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a b s t r a c t

The termination of the Last Ice Age after the Last Glacial maximum (LGM) represents a dynamic period in
the history of the circum-north Atlantic region. So far, there are few reliably dated climatic re-
constructions covering the Lateglacial period prior to 14,700 cal. BP in Central and Northern Europe. We
present a new chironomid record for the period 18,000e14,000 cal. BP, from Burg€aschisee, Switzerland.
Chironomid assemblages immediately following glacier retreat were dominated by taxa indicative of
cold, oligotrophic conditions such as Sergentia coracina -type and Micropsectra radialis -type. A gradual
transition to assemblages with moderate abundances of taxa indicative of warmer climatic conditions
such as Dicrotendipes nevosus -type and Tanytarsus glabrescens -type started after ca. 16,100 cal. BP. This
initial and gradual chironomid assemblage shift culminated in a more pronounced and rapid inferred
temperature change at the Oldest Dryas/Bølling transition at ca. 14,700 cal. BP, where further types
indicative of warm conditions such as Tanytarsus lactescens -type first occurred and replaced chirono-
mids indicative of colder conditions such as Paracladius and Protanypus. We estimated past July air
temperature changes from the chironomid assemblages by applying to the record a chironomid-
temperature transfer function that is based on chironomid distribution data from 274 lakes in
Switzerland and Norway. The resulting reconstruction, which features a sample-specific root mean
square error of prediction of 1.36e1.46 �C, indicates temperatures around 9 �C at the beginning of the
record. An initial gradual warming phase initiating at ca. 16,100 cal. BP is recorded reaching values
around 10 �C for the period 16,100e15,500 cal. BP. Temperatures continue to increase reaching values
around 12 �C for the period preceding the Bølling warming, when temperatures rose rapidly to values
around 15 �C. The early temperature rise to values of 10e12 �C prior to the Bølling warming agrees with
widespread vegetation changes recently reported for this region based on palaeobotanical analyses,
which indicate a shift from herbaceous tundra to shrub tundra with low density tree birch stands with
open canopies. Together, these results suggest an earlier Lateglacial temperature increase in southwest
Central Europe than expected based on earlier palaeobotanical reconstructions, although with a less
pronounced warming than has been reported for ca. 16,000 cal. BP from south of the Alps. This early
Lateglacial warming agrees with glacier reconstructions which suggest several step-wise reductions of
glacier extent in this period as well as with evidence from other palaeotemperature reconstructions and
suggests that not only Southern Europe but significant parts of Europe north of the Alps may have been
characterized by early Lateglacial warming well before the rapid warming at ca. 14,700 cal. BP.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The end of the last ice age (termination I) represents one of the
most dynamic and widespread natural environmental and climatic
ch (A. Bolland).

r Ltd. This is an open access article
regime shifts in the past 100 ka. Termination I coincided with
increasing northern hemisphere insolation, rising sea levels and
massive freshwater inputs into the global oceans following the Last
Glacial Maximum (LGM: ca. 26,500 - 19,000 years ago), during
which time relative sea level was ca. 130 m lower than it is today
(Clark et al., 2009). Between 19,000 and 17,000 years ago increasing
temperatures are registered for many parts of the globe, in accor-
dance with rising northern hemisphere insolation values (He et al.,
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2013). Increases in greenhouse gas concentrations recorded in ice
cores during this period are generally interpreted as the result of a
complex interplay between changes in overturning circulation in
the Southern Ocean and North Atlantic, sea ice extent, atmospheric
circulation and biological activity associated with these mecha-
nisms following initial warming (e.g. Petit et al., 1999; Fischer et al.,
2008;Marcott et al., 2014).Water isotope records fromAntarctic ice
cores indicate an increase in southern hemisphere temperatures
starting as early as 20,000e18,000 years ago (NAIS Divide
Members, 2013).

Evidence for a long-term temperature increase during termi-
nation I from the southern hemisphere and at the global scale
contrasts to the situation in the northern North Atlantic region
where environmental changes were particularly dynamic. Rapid,
high volume variations in freshwater input into the North Atlantic
have been considered as potential causes for reduced Atlantic
Meridional Overturning Circulation (AMOC; Clark et al., 2012; Stern
and Lisiecki, 2013) during large parts of this interval, reducing
transport of warmwaters from southern latitudes northwards (e.g.
McManus et al., 2004) and maintaining low North Atlantic (Liu
et al., 2009; Mojtahid et al., 2017) sea surface temperatures. As a
consequence, it is generally considered that cold conditions pre-
vailed in large sections of the northern North Atlantic region until
the abrupt increase in AMOC and associated abrupt warming at the
transition to the Lateglacial (Bølling/Allerød) interstadial ca. 14,700
years ago (e.g. Clark et al., 2012; Rasmussen et al., 2014).

