respective characteristics of the different models are shown in Table 1.

Squared chi-square distances were calculated to identify fossil as-
semblages with either “no close” or “no good” modern analogues in the
modern calibration datasets (Birks et al., 1990), with respective
thresholds set as the 2nd and 5th percentiles of all distances within the
modern calibration datasets (Birks et al., 1990). Furthermore, a Ca-
nonical Correspondence Analysis (CCA) of the different calibration
datasets, with mean July air temperature as the only constraining var-
iable, was produced with the fossil samples added passively. The 90th

and 95th percentiles of residual distances of the samples of the modern
calibration datasets to axis 1 were used to determine fossil samples with
a “poor” and “very poor” goodness-of-fit to temperature, respectively
(Birks et al., 1990). In addition, the number of rare taxa (N2 < 5 in the
calibration datasets) in each sample (Heiri et al., 2003) as well as the
percentage of taxa absent in the calibration datasets were calculated. C2
version 1.7.7 (Juggins, 2017) was used to calculate the temperature

Table 1
Descriptive statistics of the different WA-PLS inference models and calibration
datasets used in this paper. Performance and error statistics (r2, RMSEP,
maximum bias and average bias) for the WA-PLS models are based on boot-
strapping with 9999 bootstrap cycles. The number (Nb.) of fossil samples with
close, good and no good analogues are based on the distances of the fossil
samples to the most similar samples in the calibration datasets as assessed with
MAT models. Asterisks indicate whether the components of the WA-PLS models
are significant at the p = 0.01 level.

Swiss-
Norwegian

Swiss-Norwegian,
C. ambigua
excluded

Finnish

Sites 255 255 139
Taxa 151 150 117
July air temperature (◦C) 3.5–18.4 3.5–18.4 7.9–17.1
Numerical approach WA-PLS WA-PLS WA-PLS
r2 0.87 0.87 0.88
RMSEP (◦C) 1.40 1.43 0.88
% change component 1 to 2 17.3** 17.0** 19.7**
% change component 2 to 3 − 0.7 0.08 − 1.0
Maximum bias (◦C) 0.97 1.04 1.18
Average bias (◦C) − 0.02 − 0.03 0.00

Numerical method for analogue
detection

MAT MAT MAT

Nb. close analogues 12 12 0
Nb. good analogues 52 47 2
Nb. no good analogues 20 25 82
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reconstructions and analogue statistics. CANOCO 5.11 (Šmilauer and
Lepš, 2014) was used to perform the CCA.

3. Results

3.1. Chironomid and aquatic invertebrate record

A total of 8860 chironomids from 80 different morphotypes were
identified in the samples from Bergsee. In addition, a few other aquatic
invertebrate remains from cladocerans, insects, bryozoans and oribatid
mites were isolated from the sediment and enumerated (Fig. 2). CONISS
and broken stick model analyses identified 6 statistically significant
zones in the chironomid record (BER-1 to BER-6). Overall, chironomid
head capsules are the most abundant aquatic invertebrate remains
throughout the record with Daphnia ephippia being relatively abundant
in the oldest sections and Ephemeroptera and Chaoborus mandibles
increasing in the youngest sections. Oogonia were found throughout the
record.

The aquatic invertebrate assemblages of BER-1 (45.4–30.1 cal ka BP)
were dominated by chironomids and Daphnia ephippia until 35.6 cal ka
BP. After that, the relative abundances of Daphnia decreased. Chaoborus
and Sialidae were present in rather low abundances during the zone. The
chironomid assemblages were relatively diversified in this zone (median
rarefaction value: 10) and several taxa were present in relatively high
abundances. Paratanytarsus penicillatus-type and Parakiefferiella bath-
ophila-type dominated the chironomid fauna with Tanytarsus lugens-
type, whereas Procladius and Tanytarsus pallidicornis-type were
subdominant.

During BER-2 (30.1–23.3 cal ka BP) the diversity of the chironomid
assemblages drastically decreased (median rarefaction value: 3.6) and
Sergentia coracina-type became a dominant taxon together with Para-
kiefferiella bathophila-type. These two taxa often composed more than
80% of the chironomid assemblages in this section of the record. The
dominant taxon alternated between these two morphotypes a few times
throughout the zone. Tanytarsus lugens-type and Paratanytarsus pen-
icillatus-type were the only other taxa to reach a relative abundance of
10%. Daphnia ephippia were still present throughout the zone but stayed
in low relative abundances and Chaoborus were only present between
27.1 and 24.3 cal ka BP.

BER-3 (23.3–20.6 cal ka BP) was first dominated by Parakiefferiella
bathophila-type until 21.5 cal ka BP, which accounted for as much as
80% of the chironomid assemblages. Then, Tanytarsus pallidicornis-type
became the dominant chironomid for the rest of the zone. The diversity
of the chironomid assemblages in this zone increased (median rarefac-
tion value: 6.4) but stayed lower than during BER-1. Daphnia was the
only other aquatic invertebrate detected in this zone.

BER-4 (20.6–16.9 cal ka BP) was dominated by Paratanytarsus pen-
icillatus-type and Tanytarsus pallidicornis-type. Parakiefferiella bathophila-
type continued to decrease to reach its lowest relative abundance since
the beginning of the record and the diversity of the chironomid assem-
blages stabilised (median rarefaction value: 6.9). Cricotopus intersectus-
type and Corynoneura arctica-type were joined by Chironomus anthraci-
nus-type as subdominant taxa.

In BER-5 (16.9–10.7 cal ka BP) Corynocera ambigua appeared for the
first time and became the dominant chironomid during two periods
(16.7–14.2 and 12.4–11.2 cal ka BP). The diversity of the chironomid
assemblages increased (median rarefaction value: 8.3) to reach similar
values as in BER-1. Tanytarsus glabrescens-type, Tanytarsus pallidicornis-
type and Ablabesmyia increased in relative abundances, together with
the diversity, when Corynocera ambigua decreased between 14.2 and
12.4 cal ka BP. Plumatella and Oribatida were also increasing during this
interval while relative abundances of chironomids in the invertebrate
assemblages decreased.

BER-6 (10.7–8.4 cal ka BP) was dominated byMicrotendipes pedellus-
type, Glyptotendipes pallens-type and Endochironomus tendens-type. The
relative abundances of Tanytarsus pallidicornis-type, Tanytarsus mendax-

type and Procladius increased during this zone. The diversity of the
chironomid assemblages reached its highest values of the record (me-
dian rarefaction value: 17.9). Overall, the relative abundances of chi-
ronomids decreased whereas Chaoborus, Ephemeroptera and Daphnia all
increased.

3.2. Chironomid-inferred temperature reconstructions

Three chironomid-inferred July air temperature reconstructions
based on two different calibration datasets have been calculated with
their respective diagnostic statistics (Fig. 3). Initially, a reconstruction
based on the Swiss-Norwegian calibration dataset was calculated
following Heiri et al. (2011). A preliminary examination of the results
indicated that one taxon, Corynocera ambigua, had a disproportionate
effect on the results, since it is restricted to cool lakes in the Norwegian
dataset, in contrast to other published calibration datasets (e.g., Luoto
et al., 2014; Nazarova et al., 2015) demonstrating that the taxon can also
colonise relatively warm lakes. This led to unrealistic reconstructed
values in the uppermost section of the record (see Discussion, below).
Therefore, a second reconstruction was calculated based on the
Swiss-Norwegian calibration dataset with Corynocera ambigua excluded
from the calibration and fossil datasets. To assess whether this recon-
struction provided realistic values that could also be supported by an
independent reconstruction, we also used a two-component WA-PLS
model based on the Finnish calibration dataset (Luoto et al., 2014) in
which Corynocera ambigua has a wider distribution in regard to tem-
perature than in the Swiss-Norwegian calibration dataset.