The abrupt changes in the North Atlantic Ocean are reflected in
vegetation reconstructions that, in the circum-North Atlantic re-
gion, are the primary information source for understanding climate
dynamics on the continents during termination I. For Southern
Europe comprehensive vegetation reconstructions are available for
the entirety of the LGM and Termination I, both regionally from
marine cores (Fletcher and Go~ni, 2008; Fletcher et al., 2010) and
more locally in terrestrial records from sites that were never
glaciated (e.g. Pons and Reille, 1988; Watts et al., 1996; Allen et al.,
2000; Tzedakis et al., 2002; Kaltenrieder et al., 2009). In contrast,
most well dated Northern and Central European sites, including
sites in France and Northern Spain, have chronological constraints
of ca. 14,500e18,000 calibrated radiocarbon years BP (cal. BP) for
their lowermost dates (e.g. Magny et al., 2006; Wehrli et al., 2007;
Millet et al., 2012). Many of these sites were covered by ice during
the LGM and early parts of Termination I (e.g. Hughes et al., 2016)
and in large sections of Central and Northwest Europe that were not
ice covered a dry climate prevailed (e.g. Hoek and Bohncke, 2002),
limiting the number of lakes and therefore also of limnological
records. Until now, few Northern and Central European records
exist which are reliably dated and describe vegetational assem-
blages prior to the onset of the Bølling/Allerød interstadial ca.
14,700 cal. BP (Lotter et al., 1999; Duprat-Oualid et al., 2017; Rey
et al., 2017; 2020). As a consequence, it remains difficult to
constrain when temperatures first started to rise after the LGM on
mainland Europe and how far in the European interior the climatic
development followed that of the North Atlantic during the early
termination.

Based on the available evidence, persistence of a cold tundra
and/or steppic environment has been assumed for Central Europe
following the LGM until the regional reforestation at the onset of
the Bølling (e.g: Lotter et al., 1992; Wehrli et al., 2007). However,
new evidence from 14C dated lake sediments from the Northern
Swiss lowlands indicates a clear transition from herb tundra into a
more diverse herb/shrub tundra as early as 16,000 cal. BP (Rey et al.,
2017; 2020). Recent pollen-morphological differentiation of tree
and shrub birches allowed to track the expansion of first tree Betula
stands at around 16,000 cal BP, a vegetational pattern that was
unknown before (Rey et al., 2017; 2020). The implication is the
possibility of warming ca. 1300 years prior to the rapid warming
phase at the onset to the Bølling period around 14,700 cal. BP.
Afforestation prior to the Bølling onset has previously been
observed in pollen records from the western Mediterranean region
(Fletcher et al., 2010) and both pollen- and chironomid-based
temperature reconstructions have indicated early warming at
Lago di Origlio (Southern Switzerland) chronologically placed at
the same time as the new evidence from the Northern Swiss low-
lands (Tinner and Vescovi, 2005; Samartin et al., 2012). There are
however no well-dated, vegetation-independent terrestrial tem-
perature records from north of the Alps to corroborate this hy-
pothesized early temperature increase. Since vegetation
development in a tundra and/or steppe environment is not only
determined by temperature, but can potentially also be strongly
influenced by moisture changes (Tinner, 2007; Samartin et al.,
2017), such independent temperature reconstructions would be
crucial for confirming that these vegetation changes really were the
direct consequences of warmer temperatures during the Early
Lateglacial period.

Chironomid analysis is an excellent tool for reconstructing past
summer temperature changes because of the strong relationship
between chironomid distribution and July air temperatures (Brooks
and Birks, 2001; Heiri and Lotter, 2005; Eggermont and Heiri,
2012). This relationship has allowed the production of modern
calibration training sets which can be used to develop quantitative
chironomid-based temperature inference models to reconstruct
palaeotemperature development from lake sediment records
(Brooks et al., 2006). There are many examples of chironomids
being used to reconstruct Lateglacial temperature changes in
Switzerland (e.g. Heiri and Lotter, 2005; Ilyashuk et al., 2009;
Samartin et al., 2012) and other regions of Central, Western and
Northern Europe (e.g. Brooks and Birks, 2000; Heiri and Millet,
2005; Heiri et al., 2007a; Watson et al., 2010; Millet et al., 2012;
Birks et al., 2014) as well as Southern Europe (Heiri et al., 2007b;
Larocque and Finsinger, 2008; Samartin et al., 2017). However, as
with the aforementioned pollen analysis, only very few
chironomid-based temperature reconstructions from Europe, such
as those described by Millet et al. (2012, Western Pyrenees, France)
and Samartin et al. (2012, Ticino, Southern Switzerland), cover the
crucial time interval before the beginning of the Lateglacial Inter-
stadial ca. 14,700 cal. BP and are supported by independent chro-
nological constraints for this older section of the Lateglacial period.
Up to the present, no such chironomid-based temperature re-
constructions are available for the Central European lowlands north
of the Alps.