Overall, the two reconstructions based on the Swiss-Norwegian
calibration dataset are very similar with the exception of BER-5 where
Corynocera ambigua is abundant. In the oldest section (BER-1; 45.4–30.1
cal ka BP) the reconstructions give values fluctuating between 9.8 and
13.7 ◦C (mean July air temperature: 11.6 ◦C) with three rapid increases
in July air temperature at 41, 38.5 and 33 cal ka BP. During BER-2
(30.1–23.3 cal ka BP), the reconstructed July air temperature appears
colder and more stable (mean July air temperature: 10.5 ◦C). BER-3
(23.3–20.6 cal ka BP) starts with a sharp increase of temperature
which then stays stable during the zone (mean July air temperature:
12.4 ◦C). During BER-4 (20.6–16.9 cal ka BP), the temperatures recon-
structed for most of the samples are stable (mean July air temperature:
12.3 ◦C) with the exception of the sample at 19.2 cal ka BP which has a
much colder reconstructed temperature (10.8 ◦C) caused by the pres-
ence of Micropsectra radialis-type. In BER-5 (16.9–10.7 cal ka BP), the
temperature reconstructed is highly variable in the two scenarios
varying from 7.6 to 16.4 ◦C with the default model based on the Swiss-
Norwegian calibration dataset and from 11.2 to 16.5 ◦C with the model
where Corynocera ambigua is excluded. In both scenarios, the warmest
period of the zone is between 14.5 and 13.6 cal ka BP. Finally, in BER-6
(10.7–8.4 cal ka BP), the July air temperature sharply increases to 16 ◦C
in both scenarios.

The reconstruction calculated with the Finnish calibration dataset is
similar to the two reconstructions based on the Swiss-Norwegian cali-
bration dataset for most of the record, but seems to often give slightly
warmer temperatures. This is particularly true for BER-3 (23.3–20.6 cal
ka BP), where the Finnish reconstruction estimated summer air tem-
perature around 14.7 ◦C whereas the reconstructions with the Swiss-
Norwegian calibration dataset estimated 12.3 ◦C. During BER-5, which
includes the Lateglacial and parts of the Early Holocene (16.9–10.7 cal
ka BP), the reconstructed temperatures are very similar to those calcu-
lated with the Swiss-Norwegian calibration dataset where Corynocera
ambigua was excluded for the oldest peak of abundances of this taxon
(16.7–14.2 cal ka BP) but intermediate between the two models for the
youngest peak (12.4–11.2 cal ka BP). Importantly, all the re-
constructions support the minimum temperatures estimated by the
transfer function based on the Swiss-Norwegian calibration dataset
during the period 30.1–23.3 cal ka BP.

The Finnish model has the lowest cross-validated Root Mean Square
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Error of Prediction (RMSEP: 0.88 ◦C) followed by the Swiss-Norwegian
models (1.40 and 1.43 ◦C, respectively for the default model and the
model where Corynocera ambigua is excluded). Modern analogue sta-
tistics indicate that most of the samples in BER-1 and 2 have good an-
alogues in the Swiss-Norwegian calibration dataset whereas this is much
less the case in the other zones. The samples of the oldest peak in
abundances of Corynocera ambigua (16.7–14.2 cal ka BP) have close
analogues in the Swiss-Norwegian calibration dataset for the recon-
struction with the default model, which is not the case with the other
models. In contrast, only two fossil samples have good modern ana-
logues in the Finnish calibration dataset. The temperature estimates
calculated with the Swiss-Norwegian models have poor goodness-of-fit
for most of the record with the exception of the samples in BER-2
which have mostly very poor goodness-of-fit. The residual squared

length distance is also larger for the samples in BER-2 with the re-
constructions calculated with the Finnish calibration dataset. In the
Finnish reconstruction, most of the samples have poor goodness-of-fit
with the exception of BER-2. Most of the samples have low percent-
ages (< 4 %) of rare taxa in the modern calibration datasets.

4. Discussion

4.1. Chironomid and aquatic invertebrate assemblage changes

The Bergsee record shows pronounced changes in the chironomid
assemblages, with major ones occurring at the transitions between BER-
1 and 2 (ca. 30.1 cal ka BP) and between BER-2 and 3 (ca. 23.3 cal ka BP)
as shown by the DCA analysis (Fig. 2). Another noticeable change

Fig. 2. Fossil chironomid and other aquatic invertebrate remains in the sediment of Bergsee. From left to right: depth scale, position of AMS 14C dates (red circles),
age scale, chironomid percentages of taxa with a cumulative abundance in the record >5% (littoral taxa in blue, profundal taxa in dark blue), total number of
chironomids per sample, rarefaction of the chironomid assemblages, DCA axis 1 scores, percentage curves of taxa grouped by habitat preference (based on Sæther,
1979; Janecek et al., 2017), aquatic invertebrate percentages calculated following Ursenbacher et al. (2020), presence of oogonia in sediment sample (green dots)
and significant zones calculated with the CONISS algorithm.

Fig. 3. Chironomid-inferred July air temperature calculated based on the Swiss-Norwegian calibration dataset (A) with Corynocera ambigua included (orange) and
excluded (red) and based on the Finnish calibration dataset (B; blue) with their respective diagnostic statistics. From top to bottom: Chironomid-inferred July air
temperature and associated error estimates; squared chi-square distance of fossil samples to the nearest modern analogue in the calibration datasets, the dashed lines
indicate the thresholds for no close (2%) and no good (5%) analogues in the modern calibration datasets; residual squared length of the fossil samples to the first axis
of a Canonical Correspondence Analysis (CCA) of the modern calibration dataset with mean July air temperature as only constraining variable, dashed lines indicate
thresholds for poor fit (90%) and very poor fit (95%) with temperature; percentage of taxa in fossil samples that are rare in the calibration datasets; percentage of taxa
in fossil samples absent in the calibration datasets.
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occurred at the well-described temperature transition at the beginning
of the Bølling interstadial at ca. 14.7 cal ka BP (Ammann et al., 2013).
This transition is dated slightly younger in the Bergsee sediment (ca.
14.1 cal ka BP) due to dating uncertainties but clearly constrained by the
maximum in Juniperus pollen of the record, which is dated to ca.
14.6–14.5 in pollen records from the Swiss Plateau (Ammann et al.,
2013; Rey et al., 2020, Fig. 4). In addition, distinct changes also
occurred in the chironomid assemblages at the transitions into the
Younger Dryas cold episode (ca. 12.9 cal ka BP; Shakun and Carlson,
2010) and into the Early Holocene (ca. 11.6 cal ka BP; Ammann et al.,
2013). Chironomid assemblages were mainly dominated by taxa typical
of shallow environments such as Parakiefferiella bathophila-type, Tany-
tarsus pallidicornis-type or Paratanytarsus penicillatus-type which can all
be abundant in the littoral zone of lakes (Lods-Crozet and Lachavanne,
1994; Brodersen et al., 2001; Heiri, 2004; Janecek et al., 2017) and are
usually found in temperate lowland to subalpine lakes (Luoto, 2009;
Heiri et al., 2011; Nazarova et al., 2015). In contrast, several other taxa
such as Sergentia coracina-type, Tanytarsus lugens-type and Procladius are
common in deepwater habitats (Sæther, 1979; Janecek et al., 2017) but
can also colonise the littoral zones under specific conditions (Hofmann,
2001; Heiri, 2004). For example, the cold stenotherms Sergentia cor-
acina-type and Tanytarsus lugens-type can live in shallow environments
under cold climate (Brundin, 1949; Brodin, 1986). Very few rheophilous
taxa were found in the chironomid record of Bergsee indicating that the
lake was not influenced by in-flowing waters and was probably without
a major natural inlet as early as 45 ka ago (Becker et al., 2006).