Here, we present a new chironomid record from Burg€aschisee in
the Western Swiss Plateau covering the Early Lateglacial period
from ca. 18,300 to 14,000 cal. BP. In-lake environmental changes
inferred from the record are discussed in relation to the taxonomic
turnover in chironomid assemblages. Furthermore, we develop a
new quantitative, chironomid-based summer temperature recon-
struction from the record which covers the full Early Lateglacial
period since lake formation following local deglaciation. Previous
pollen analyses from the same sediment record have revealed ev-
idence for a pre-Bølling vegetation change from steppe to shrub
tundra, suggesting increasing temperatures in this region from ca.
16,000 cal. BP onwards (Rey et al., 2017). Therefore, the new tem-
perature record can be directly compared to local vegetation
changes to assess whether this independent palaeotemperature
evidence really supports that increasing summer temperatures
were responsible for local vegetation compositional turnover
around 16,000 cal. BP. Finally, we discuss the implications of our
results for constraining palaeotemperature development in
Switzerland and early Lateglacial temperature development on
continental Europe.
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2. Material and methods

2.1. Site description

Burg€aschisee is a small kettle hole lake, formed following the
retreat of the Rhone glacier westwards across the Swiss plateau,
situated between the Jura Mountains and the Alps (Fig. 1;
47�1008.500N, 7�4005.900E) at 465 m a.s.l. (Fig. 1). A section of ice
remaining after glacier retreat was subsequently surrounded and
possibly covered by sediments after which the ice melted, leaving a
depression and forming the lake (Guthruf et al., 1999). Today,
Burg€aschisee is eutrophic, has a 23 ha surface area, maximum
depth of 31 m and a catchment of 319 ha (Guthruf et al., 1999). Four
inflows feed the lake from the Southwest and a single outflow
drains the lake to the North (Müller-Beck, 2005). The lake level was
lowered by 2 m in 1943 in order to drain wetlands for agricultural
use (Arn, 1945). The outflow of the lake has been artificially
modified to release deep, hypolimnetic waters since 1977 to reduce
the nutrient loading of the lake and improve the water quality
(Ambühl and Stumm, 1984).

Annual rainfall is ca. 1100 mm (data from Koppigen 1981e2010
climate normals), ca. 6 km from Burg€aschisee (MeteoSwiss, 2020),
and the wettest months occur May through August with more than
100 mm of precipitation per month. July is the warmest month
reaching 18.6 �C on average while the annual average temperature
is 9.1 �C.
Fig. 1. Location of Burg€aschisee in Switzerland (green area) and of other records discussed
(Cacho et al., 2001; Fletcher et al., 2010); 3: Core KS04-16, Bay of Biscay (Martínez-García et
6: Lobsigensee (Elias and Wilkinson, 1983); 7: Gerzensee (Brooks and Heiri, 2013; Lotter et a
Sieben Hengste (Luetscher et al., 2015); 10: Soppensee (Lotter, 1999); 11: Rotsee (Lotter a
Tyrrhenian Sea (Cacho et al., 2001). (For interpretation of the references to colour in this fi
2.2. Coring

Two field campaigns were carried out at Burg€aschisee in 2009
and 2014. Three parallel cores (Burg A-C) were retrieved in 2009
using a UWITEC piston corer with a diameter of 60 mm at the
deepest point of the lake reaching a coring depth of 15 m. A further
core, Burg I, was retrieved in 2014 to create amaster sequence using
lithostratigraphic markers for the core correlation (Rey et al., 2017).
The core section analysed in the present study consists of silt (1037-
846 cm) and fine detritus gyttja which is partially laminated (846-
826 cm). A detailed description of the sedimentology is provided in
Rey et al. (2017).