BER-1 (45.4–30.1 cal ka BP) was dominated by chironomid taxa
commonly living in the littoral zones of lowland to subalpine lakes such
as Parakiefferiella bathophila-type and Paratanytarsus penicillatus-type
(Heiri et al., 2011). Although Parakiefferiella bathophila-type is generally
considered a littoral taxon it can also be found in the profundal zone of
lakes (Brundin, 1949; Moller Pillot, 2013). This taxon seems to be more
abundant in lakes with low to moderate nutrient concentration but can
sometimes colonise nutrients-rich lakes (Moller Pillot, 2013). During
this zone, Parakiefferiella bathophila-type was present in relatively high
percentages (mean: 29 %), which is not the case in the different cali-
bration datasets, where this taxon is usually commonly found only in
rather low abundances (Heiri et al., 2011; Luoto et al., 2014; Nazarova
et al., 2015). However high abundances of Parakiefferiella bath-
ophila-type have been recorded in sediment cores from the Lateglacial in
previous studies. For example, in a littoral core from Gerzensee,
Switzerland, the taxon was present in high abundances (30–50 %) be-
tween 13.5 and 12.7 cal ka BP including the cold Gerzensee Oscillation
(Brooks, 2000). In Lago della Costa, northern Italy, the taxon has been
found in high abundances (more than 40 %) in sediment samples from
17 cal ka BP (Samartin et al., 2016). These findings suggest that this
taxon, or at least one species of this morphotype, could have been more
dominant in lakes in the past due to overall colder temperatures and was
better adapted to these conditions, at least in some lakes. Species of
Paratanytarsus are often associated with macrophytes (Lods-Crozet and
Lachavanne, 1994; Čerba et al., 2010) and the relatively high abun-
dances of this taxon in the zone may indicate a well-developed macro-
phyte belt. This interpretation is supported by the continuous presence
of oogonia of Characeae in the sediment (Fig. 2). Tanytarsus lugens-type
was present during almost the entire zone, suggesting summer stratifi-
cation with cold bottom water or overall cold climatic conditions, and
rather low nutrient concentrations (Brundin, 1949; Sæther, 1979). This
summer stratification could be supported by the presence of Chaoborus
until 35 cal ka BP which suggests rather low oxygen conditions at least
during a short period during the summer (Quinlan and Smol, 2010;
Ursenbacher et al., 2020). In this part of the record mandibles belonging
to Chaoborus flavicans-type were present, a group particularly common
in small lakes with low oxygen conditions when fish are present, as these
insect larvae can migrate into the anoxic zone during the day to avoid
predation by fish (Dawidowicz et al., 1990; Sweetman and Smol, 2006;
Luoto and Nevalainen, 2009). In Bergsee, no fish remains have been

identified so it is not possible to confirm their presence or absence. The
presence of taxa typical of more nutrient-rich lakes such as Tanytarsus
mendax-type, Chironomus plumosus-type and Chironomus anthracinus--
type, even though in relatively low abundances, could indicate slightly

Fig. 4. Chironomid-inferred summer air temperature from Bergsee compared
to other palaeoenvironmental and palaeoclimate records. From top to bottom:
A. Selected tree and shrub pollen for Bergsee: Juniperus (magenta), Betula
(brown) and Pinus (dark green; Kämpf et al., 2022); B. Chironomid-inferred
July air temperatures from Bergsee with the reconstructions based on the
Swiss-Norwegian calibration dataset excluding Corynocera ambigua (red) and
based on the Finnish calibration dataset (blue); C. Rarefaction (diversity esti-
mates) of the chironomid assemblages at Bergsee; D. Temperature of Months
Above Freezing (TMAF) estimated based on brGDGTs from a site in the Eifel
volcanic field, western Germany (Zander et al., 2024); E. δ18O record from a
speleothem of the Sieben Hengste cave system (Luetscher et al., 2015)
smoothed with a 11 sample running average; F. Reconstructed glacier advances
for the Rhine glacier in the northern Alpine forelands (Preusser et al., 2011); G.
δ18O record of the NGRIP ice core (Rasmussen et al., 2014) smoothed with a 11
sample running average; H. June (orange) and December (blue) insolation at
60◦N (Berger and Loutre, 1991). Shaded blue and red zones indicate important
climatic events with YD and BA indicating the approximate age of the Younger
Dryas and Bølling/Allerød interstadial in records from Bergsee and the Eifel
volcanic field, LGM the approximate age of the Last Glacial Maximum in the
northern Alpine forelands (Luetscher et al., 2015), GI-2 the age of Greenland
interstadials 2 in the NGRIP record (Rasmussen et al., 2014).
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elevated nutrient concentrations in the lake (Sæther, 1979; Brodin,
1986) but in small lakes these chironomid taxa are also potentially
favoured by a high availability of organic matter. Daphnia were the
dominant aquatic invertebrate group together with chironomids until
35.6 cal ka BP, but their abundance fluctuated considerably. This could
indicate that during certain periods the conditions were favorable for
high abundances of Daphnia or high production rates of Daphnia
ephippia. This could be explained by cooler temperatures, presence of
predators, changes in the food availability or competition with other
invertebrates (Cooper and Smith, 1982; Reede, 1995; Alekseev and
Lampert, 2001). The presence of Sialidae mandibles during this zone
suggests relatively high limnic production and high organic detritus
concentrations in the sediment (Lemdahl, 2000).

Between 30.1 and 23.3 cal ka BP (BER-2) the diversity of the
chironomid assemblages decreased drastically suggesting colder condi-
tions (Engels et al., 2020). This period corresponds with the expansion of
glaciers to their maximum extent in the northern pre-Alpine region
(Ivy-Ochs et al., 2008; Preusser et al., 2011). The presence of the cold
stenotherm Sergentia coracina-type at high abundances also supports
colder temperatures during this zone. In temperate climate conditions,
this taxon is usually restricted to the profundal zone of deep, stratified
lakes (Brundin, 1949; Sæther, 1979) but it can also thrive in the littoral
of lakes under cold climatic conditions (Hofmann, 2001) that probably
characterised Bergsee during this period. The high abundances of Ser-
gentia coracina-type suggest that profundal taxa were able to colonise
shallower zones of the lake, as profundal taxa did not reach these
abundances in other parts of the record. Distinct fluctuations between
the dominance of Sergentia coracina-type and Parakiefferiella bath-
ophila-type, a taxon that seems to be representative of warmer climatic
conditions, suggest a highly variable climate, at least at the local scale,
or a very dynamic lake system. Since it is likely that during the coldest
phases Sergentia coracina-type colonised the shallower parts of the lake,
the expansion of Parakiefferiella bathophila-type in the littoral zone
relative to Sergentia coracina-type during slightly warmer phases would
be a possible explanation for the changing abundances of the two taxa.
These assemblage shifts may have also been associated with variations
in productivity and organic matter availability in the lake, as Sergentia
coracina-type is common in relatively nutrient-poor lakes (Brundin,
1949; Sæther, 1979) whereas Parakiefferiella bathophila-type can also be
found in lakes with more nutrients (Moller Pillot, 2013), although both
taxa have a wide distribution in respect to nutrients. The presence of
Tanytarsus lugens-type until 25.6 cal ka BP suggests nutrient-poor con-
ditions in the lake (Sæther, 1979), whereas the presence of Chaoborus
between 27.1 and 24.3 cal ka BP would agree with seasonally reduced
oxygen concentrations in the deep water (Quinlan and Smol, 2010;
Ursenbacher et al., 2020). Since Chaoborus remains in this interval were
only thoracic horns, it was not possible to determine to which mor-
photype they belonged as they were damaged.