2.3. Dating and vegetation history

The Burg€aschisee sediment record is dated by a total of 16
radiocarbon dates, 4 of which are used to date the section pre-
sented here as described in Rey et al. (2017). 14C samples were
analysed at the Laboratory for the Analysis of Radiocarbon at Bern
University, the Laboratory of Ion Beam Physics at ETH Zurich, and
the Poznan Radiocarbon Laboratory using Accelerator Mass Spec-
trometry (AMS). Calib 7.1 (Stuiver and Reimer, 1993) was used to
calibrate the radiocarbon dates using the IntCal13 calibration curve
(Reimer et al., 2013). An age-depth relationship for the entire
Burg€aschisee sequence is available based on the program clam 2.2
(Blaauw, 2010) as described in Rey et al. (2017).

Lateglacial sections of this age model were characterized by
relatively large uncertainties (Fig. 2). For the present study, we
in text. 1: Burg€aschisee (Rey et al., 2017; This study); 2: Core MD95-2043, Alboran Sea
al., 2015); 4: Ech Palaeolake (Millet et al., 2012); 5: Lac Lautrey (Heiri and Millet, 2005);
l., 2012; Ammann et al., 2013; van Raden et al., 2013); 8: Moossee (Rey et al., 2020); 9:
nd Zbinden, 1989); 12: Lago di Origlio (Samartin et al., 2012) and 13: Core BS79-38,
gure legend, the reader is referred to the Web version of this article.)
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therefore also explored an alternative age model using other
available age estimates for major vegetation changes on the Swiss
Plateau between 13,800 and 14,700 cal. BP. Several studies have
shown that major shifts in vegetation such as the reforestation and
increase in Juniperus at the Oldest Dryas to Bølling transition or the
increase in Pinus at the Older Dryas cold oscillation happened at the
same time as pronounced changes in climatic conditions on the
Swiss Plateau as apparent in lake marl d18O records, therefore
indicating that these vegetation shifts happened synchronously
across the Swiss Plateau (Lotter et al., 1992; Eicher and Siegenthaler,
1976), at least at the multidecadal to centennial scale relevant for
the present study. The ages of prominent Lateglacial vegetation
changes in the Burg€aschisee record as dated in other Lateglacial
sediment sequences on the Swiss Plateau therefore provide further
age constraints for the record.

Three strong palynostratigraphical age markers were identified
which correspond to distinct vegetative transitions in the Burg€a-
schisee pollen stratigraphy (Table 1) and were correlated to the
well-dated Gerzensee pollen stratigraphy (Ammann et al., 2013), a
record that is representative of regional vegetation development
across the Western Swiss lowlands for this study period. Ages of
these vegetation changes in the Gerzensee record show an excel-
lent agreement with ages as assessed in the 14C dated pollen record
fromMoossee, 22 km southwest of Burg€aschisee, situated at almost
identical altitude (512 m asl; Fig. 2). Furthermore, the inferred age
of the increase in lake marl d18O record of Gerzensee at the
beginning of the Bølling at 14,685e14,590 cal. BP, which coincides
Fig. 2. Lithology and age depth model of the oldest sections of the Burg€aschisee re-
cord. Black crosses indicate the 14C dates used by Rey et al. (2017, Table 1), dotted black
and grey lines the original age-depth relationship described in this study as well as the
associated 95% error estimates. Red circles represent the age of palynostratigraphical
tie points in the Burg€aschisee record as dated in the Gerzensee pollen record (Ammann
et al., 2013, Table 1), blue circles age estimates for these tie points as dated in the
Moossee pollen record (Rey et al., 2020). Age estimates for Lateglacial section of the
Moossee record are based on 6 AMS 14C dates and the Gerzensee record is dated based
on the correlation of lake marl d18O values with the NGRIP Greenland ice core d18O
record (age uncertainties for the latter record are estimated as 169e186 years for this
interval (maximum counting error); Rasmussen et al., 2006). Moossee and Gerzensee
are both situated on the Swiss Plateau in close proximity to Burg€aschisee (22 and
39 km distant from the lake, respectively). The red line indicates the revised age model
for the Burg€aschisee record based on linear interpolation between the radiocarbon
dates in the lower part of the record and the palynological tie points in the upper
section (see text for details). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
with the increase in Juniperus and reforestation of the Swiss
Plateau, shows an excellent agreement with the pronounced in-
crease in precipitation d18O inferred for 14,658 ± 40 cal. BP
(Luetscher et al., 2015) based on the U/Th dated speleothem from
Sieben Hengste (46 km from Burg€aschisee, 22 km from Gerzensee),
supporting the estimated age for this vegetation change on the
Swiss Plateau.