In the following zone (BER-3; 23.3–20.6 cal ka BP), the cold steno-
therm Sergentia coracina-type disappeared and was replaced by chiron-
omids indicative of warmer conditions such as Tanytarsus pallidicornis-
type (Heiri et al., 2011). Parakiefferiella bathophila-type stayed dominant
and sharply increased at the beginning of the zone (22.9 cal ka BP). A
similarly abrupt increase in Parakiefferiella bathophila-type has been
reported from Gerzensee, a small lake on the Swiss Plateau (Brooks,
2000). In this record, the observed increase after the Younger Dryas cold
interval was interpreted as a response of the chironomid assemblage to
rapid warming of the climate (Brooks, 2000). The taxon was very
abundant between 22.9 and 22.2 cal ka BP, reaching a relative abun-
dance of 77 %. Such high percentages of Parakiefferiella bathophila-type
are not, to our knowledge, reported in any existing European modern
calibration datasets, and therefore are presently without any modern or
subfossil analogues. Parakiefferiella bathophila-type may have reached
such high relative abundances because it was already present in the lake
in a phase when the diversity of the chironomid fauna was low and may
have outcompeted new colonisers arriving when the climate became

warmer. Since the taxon can also colonise the deepest part of the lake
(Moller Pillot, 2013) it may also have benefited from the disappearance
of Sergentia coracina-type, presumably due to warmer climate condi-
tions. The increase in the diversity of the chironomid assemblages also
agrees with warming climate, as chironomid diversity has been shown to
correlate on large spatial and temporal scales with temperature (Engels
et al., 2020). Tanytarsus mendax-type as well as Chironomus anthraci-
nus-type appeared which could potentially indicate an increase of
organic matter availability in the sediment (Sæther, 1979; Brodin,
1986).

In the following zone (BER-4; 20.6–16.9 cal ka BP), Parakiefferiella
bathophila-type decreased drastically suggesting major changes in the
lake, since this taxon was present and dominant since the beginning of
our record. A similar drop in Parakiefferiella bathophila-type abundances
have been described for Gerzensee at the beginning of the Younger
Dryas (Brooks, 2000). However, in Bergsee the temperature does not
seem to have decreased at that time as shown by the abundance of other
chironomid taxa that are not necessarily found in cool climate condi-
tions (e.g., Tanytarsus pallidicornis-type, Paratanytarsus penicillatus-type)
and the different climate reconstructions (Fig. 3). Possibly the pro-
nounced decrease in the relative abundances of this taxon is therefore
related to other changes in the lake (e.g., organic matter, oxygen).
Tanytarsus pallidicornis-type and Paratanytarsus penicillatus-type are
typical of the littoral zone of lakes with the latter often found amongst
aquatic plants feeding on periphytic algae (Lods-Crozet and Lachavanne,
1994; Čerba et al., 2010; Tarkowska-Kukuryk, 2014). Possible changes
in habitats and food sources allowed these taxa to outcompete Para-
kiefferiella bathophila-type in Bergsee. Tanytarsus mendax-type was
replaced by Chironomus anthracinus-type in this section, a taxon which is
typically found in slightly more nutrient-rich lakes (Sæther, 1979),
possibly indicating another rise of organic matter or change of oxygen
availability in Bergsee.

In the next zone (BER-5; 16.9–10.7 cal ka BP) the chironomid as-
semblages changed drastically. Corynocera ambigua appeared for the
first time in the record and became dominant in two subzones. Between
16.7–14.2 and 12.4–11.2 cal ka BP the taxon reached abundances as
high as 75 % of the chironomid assemblages. At present, when this taxon
colonises a lake, it is often found in high abundances (Brodersen and
Lindegaard, 1999). It has been hypothesised that this could be because
the adults cannot fly and therefore stay at the surface of lakes to
reproduce which increases their chances to mate compared to other
chironomid species (Brodersen and Lindegaard, 1999). Corynocera
ambiguawas originally considered a cold indicator in early studies (Reiss
and Gerstmeier, 1984) but it is now well documented that it also occurs
in relatively warm lakes in Northern and Eastern Europe (Ashe et al.,
2000; Brodersen and Lindegaard, 1999). Brodersen and Lindegaard
(1999) attributed high abundances of Corynocera ambigua to high oxy-
gen concentration, low nutrient concentration and extensive charophyte
beds. The increase of Plumatella and Oribatida observed at Bergsee could
indicate the development of a macrophyte belt along the shore, as Plu-
matella can profit from these types of habitats (Solhøy, 2001; Wood and
Okamura, 2005). The massive and abrupt occurrence of Corynocera
ambigua in the Bergsee record does not coincide with significant in-
creases in any other cold-indicating chironomid taxa, nor with a
decrease in the diversity of the chironomid assemblages, as was
observed in earlier phases of cold climatic conditions at Bergsee (BER-2).
Therefore, we conclude that the massive increase of Corynocera ambigua
at Bergsee was not, or only partly or indirectly triggered by changes in
temperature conditions. However, it may agree with relatively cool
(compare to present) but not necessarily very cold climate conditions,
which has major implications for our choice of calibration dataset when
reconstructing mean July air temperatures based on the chironomid
assemblages (see section 4.2 below). Extremely cold climate conditions
ca. 16.9–14.1 cal ka BP at Bergsee, distinctly colder than the preceding
period ca. 19–16.9 cal ka BP, would also disagree with palaeoclimate
and palaeoenvironmental records from the adjacent Swiss Plateau. No
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major decreases in July air temperatures are recorded for this interval in
the region (e.g., Bolland et al., 2020) and palaeobotanical evidence in-
dicates the expansion of trees into the shrub tundra characterising this
interval (Rey et al., 2017, 2020). The Bølling period is characterised by a
distinct decrease in Corynocera ambigua at Bergsee. The beginning of this
period is marked by a major Juniperus peak in the northern Alpine
forelands (Ammann et al., 2013; Rey et al., 2017). At Bergsee the start of
this phase is dated slightly younger than in other, well-dated palae-
oenvironmental records in the region (ca. 14.1 rather than ca. 14.7–14.6
ka BP; Ammann et al., 2013; Rey et al., 2020) due to dating uncertainties
in the record and low sample resolution. Taxa presently found in warm
lowland lakes in Switzerland, such as Tanytarsus glabrescens-type and
Tanytarsus pallidicornis-type, increased during the phase when Cor-
ynocera ambigua has low abundances, agreeing with an increase in
temperature at the beginning of the Bølling period, which has been
recorded by various palaeoclimate archives in the region (Heiri and
Lotter, 2005; Lotter et al., 2012; Bolland et al., 2020). A second increase
in abundances of Corynocera ambigua is centered on the Younger Dryas
cold period (12.4–11.2 cal ka BP). In this interval, warm-indicating taxa
that expanded at Bergsee during the Bølling and Allerød are again
reduced, in agreement with colder conditions. However, the assem-
blages do not suggest a reversal to extremely cold, arctic environments,
as indicated by the persistence of some chironomid taxa common in
temperate lowland lakes, such as Pagastiella, Paratanytarsus pen-
icillatus-type or Pseudochironomus and the observation that chironomid
diversity does not decrease to the minimum values observed for BER-2.
As for the Bølling, the timing of the Younger Dryas slightly differs from
other more highly resolved records in the region (e.g., Rey et al., 2020)
which place the Younger Dryas from ca. 12.9–11.6 cal ka BP. This can be
explained by dating uncertainties in the Bergsee record, but also by the
low number of samples in this interval (ca. one sample every 1000 years)
not allowing to resolve the very dynamic temperature development
during the Lateglacial period and Early Holocene.