These pollen-inferred ages suggest that one of the 14C ages
(835.5e838.5 cm, 13,997 cal yr BP) is slightly younger than ex-
pected based on the pollen based age estimates (Fig. 2). When
comparing the Burg€aschisee chironomid record with other palae-
oclimate records, we therefore use a revised age-depth model
based on linear interpolation between median calibrated 14C ages
for the older part of the record and the three pollen-inferred ages
for the upper part of the sequence between 849 and 823 cm sedi-
ment depth (Table 1, Fig. 2). This revised age depth relationship is
fully within the chronological error associated with the original age
depth model of Rey et al. (2017) (Fig. 2). For information we also
provide the figures comparing chironomid-inferred temperatures
with other palaeoenvironmental reconstructions discussed in our
study (Figs. 5 and 6) on the original age scale presented by Rey et al.
(2017) in the online supplementary information.

The main traits of vegetation history at Burg€aschisee over the
past 18,700 years are presented in Rey et al. (2017). The pollen data
suggest open steppe/tundra vegetation (Rey et al., 2020) shortly
after deglaciation at ca. 19,200 cal BP (Ivy-Ochs et al., 2004), with
the presence of some shrubs including Betula nana and Juniperus.
Herb dominated tundra ecosystems persisted until ca. 16,000 cal BP
when there was a marked increase of tree Betula, Betula nana and
other shrubs pointing to the spread of shrub tundra and tree stands
(Rey et al., 2017). However, the prevailing presence of herbaceous
pollen values (>60% including abundant Artemisia and Heli-
anthemum) shows that steppic environments persisted and still
dominated the vegetation. The Oldest Dryas/Bølling transition was
characterized by afforestation within the catchment of Burg€aschi-
see with a short term mass expansion of shrubs (Juniperus pollen
>60%) during early sections of the Bølling warming period
(Ammann et al., 2013) followed by a sharp rise in tree Betula pollen
which suggests the formation of birch forests. At the same time, the
organic content of the sediment rises sharply, showing increased
organic productivity in the lake (Rey et al., 2017).

2.4. Sampling and analysis of fossil chironomids and other aquatic
invertebrates

Samples were taken every ca. 4e6 cm using 2e20 cm3 of wet
sediment per sample. A total of 36 samples were analysed at ab-
solute sediment depths between 826 and 1032 cm. The samples
were left in room temperature in 10% KOH for 6 h and sieved over a
100 mm sieve. Chironomid head capsules as well as other chitinous
aquatic invertebrate remains were picked from other sieve residue
in a Bogorov tray under a stereomicroscope (30e50� magnifica-
tion), dried on coverslips and mounted on microscope slides in
Euparal before being identified at 40e100� magnification using a
compound microscope. A minimum head capsule count of 80 was
aimed for to ensure that more than the recommended 50 head
capsules were found per sample (Heiri and Lotter, 2001; Quinlan
and Smol, 2001). Two samples nevertheless resulted in less than
the 50 head capsules (sample depths 836 and 888 cm contained 47
and 42 head capsules, respectively). Head capsules with a complete
mentum or greater than half a mentum were counted as one
specimen, head capsules with half amentumwere counted as half a
specimen and head capsules with less than half a mentum were
disregarded.

Taxonomic identification followed Wiederholm (1983), Schmid
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(1993), Brooks et al. (2007), and Anderson et al. (2013). For
graphical and statistical interpretation, specimens that could not
be identified to the highest taxonomic resolution (e.g. due to
missing mouthparts) were assigned to categories based on the
ratio of identified specimens within the sample. For these calcu-
lations, taxa which could not be assigned beyond subfamily/tribe
level (i.e. unidentified Chironomidae, Chironomini, Tanytarsini,
Orthocladiinae) were excluded.

2.5. Zonation and ordination analyses

Zonations were derived using the clustering algorithm CONISS
(Grimm, 1987) and zonations were compared with a Broken Stick
Model to assess the statistical significance of the zonal boundaries
(Bennett, 1996). CONISS was calculated with Rioja (Juggins, 2017)
and Vegan (Oksanen et al., 2007) packages using R studio version
1.1.463 (RStudio Team, 2015).

Major changes in chironomid assemblage composition were
summarized with a Detrended Correspondence Analysis (DCA)
using CANOCO 5.0 (ter Braak and Smilauer, 2018) and square root
transformed percentage data. Changes were summarized as DCA
axis 1 values expressed in standard deviation (SD) units, the
length of DCA axis 1 was 2.5 SD. Changes in in-lake nutrient
concentrations and affected variables such as algal productivity or
oxygen concentrations in the lake can have a major influence on
lacustrine chironomid assemblages (e.g. Brodersen and Quinlan,
2006). We used direct gradient analysis of a dataset represent-
ing chironomid assemblage composition in 28 deep and stratified
lakes across Europe (41.7e68.4�N; Verbruggen et al., 2011) to
explore the extent that changes in fossil chironomid assemblages
at Burg€aschisee were typical for shifts to more nutrient-rich
(eutrophic) or nutrient-poor (oligotrophic) conditions. We ana-
lysed the data from these 28 lakes with Detrended Canonical
Correspondence Analysis (DCCA) using total phosphorus (TP)
concentrations at these sites as only constraining variable. As a
consequence, DCCA axis 1 is constrained to represent changes in
modern chironomid assemblages related to between-site differ-
ences in TP values. Fossil samples from Burg€aschiseewere entered
in this analysis as passive samples, and variations in their DCCA
axis 1 values can therefore be interpreted as indicating whether
past assemblage changes were towards assemblages more typical
for nutrient-rich or nutrient-poor lakes in the calibration dataset.
TP values are used for constraining DCCA since phosphorus is
typically the limiting element for algal growth in lakes. The
applied dataset includes lakes from Lapland to Southern Italy
(Verbruggen et al., 2011), and TP values correlate to some extent
with both air temperatures and hypolimnetic oxygen availability
at these study lakes. All of these lakes are deep (22e370 (mean
100) m water depth), stratified systems, however, in which larval
chironomid assemblages are largely decoupled from the direct
effects of air and surface water temperatures. Changes in DCCA
axis 1 are therefore considered to mainly reflect changes in
respect to different nutrient conditions at the studied lakes and
not the influence of temperature on chironomid assemblages, in
contrast to the shallower lakes that were used to develop the
chironomid-temperature transfer function for reconstruction of
past summer temperatures from the Burg€aschisee chironomid
assemblages (see section 2.6 below). DCCA was calculated on
square-root transformed percentage data using the program
CANOCO 4.5 (Leps and Smilauer, 2003).

2.6. Temperature reconstruction

A chironomid-temperature inference model based on the
Swiss-Norwegian calibration dataset (Heiri et al., 2011) was used
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to develop quantitative temperature estimates from fossil chiron-
omid assemblages in Burg€aschisee. The model is based on samples
from 274 lakes throughout Switzerland and Norway, describing
distribution data of 154 chironomid taxa and covering a July tem-
perature gradient of 3.5e18.4 �C. In contrast to the dataset used for
exploring chironomid assemblage changes typical for changes in
nutrient availability (see section 2.5.) this dataset consisted of
considerably shallower lakes (mean 10 m, 5e95% percentile range
1.3e26 m, range 0.5e77 m maximum water depth) for which
strong relationships between chironomid assemblage composition
and summer temperature values have been demonstrated (e.g.
Eggermont and Heiri, 2012) and that performwell for development
of chironomid-temperature transfer functions.

A two component weighted averaging partial least squares
model (WAPLS; ter Braak and Juggins, 1993; ter Braak et al., 1993)
was used to produce the temperature reconstruction, percentages
were square root transformed before calculations. Of the 64
chironomid morphotypes originally identified in the Burg€aschisee
record, some had to be amalgamated for the temperature recon-
struction resulting in 53 types in total. The resulting inference
model featured a cross validated (bootstrapped) root mean square
error of prediction of 1.40 �C and a r2 value of 0.87 between
observed mean July air temperature values and those inferred
based on chironomid assemblages in the modern calibration data.
WA-PLS was calculated using the program C2 version 1.77 (Juggins,
2007).
2.7. Reconstruction error and diagnostic statistics

Sample specific error estimates were calculated for each
reconstructed temperature in the Burg€aschisee record using boot-
strapping (9999 cycles, Birks et al., 1990). Fossil sample were
compared with samples in the calibration dataset to identify as-
semblages with “no good” and “no close” analogues using squared
chi-square distance (Birks et al., 1990). The 5th and 2nd percentiles
of all distances within the modern calibration data samples were
used as thresholds to identify fossil samples without good and close
analogues, respectively (Birks, 1990; Toth et al., 2015). Furthermore,
goodness-of-fit statistics (Birks et al., 1990, 2010) were used to
identify samples with an unusual composition, which might indi-
cate that variables other than temperature were exerting a domi-
nating influence on assemblages. Fossil assemblages were analysed
as passive samples in a Canonical Correspondence Analysis (CCA) of
the modern calibration dataset with mean July air temperature as
only constraining variable. Residual distances to CCA axis 1 were
considered to represent “goodness-of-fit” with temperature, and
thresholds of the 90th and 95th percentile of residual distances of
modern calibration dataset samples to axis 1 were used to identify
samples with a “poor” or “very poor” fit with temperature (Birks,
1990; Toth et al., 2015). Finally, for each sample we examined the
percentage of identified chironomids that were not represented in
the calibration dataset, as well as the percentage of identified chi-
ronomids that were rare in the calibration data (represented by a
Hill’s N2 lower than 5; Heiri et al., 2003). Analogue statistics were
calculated with the program C2 version 1.77 (Juggins, 2007) and
CCA with CANOCO 4.5 (Leps and Smilauer, 2003).
3. Results