Corynocera ambigua disappeared in the last zone (BER-6; 10.7–8.4 cal
ka BP) and was replaced by taxa typically found in warm lowland lakes
in Switzerland such as Tanytarsus mendax-type, Tanytarsus pallidicornis-
type, Pseudochironomus, Polypedilum nubeculosum-type Microtendipes
pedellus-type and Glyptotendipes pallens-type (Heiri et al., 2011). This
zone corresponds to the onset of the Holocene and warmer climatic
conditions are reported for this period (e.g., Heiri et al., 2015). The
increasing diversity of the chironomid assemblages also supports
warmer conditions (Engels et al., 2020). In this section, chironomids
were less dominant in the overall aquatic invertebrate assemblages
whereas Ephemeroptera and Chaoborus remains became more common.
The increase in Chaoborus, here Chaoborus flavicans-type based on
identified mandibles, could suggest a decrease in oxygen concentration
in the deepwater (Quinlan and Smol, 2001b; Ursenbacher et al., 2020)
and/or an increase in the water temperature as in small lakes Chaoborus
is usually more abundant in warmer climates (Walker et al., 1997). For
example, an increase in Chaoborus remains at the beginning of the Ho-
locene has also been documented in Rotsee, a small lake in the northern
Swiss lowlands (Stötter, 2015) or in Lac de Champex, a mountain lake in
the western Swiss Alps (Perret-Gentil et al., 2023). Typically, Ephem-
eroptera occur in running water and in the littoral zones of lakes
(Brittain, 1974; Brooks et al., 2007; Courtney-Mustaphi et al., 2024).
Plumatella and Oribatida are still present suggesting a well-structured
near-shore area with macrophytes and possibly woody debris (Wood
and Okamura, 2005; de la Riva-Caballero et al., 2010; Solhøy, 2001).

The sediment core retrieved from Bergsee is 28.26 m long and
considering the depth of the lake before the damming in the 19th century
(6 m), Bergsee may have been as deep as ca. 35 m around 45 cal ka BP
and 20 m deep ca. 8 cal ka BP. Small lakes in this depth range are often
stratified during the summer months, which is supported by the occur-
rences of Chaoborus flavicans-type in different parts of the record. It is
unlikely that the decrease in lake depth fundamentally changed the
mixing behaviour and the extent of the littoral zones in the lake.

Nevertheless, the long-term decrease in water depth may have influ-
enced the limnology (e.g., oxygen, organic matter, light, habitat avail-
ability) and the invertebrate assemblages. However, the most
pronounced changes in the invertebrate assemblage composition over
the 39 kyr-long record seem to mainly represent abrupt centennial to
millennial-scale changes rather than long-term multimillennial-scale
trends. This suggests that climatic variations and centennial to
millennial-scale changes in in-lake conditions may have been more
relevant for the invertebrate assemblages than the regular long-term
decrease in water depth due to the infilling of the lake.

4.2. Comparison of temperature reconstructions based on different
calibration datasets

Three different temperature reconstructions with two calibration
datasets (Swiss-Norwegian and Finnish) have been calculated in the
present study. Initial reconstructions were calculated with a calibration
dataset and WA-PLS inference model based on lakes from northern,
central and southern Norway and the northern Swiss lowlands and the
Swiss Alps (Heiri et al., 2011). The dataset contains a wide range of lake
types and bedrock conditions, although the Swiss sites, particularly the
lowland sites, are mainly on carbonate or mixed bedrock, whereas
Bergsee is located on granite and gneiss bedrock characteristic of the
Black Forest region (Becker et al., 2004). This model and calibration
dataset have been widely used in Central Europe to reconstruct tem-
peratures from chironomid records (e.g., Millet et al., 2012; Samartin
et al., 2012; Tóth et al., 2012; Bolland et al., 2020). However, when
applied to the Bergsee record this temperature inference model indi-
cated very unusual and unlikely temperatures for part of the record.
Whereas temperatures seemed realistic for BER1–4 and 6 (see discus-
sions in sections 4.3 below), they appear too low in sections of BER-5
dominated by Corynocera ambigua compared to other available palae-
oclimate data for the region. For example, temperatures of ca. 8.7 ◦C are
reconstructed with this model for the period preceding the Bølling
(16.1–14.8 cal ka BP) and ca. 9.4 ◦C for the period representing the
Younger Dryas (12.4 cal ka BP). For the same period, temperatures in the
range of 10.8–12.4 ◦C (before the Bølling; Heiri and Millet, 2005; Lar-
ocque-Tobler et al., 2010; Lotter et al., 2012) and 13.3–15.9 ◦C (Younger
Dryas; Heiri andMillet, 2005; Larocque-Tobler et al., 2010) are recorded
from localities in Switzerland and France if they are adjusted to the
elevation of Bergsee based on modern temperature laps rates of 0.6 ◦C
per 100 m of altitude (Livingstone et al., 1999). Summer air tempera-
tures as low as 8.8 ◦C have been reconstructed at Burgäschisee, Swiss
Plateau, before the Bølling (Bolland et al., 2020). However, these low
temperatures are inferred for the period preceding 16 cal ka BP at
Burgäschisee, and not the interval 16.1–14.8 cal ka BP as at Bergsee. The
taxon in the Bergsee record responsible for these unusually low recon-
structed temperatures, Corynocera ambigua, is presently largely absent in
small lakes in the southern sector of Central Europe and therefore not
represented in the Swiss lakes of the Swiss-Norwegian calibration
dataset, but only in Norwegian lakes withmaximum abundances in lakes
with July air temperatures of 8–12 ◦C (Heiri et al., 2011). The temper-
ature optimum of this taxon in the Swiss-Norwegian calibration dataset
is 10 ◦C with a tolerance of 1 ◦C (Heiri et al., 2011). However, in other
calibration datasets the optimum of Corynocera ambigua is considerably
higher and the distribution broader. For example, in the Finnish cali-
bration dataset of Luoto et al. (2014) the optimum is 12.4 ◦C and
tolerance 1.8 ◦C or in the Russian calibration dataset of Nazarova et al.
(2015) the optimum is 12.9 ◦C but with an even broader temperature
tolerance range of 3.6 ◦C. Since it was obvious that the optimum of
Corynocera ambigua had a strong impact on reconstructed temperatures
during BER-5, and the optimum of the taxon in the Swiss-Norwegian
calibration dataset was not representative of the full distribution of
Corynocera ambigua relative to summer temperature, we also calculated
a second reconstruction based on the Swiss-Norwegian calibration
dataset excluding this taxon. Some previous studies have also calculated
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temperature reconstructions without this taxon although it was not
specifically excluded. For example, Heiri and Millet (2005) and Lar-
ocque-Tobler et al. (2010) used the Swiss calibration dataset to recon-
struct temperatures from their records, at Lac Lautrey and Egelsee
respectively, which included Corynocera ambigua. However, since this
taxon is not present in the modern calibration dataset from Switzerland,
it did not influence the reconstructed temperatures. However, with some
few exceptions (e.g., von Gunten et al., 2008), selective deletion of in-
dividual species or taxa has only rarely been attempted in
chironomid-based temperature reconstruction and the effects of such
deletions have not been systematically explored. To assess whether the
overall pattern of reconstructed temperatures inferred based on the
Swiss-Norwegian calibration dataset excluding Corynocera ambigua
could be reproduced by another, independent calibration dataset and
inference model, we also calculated a third reconstruction based on a
calibration dataset from Finland (Luoto et al., 2014). This dataset covers
a smaller temperature gradient than the Swiss-Norwegian dataset, is
based on a lower number of sampled sites and, since it includes only
lakes from Fennoscandia, it covers less diverse lake types than the
Swiss-Norwegian dataset. However, Corynocera ambigua covers a wider,
and presumably more realistic temperature range in this dataset.