3.1. The Burg€aschisee chironomid record

A total of 56 chironomid taxa were identified from 36 samples.
Downcore changes in the Burg€aschisee chironomid record mostly
showed gradual changes in assemblages with two periods of
accelerated turnover which have been identified as statistically
significant breaks by CONISS zonation. The zones identified by
CONISS (Burg 1 through Burg 3) are used here for describing
chironomid assemblage change in the Burg€aschisee core.

Within Zone Burg 1 (1032e951 cm) the assemblages were
dominated by Sergentia coracina-type with Paratanytarsus aus-
triacus-type, Microtendipes pedellus-type, Tanytarsus lugens-type,
Micropsectra radialis-type and Procladius as subdominant taxa
(Fig. 3). In zone Burg 2 (951e844.5 cm) a gradual turnover in
chironomid assemblages is observed, with types previously absent
beginning to occur and the gradual disappearance of types which
were dominant in Burg 1 associated with a moderate increase in
chironomid concentrations (Fig. 3). While Sergentia coracina-type
continued to dominate the assemblage, shifts in the sub-dominant
taxa such as Paratanytarsus austriacus-type, Tanytarsus lugens-type,
Micropsectra radialis-type, Protanypus and Procladius occurred.
These taxa started to decrease at the onset of Zone Burg 2, coin-
ciding with the first occurrence of Corynocera oliveri-type and
Tanytarsus mendax-type in the record. Later on within Burg 2 other
types such as Chironomus plumosus-type, Tanytarus glabrescens-
type, Tanytarsus lactescens-type and Pagastiella occurred. Zone Burg
3 (844.5e8262 cm) is apparently defined not by the presence of
new types, but largely by the disappearance of types present in
Zones Burg 1 and Burg 2, such as Paratanytarsus austriacus-type and
Protanypus. Other types which were already present in Burg 2
increased in abundance. The only new type of note is Polypedilum
nubeculosum-type which appears immediately after the onset of
Burg 3. The change in chironomid assemblage into Burg 3 is
accompanied by the appearance and abundance changes of many
other aquatic invertebrates in the record including large increases
in Ceratopogonidae, Ephemeroptera and aquatic/semi terrestrial
mites as well as a distinct decline in Daphnia pulex-type ephippia.
3.2. Ordination

Axis 1 of a DCA of chironomid assemblages in Burg€aschisee
explains 31.8% of the variance in the assemblage data and displays
little to no change within Burg 1 (Fig. 4). At the onset of Burg 2, DCA
axis 1 scores begin to gradually shift to lower values and continue
to do so throughout the rest of the zone, representing the gradual
change in assemblage composition identified in Fig. 3. Burg 3 rep-
resents the lowest DCA axis 1 scores, the culmination of an accel-
erated change in DCA axis 1 values beginning prior to the end of
Burg 2, with the largest DCA axis 1 change recorded at the Burg 2/
Burg 3 transition. Together, these results suggest little assemblage
change in the oldest sections of the record, the beginning of a
gradual trend to assemblages typical for the youngest sections
around 940e950 cm and then amore rapid shift to the assemblages
dominating in the youngest section at about the Burg 2/Burg
transition.

When the Burg€aschisee fossil chironomid assemblages are
added passively into a DCCA of modern chironomid assemblage
data, with axis 1 constrained to represent changes in TP between
the modern sites, samples from Burg 1 are characterized by DCCA



Fig. 3. Fossil chironomid assemblages in the sediments of Burg€aschisee. Of the 56 types identified 31 types are shown to document general trends in assemblage turnover.
Abundances of chironomid types are shown as a percentage relative to the total number of identified chironomid head capsules whereas other aquatic invertebrate remains are
presented as a percentage of the total number of chironomids in a sample including those that were not identified. Ages indicate medians of calibrated age estimates as indicated in
Table 1.
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axis 1 scores typical for relatively nutrient-poor lakes. DCCA axis 1
scores shift to slightly lower values between ca. 1000 to 900 cm,
suggesting that the lakemay have experienced a moderate nutrient
enrichment in this phase. However, from 900 cm onwards no
further shift in DCCA axis 1 scores is apparent, even though major
changes in chironomid assemblage composition were registered at
Burg€aschisee (Figs. 3 and 4).