Overall, the July air temperature estimates with the two models
based on the Swiss-Norwegian calibration dataset are similar with the
exception of the period which contains high relative abundances of
Corynocera ambigua (Fig. 3). Considering the problem related to this
taxon mentioned above, we believe the reconstruction calculated with
the Swiss-Norwegian calibration dataset excluding Corynocera ambigua
is probably more realistic when this taxon is abundant. The temperature
estimates calculated with the Finnish calibration dataset show a similar
temperature development to the one calculated with the Swiss-
Norwegian calibration dataset excluding Corynocera ambigua, with the
coldest interval ca. 30.1–23.3 cal ka BP when the diversity of the
chironomid assemblages is the lowest and other palaeorecords suggest
an extension of glaciers to their maximum extent in the northern Alpine
foreland and cool temperatures (see section 4.3 below). However, re-
constructions based on the Finnish calibration dataset suggest a more
pronounced warming after this period (i.e., a phase of warmer temper-
atures ca. 23.2–19.5 cal ka BP) and overall slightly lower temperatures
in the Lateglacial sections of the record including the Bølling/Allerød
interstadial and the Younger Dryas cold period (Fig. 4). Relative changes
in the two reconstructions are, however, very similar in the phase when
Corynocera ambigua is present at Bergsee. This confirms that the main
temperature changes apparent in the reconstruction based on the Swiss-
Norwegian calibration dataset excluding Corynocera ambigua can be
reproduced by a model relying on another calibration dataset where this
taxon is included but present over a broader temperature gradient than
in the Swiss-Norwegian dataset.

Looking at the modern analogue and goodness-of-fit statistics, the
Swiss-Norwegian calibration dataset seems to be more suitable for the
Bergsee record than the Finnish dataset for which only two fossil sam-
ples from Bergsee have good analogues (Fig. 3). This could be because
the Finnish calibration dataset includes less lakes than the Swiss-
Norwegian dataset (Velle et al., 2010). For the reconstruction based
on the Swiss-Norwegian calibration dataset, good analogues are avail-
able for most of the record, with the exception of samples covering the
Bølling/Allerød interstadial, Younger Dryas and Early Holocene.
Goodness-of-fit statistics indicate that the assemblages in the coldest
part of the record (ca. 30.1–23.3 cal ka BP) are most unusual when
compared to the calibration datasets. This is not surprising considering
the low diversity of these samples and the unusual combination of high
abundances of Parakiefferiella bathophila-type and Sergentia cor-
acina-type in this part of the record. However, WA-PLS performs rela-
tively well in non-analogues situations, and with unusual assemblages,
as long as the dominant species are well represented in the calibration
dataset (ter Braak, 1995; Birks et al., 2010). The poorer analogue and
goodness-of-fit situation for the Finnish dataset and individual samples

for the Swiss-Norwegian dataset therefore does not necessarily mean
that the reconstructed temperature values are not reliable (e.g., Heiri
et al., 2003; Heiri et al., 2007). However, considering the less favorable
analogue statistics, the temperature estimates calculated with the
Finnish model have to be interpreted with caution even though they
appear realistic when compared to previous reconstructions (e.g., Heiri
and Millet, 2005; Larocque-Tobler et al., 2010; Lotter et al., 2012; Bol-
land et al., 2020).

The temperature gradient of the Swiss-Norwegian calibration dataset
is considerably larger than the Finnish dataset which provides a major
advantage especially when reconstructing temperature at the cold end of
the gradient (Brooks and Birks, 2001). The RMSEP of the Finnish
inference model (0.88 ◦C) is smaller than that of the Swiss-Norwegian
model, both with and without Corynocera ambigua (1.40 and 1.43 ◦C
respectively). This is most likely because of the shorter temperature
gradient included in the Finnish calibration dataset. Also, the
Swiss-Norwegian calibration dataset includes many mountain lakes
located in catchments with complicated topography. In such situations,
estimated July air temperature, used for calculating the prediction er-
rors, may not be as representative for actual air and water temperatures
as in the Finnish dataset which includes many lowland lakes at different
latitudes. In contrast, fewer taxa are represented in the Finnish cali-
bration dataset. As a consequence, some rare taxa found in Bergsee were
not used to calculate the corresponding temperature reconstruction (e.
g., Diamesa aberrata-type, Heleniella, Parachironomus varus-type). The
Swiss-Norwegian and the Finnish calibration datasets include lakes with
up to 18 and 17 ◦C mean July air temperature, respectively (Heiri et al.,
2011; Luoto et al., 2014). At the same time Bergsee is a lowland lake at
lower elevation than similar lakes on the Swiss Plateau with estimated
mean July air temperature presently around 20.3 ◦C (see section 2.1).
Earlier quantitative temperature reconstructions in the region have
suggested similar temperatures during the Bølling/Allerød period and
Early Holocene as recorded in the late Holocene (e.g., Heiri et al., 2014).
This suggests that chironomid-inferred estimates in the Bergsee record,
particularly during the Early Holocene interval, may already have been
affected by the edge effect, since temperatures may have reached values
close to or exceeding the warmer limit of temperature in the calibration
datasets. In addition, the strong increase in Chaoborus suggests that
Bergsee may have become seasonally anoxic in this interval. This may
also potentially have influenced chironomid-inferred temperature
values, as hypoxia may have similarly strong, or stronger, influence on
bottom-water chironomid assemblages in small, stratified lakes than
temperatures during the summer months (e.g., Quinlan and Smol,
2001b; Heiri et al., 2003; Perret-Gentil et al., 2023). Based on the
geographical location of Bergsee and the arguments outlined above, we
consider, the Swiss-Norwegian calibration dataset with Corynocera
ambigua excluded to probably be the most suitable calibration dataset
for the Bergsee record. However, the observation that the temperature
reconstructions calculated with the Swiss-Norwegian calibration dataset
excluding Corynocera ambigua and the Finnish dataset seem to follow the
same trends, with a considerable overlap of the reconstructions
considering the estimated prediction errors, suggests that both re-
constructions provide realistic past summer temperature trends. In
contrast, sections of the reconstruction with high abundances of Cor-
ynocera ambigua should be interpreted with caution, due to the uncertain
thermal ecology of this taxon, and the highest reconstructed values
during the Bølling/Allerød and the Early Holocene may have been
affected by the edge effect and hypoxic conditions in Bergsee during
these intervals.

4.3. Comparison with other studies

As discussed in detail in section 4.2 above, mean July air tempera-
ture reconstructions calculated based on the Swiss-Norwegian calibra-
tion dataset excluding Corynocera ambigua and the Finnish dataset, the
two reconstructions we consider the most realistic, show very similar
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trends. Low values are inferred for most of the examined interval before
ca. 15–14 cal ka BP and minimum temperatures are reconstructed
around 30.1–23.3 cal ka BP. The reconstructed temperature rises during
the Bølling/Allerød interstadial and Early Holocene, with a clear and
pronounced cooling registered in the intercalated Younger Dryas cold
period, although the reconstruction does not have a high enough sam-
pling resolution in this part of the sequence to record these variations in
detail (Fig. 4).

In the first zone (45.4–30.1 cal ka BP), the temperature estimates are
overall relatively stable (mean: 11.7 ◦C) except for two short periods
with abrupt increase in temperature to 13.1 and 13.2 ◦C around 38.5 and
32.7 cal ka BP respectively. Another chironomid-inferred temperature
reconstruction was developed for Unterangerberg, located at 630 m a.s.
l. in the Austrian northern Alps, between ca. 55–41 cal ka BP (Ilyashuk
et al., 2022). The reconstructed mean July air temperature estimates at
Unterangerberg are comparable to our study, for the same time period,
ranging from 10 to 13 ◦C (Fig. 4), even though the site is located at
slightly higher altitudes than Bergsee (Ilyashuk et al., 2022). However,
in the Unterangerberg study the authors have included Corynocera
ambigua to calculate their temperature reconstruction making the
comparison with our reconstruction excluding this taxon difficult. Based
on pollen analyses of the Bergsee sediments, eight phases of forest
development were described in this interval, with increases of Pinus and
Betula pollen respectively, potentially corresponding to
Dansgaard-Oeschger events with warmer temperature and more humid
conditions (Duprat-Oualid et al., 2017). However, chironomid-inferred
temperatures only indicate a temperature increase during one of these
(ca. 32.7 cal ka BP; Fig. 4). This discrepancy between the pollen record
and chironomid-inferred temperatures could partly be explained by the
lower resolution of the chironomid record. However, a more detailed
comparison shows that around 45.4 and 38.5 cal ka BP relatively warm
chironomid-inferred temperature estimates occurred during transitions
to more steppe and tundra-like pollen assemblages (Fig. 4; Dupra-
t-Oualid et al., 2017). This would suggest that these shifts towards more
open vegetation were not primarily caused by cooling, as would be ex-
pected if summer temperatures were driving these changes, but rather
variations in humidity or temperatures during seasons other than sum-
mer (Lotter et al., 2012). Nevertheless, the reconstructed mean July air
temperature around 11–12 ◦C indicates that during this interval climatic
conditions during the summer may have already been close to those
characterising treeline environments, as these have typically been
considered to be around 7.5–9.5 ◦C mean July air temperature in dry
and continental conditions (Landolt et al., 2015).

BER-2 (30.1–23.3 cal ka BP) corresponds to the coldest period of the
record with average July air temperature estimated to 10.5 and 11.3 ◦C
for the reconstructions based on the Swiss-Norwegian calibration set
with Corynocera ambigua excluded and the Finnish dataset, respectively.
This period corresponds to the onset of the LGM worldwide (Clark et al.,
2009) which was triggered by low northern summer insolation (Berger
and Loutre, 1991; Laskar et al., 2004) and atmospheric CO2 concen-
tration (Ahn et al., 2004). Based on marine records the maximum extent
of ice coverage globally was reached around 27.5–23.3 ka BP (Hughes
et al., 2013). At a more regional scale, the Alpine glaciers reached their
maximum extent between 26 and 22 cal ka BP in the northern Alpine
forelands as reconstructed based on glaciological evidence (e.g., Pre-
usser et al., 2011; Monegato et al., 2017; Kamleitner et al., 2023). This
age corresponds to the maximum extent of the Reuss glacier which was
reconstructed to have its maximum position around 25–22 ka BP at
Birmenstorf ca. 30 km from Bergsee (Kamleitner et al., 2023). This phase
of maximum glacier extent apparently occurred during the latter part of
the interval 30.1–23.3 cal ka BP with minimum July air temperatures.
However, it had to have been preceded by an interval of pronounced
glacier growth, which, based on our palaeotemperature data, occurred
during a phase of particularly low summer temperatures in the northern
Alpine forelands. The timing of the maximum extent of ice cover in the
Black Forest is still unknown and could have been delayed due to the

leeward position of this mountain range relative to the Alps (Hofmann
et al., 2020). Atmospheric circulation seems to have been characterised
by the advection of humid air masses coming from the Mediterranean
Sea during the Last Glacial Maximum (Luetscher et al., 2015; Monegato
et al., 2017), leading to less precipitation and ice build-up in the Black
Forest (Hofmann et al., 2020), but local palaeoclimate records are rare
during this period for the Black Forest region. The pollen record of
Bergsee also suggests cold and dry climate at that time as shown by the
high abundances of dry grassland vegetation and very low abundance or
absence of boreal pollen types (Duprat-Oualid et al., 2017). Two periods
seem to have been particularly dry and cold based on the pollen:
30.3–28.3 and 24.8–23.2 cal ka BP (ages updated with the chronology
used in the present paper; Duprat-Oualid et al., 2017). The first episode
corresponds to a strong decrease of reconstructed mean July air tem-
perature and the second matches with the lowest diversity values and
highest abundances of the cold stenotherm Sergentia coracina-type in the
Bergsee record (Fig. 4). Oxygen isotopes analysed in the speleothem
record from the Sieben Hengste cave system, located in the northern
Alps, also indicate a distinct minimum in δ18O during this time
(Luetscher et al., 2015), although variations in this record have been
interpreted to predominantly reflect changes in moisture source, with
minimum values reflecting a southward shift in storm tracks during the
Alpine LGM. Estimated mean July air temperatures calculated with the
different calibration datasets for this phase decrease to ca. 9.4 ◦C with
the Swiss-Norwegian model with Corynocera ambigua excluded and
10.6 ◦C with the Finnish model. These temperature estimates are ca.
10 ◦C colder than the present mean July air temperature at Bergsee
estimated to ca. 20.3 ◦C (see section 2.1). Mean temperatures for the
months above freezing (TMAF) were reconstructed based on a branched
glycerol dialkyl glycerol tetraether (brGDGT) record from the Eifel
volcanic field, western Germany (Zander et al., 2024). In this record,
minimum temperatures were also reconstructed for the same period as
in Bergsee, supporting our reconstruction based on fossil chironomids
(Fig. 4). The period of the LGM is a widely used target for climate
modelling experiments to assess temperatures but also intercompar-
ability of climate models during a recent phase of minimum tempera-
tures in the late Quaternary. However, these simulations often use a
slightly younger age of 21 cal ka BP as target. Available climate model
simulations seem to converge on mean July air temperature values
around 8–12 ◦C in Central Europe during the LGM (e.g., Kim et al., 2003;
Strandberg et al., 2011; Russo et al., 2024). For 21 cal ka BP, the mean
July air temperature estimates calculated from the chironomid assem-
blages of Bergsee indicate slightly warmer temperatures with 12.8 and
13.5 ◦C respectively for the reconstructions based on the
Swiss-Norwegian calibration dataset with Corynocera ambigua excluded
and the Finnish calibration dataset. However, the values from climate
model simulations agree very well with the temperature inferred from
the chironomids at Bergsee during the regional LGM ca. 26.5–23.5 cal ka
BP.

After the minimum temperatures coinciding with the LGM in the
northern Alpine forelands, a sharp increase of about 2.3 ◦C in mean July
air temperature is estimated at Bergsee based on the Swiss-Norwegian
model excluding Corynocera ambigua, with an even more pronounced
increase (2.8 ◦C) reconstructed based on the Finnish calibration dataset.
This temperature increase is supported by an increase in the diversity of
the chironomid assemblages (Fig. 4; Engels et al., 2020). Glaciers in the
northern Alpine forelands started to retreat as early as 22 cal ka BP for
the Reuss glacier and probably around 23 cal ka BP for the Rhine glacier
(Kamleitner et al., 2023). A strong increase of ca. 4 ◦C in TMAF was also
recorded from the Eifel volcanic field in western Germany at that time
(Zander et al., 2024). This increase in temperature may be linked to
Greenland interstadial 2.2 (Rasmussen et al., 2014). Subsequent read-
vances of glacier fronts occurred in the northern Alpine region as well as
in the Black Forest (Hofmann et al., 2022; Kamleitner et al., 2023).
Possibly a phase of cooler temperature indicated by both reconstructions
at Bergsee around 19.2 cal ka BPmay have been related to andmay have
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favoured one of these glacier advances.
Several chironomid-inferred temperature reconstructions are

already available for the Lateglacial Period and Early Holocene (BER-5;
16.9–10.7 cal ka BP) for the northern Alpine forelands and the Jura
mountains. For example, at Burgäschisee, situated at 465 m a.s.l. on the
Swiss Plateau, mean July air temperatures were estimated at 9 ◦C
around 17 cal ka BP and rose to 15 ◦C at 13 cal ka BP during the Bølling/
Allerød interstadial (Bolland et al., 2020). At Lac Lautrey, a small lake at
788 m a.s.l. in the French Jura mountains, July air temperature
increased from 10 ◦C around 15 cal ka BP to 16 ◦C around 13 cal ka BP
(Heiri and Millet, 2005). At Gerzensee, situated at 603 m a.s.l. in the
foothills of the northern Bernese Alps, Switzerland, inferred July air
temperature ranged from 10.5 to 16 ◦C between 15.5 and 13 cal ka BP
(Lotter et al., 2012). The absolute inferred temperature values differ to
some extent between the reconstructions, partly due to altitudinal dif-
ferences between sites and presumably different topographies and local
climates as well as the use of different calibration datasets. However,
they show a very comparable increase in inferred temperatures in this
interval as at Bergsee, where reconstructed temperatures increased from
ca. 12.1 to 16.5 ◦C between 16.1 and 13.6 cal ka BP based on the
Swiss-Norwegian calibration dataset excluding Corynocera ambigua and
from ca. 11.1 to 15.5 ◦C based on the Finnish calibration dataset.
Temperature reconstructions in the Alpine region consistently indicate a
rapid temperature increase at the beginning of the Bølling (ca.
14.7–14.6 cal ka BP) and a distinct cooling during the Younger Dryas
(Heiri et al., 2014). Unfortunately, these sections of the Bergsee
chironomid record are not analysed at high enough resolution to resolve
these climate variations in detail. However, the temperature re-
constructions based on the Swiss-Norwegian calibration dataset with
Corynocera ambigua excluded and the Finnish calibration dataset clearly
show major variations in temperature during these climate events. The
increase in temperatures during the Bølling/Allerød is estimated to ca.
4 ◦C based on the two models respectively, which agrees well with
estimated increases in the region (Heiri and Millet, 2005; Lotter et al.,
2012; Bolland et al., 2020). During the Younger Dryas, reconstructed
temperatures based on both models decrease by ca. 3–4 ◦C respectively,
which is in the upper range of temperature decreases recorded from
other sites in the region which generally range from ca. 1.5–4.5 ◦C (Heiri
and Millet, 2005; Larocque-Tobler et al., 2010; Samartin et al., 2012;
Heiri et al., 2015). As discussed earlier the amplitude of these changes
are clearly more realistic and comparable with other regional palae-
otemperature records in the reconstruction based on the
Swiss-Norwegian calibration dataset with Corynocera ambigua excluded
and the Finnish calibration dataset than in the reconstruction based on
the Swiss-Norwegian calibration dataset with Corynocera ambigua
included. In the latter reconstruction the temperature variations have
been estimated to ca. 6–7 ◦C, clearly exceeding reconstructed changes at
other sites. Nevertheless, the comparatively large mean July air tem-
perature changes inferred in the Bergsee chironomid record for the
Younger Dryas, even excluding Corynocera ambigua from the
Swiss-Norwegian calibration dataset, suggests that cooling during this
event may have been particularly pronounced in the vicinity of Bergsee
or reinforced by other environmental conditions (e.g., local hydrology
or other limnological changes) during this interval.

5. Conclusion

We provide the first quantitative, chironomid-based July air tem-
perature reconstructions for the period covering the LGM from the
southwestern part of Central Europe. Our reconstructions indicate that
the coldest period, with inferred mean July air temperature in the range
of 10.5 ◦C, occurred between 30.1 and 23.3 cal ka BP at Bergsee, which
is about 10 ◦C colder than the present mean July air temperature. This
period corresponds to the maximum glacier advances in the northern
Alpine forelands and also coincides with the preferential advection of
moisture from the south across the Alps (Luetscher et al., 2015), and

minimum temperatures occurring at the time of Heinrich event 2 as
reconstructed based on brGDGTs for a record from western Germany
(Zander et al., 2024). The temperatures reconstructed based on the
Swiss-Norwegian calibration dataset excluding Corynocera ambigua and
the Finnish calibration dataset, the reconstructions we consider most
reliable, show an increase after this interval by 2.3 and 2.8 ◦C respec-
tively and stayed in the range of 12.5 ◦C in the period ca. 23–15 cal ka
BP. Then a major increase in temperatures by ca. 4 ◦C is reconstructed at
the beginning of the Bølling followed by a cooling of ca. 4 ◦C during the
Younger Dryas which are both well represented in our record. In
contrast and as discussed in detail above, reconstructions based on the
Swiss-Norwegian calibration dataset with Corynocera ambigua included
provide unexpectedly low temperatures for the periods 16.7–14.7 and
12.4–11.2 cal ka BP which do not agree with other regional temperature
reconstructions. We show that these low reconstructed temperatures can
be attributed to the limited distribution of Corynocera ambigua in the
Swiss-Norwegian calibration dataset, which does not cover the full
range of summer temperature conditions in which this taxon can occur
at, and therefore we consider this reconstruction less reliable than the
two reconstructions mentioned before.

Our new quantitative mean July air temperature reconstruction from
Bergsee helps to fill a major gap of knowledge on climatic conditions
during the maximum extent of the Würmian glaciation in southwestern
parts of Central Europe. This will hopefully contribute to a better un-
derstanding of climate development during the Last Glacial Period. The
Bergsee record, together with earlier chironomid-based reconstructions
from the region developed for Füramoos, southern Germany (Bolland
et al., 2021) and Unterangerberg, Austria (Ilyashuk et al., 2022) provide
chironomid-based temperature estimates across most of the Würmian
glaciation. As a consequence, chironomid-inferred palaeotemperature
estimates can now complement other quantitative palaeotemperature
proxies such as pollen (e.g., Guiot et al., 1993), brGDGTs (e.g., Zander
et al., 2024), oxygen isotopes in speleothem records (e.g., Luetscher
et al., 2015) and glacier dynamics (e.g., Heiri et al., 2014) for under-
standing both relative temperature changes between the LGM and other
key late Quaternary climate periods and absolute temperatures during
this crucial phase of the late Quaternary period in Europe.
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Fletcher, W.J., Sánchez Goñi, M.F., Allen, J.R.M., Cheddadi, R., Combourieu-Nebout, N.,
Huntley, B., Lawson, I., Londeix, L., Magri, D., Margari, V., Müller, U.C.,
Naughton, F., Novenko, E., Roucoux, K., Tzedakis, P.C., 2010. Millennial-scale
variability during the last glacial in vegetation records from Europe. Quat. Sci. Rev.
29, 2839–2864. https://doi.org/10.1016/j.quascirev.2009.11.015.

Galbraith, E.D., Skinner, L.C., 2020. The biological pump during the last glacial
maximum. Ann. Rev. Mar. Sci 12, 559–586. https://doi.org/10.1146/annurev-
marine-010419-010906.

Gannon, J.E., 1971. Two counting cells for the enumeration of zooplankton micro-
Crustacea. Trans. Am. Microsc. 90, 486. https://doi.org/10.2307/3225467.

Geyer, O.F., Schober, T., Geyer, M., 2003. Die Hochrhein-Region zwischen Bodensee und
Basel. Gebrüder Borntraeger Verlagsbuchhandlung, Berlin & Stuttgart (Borntraeger),
p. 526p. Stuttgart.

Grimm, E.C., 1987. CONISS: a FORTRAN 77 program for stratigraphically constrained
cluster analysis by the method of incremental sum of squares. Comput. Geosci. 13,
13–35. https://doi.org/10.1016/0098-3004(87)90022-7.

Grootes, P.M., Stuiver, M., White, J.W.C., Johnsen, S., Jouzel, J., 1993. Comparison of
oxygen isotope records from the GISP2 and GRIP Greenland ice cores. Nature 366,
552–554. https://doi.org/10.1038/366552a0.

Guiot, J., Pons, A., De Beaulieu, J.L., Reille, M., 1989. A 140,000-year continental
climate reconstruction from two European pollen records. Nature 338, 309–313.
https://doi.org/10.1038/338309a0.

Guiot, J., De Beaulieu, J.L., Cheddadi, R., David, F., Ponel, P., Reille, M., 1993. The
climate in Western Europe during the last Glacial/Interglacial cycle derived from
pollen and insect remains. Palaeogeogr. Palaeoclimatol. Palaeoecol. 103, 73–93.
https://doi.org/10.1016/0031-0182(93)90053-L.

Haas, J.N., 1994. First identification key for charophyte oospores from central Europe.
Eur. J. Phycol. 29, 227–235. https://doi.org/10.1080/09670269400650681.
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