3.3. Chironomid inferred temperature

Chironomid-inferred mean July air temperatures within Burg 1
show little change and remain ca. 9 �C for most of the zone with
some increased variation toward the transition to Burg 2 (Fig. 4).
Around the Burg 1/Burg 2 transition, however, inferred tempera-
tures increase to ca. 10 �C and continue to rise gradually to values
around 12 �C across zone Burg 2. In contrast, the transition from
Burg 2 to Burg 3 is categorised by a rapid increase in temperature
from ca. 12 �Ce14.5 �C within a relatively short period. In Burg 3
values initially continue to increase, but reach a plateau around ca.
15 �C in the younger part of the zone.

3.4. Reconstruction analogue and performance statistics

Goodness-of-fit statistics indicated that none of the samples in
the record have either a “poor fit” or “very poor fit” with temper-
ature (Fig. 4). Analogue statistics showed that only 8 of the samples
had no good analogue in the calibration data, whereas most
samples (78%) had no close analogue (Fig. 4). Psectrocladius cal-
caratus-type and Symposiocladius were the only taxa in the fossil
record that were not included in the modern calibration dataset
and transfer function. The maximum abundance of these taxa in
any sample was 2.0%. Additionally, taxa considered rare (Hill’s
N2 < 5) in the training set (Einfeldia, Propsilocerus and Para-
cricotopus) were present at less than 3% maximum relative abun-
dances in the Burg€aschisee record (Fig. 4). Overall the analogue and
performance statistics therefore indicate that most taxa in the
Burg€aschisee record were well represented in the applied transfer
function and that, even though close analogues were rare, most
fossil samples had a good analogue in the calibration dataset.
4. Discussion

4.1. Chironomid assemblage and lake development

Chironomid assemblages in the early Lateglacial sediments of
Burg€aschisee are dominated by taxa typically found in cold, oligo-
trophic lakes in arctic to subarctic environments. For example,
Sergentia coracina-type, Micropsectra radialis-type and Para-
tanytarsus austriacus-type are commonly found in oligotrophic
alpine and/or arctic lakes (Brooks and Birks, 2001; Heiri and Lotter,
2010; Heiri et al., 2011). Sergentia coracina-type dominates over
much of the Burg€aschisee sequence. The taxon is eurybathic and
typical for lakes that are situated in cold to temperate climates
(Brooks et al., 2007; Heiri et al., 2011) and represents oligo-to



Fig. 4. Chironomid-inferred temperatures from the Burg€aschisee record together with
ordination results and reconstruction diagnostic statistics. (a) Chironomid-inferred July
air temperatures (black solid line) including the sample-specific error of prediction
(eSEP; dashed black lines); (b) first axis scores of a DCA of chironomid assemblages in
the Burg€aschisee record (c) DCCA axis 1 scores for Burg€aschisee chironomid samples in
DCCA constrained by TP (Verbruggen et al., 2011); see text for details. In this analysis
lakes with high TP are characterized by low DCCA axis 1 values as indicated by the
arrow; (d) abundance of rare taxa in the Burg€aschisee record (N2<5 in the calibration
dataset); (e) percentage of taxa in the Burg€aschisee record not in the calibration
dataset; (f) squared chi-square distance of fossil samples to the nearest modern
analogue in the calibration dataset. The horizontal lines indicate thresholds for sam-
ples with no close (2%) and no good (5%) analogue in the modern calibration data
(following Toth et al., 2015) and (g) goodness of fit statistics. All goodness-of-fit values
are well below the thresholds for “poor fit” and “very poor fit” (16.0 and 21.9
respectively) and these threshold values are therefore not indicated.

Fig. 5. Chironomid temperature reconstructions from the Northern Swiss Plateau
corrected to 465 m a.s.l. (Burg€aschisee, this publication; Gerzensee, Lotter et al., 2012)
compared with selected pollen types in the Burg€aschisee (Rey et al., 2017), Gerzensee
(Ammann et al., 2013; shrub Betula nana was not separated from tree Betula pollen in
this study) and Moossee (Rey et al., 2020) records. The Gerzensee record is presented
on the age scale of van Raden et al. (2013). For the oldest section we only present
samples within 300 years of the Oldest Dryas - Bølling transition, however, since this
represents the lowest distinctive age tie point in the Gerzensee record, and lower
sections are only very poorly constrained by the available chronological information.
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mesotrophic conditions (Brundin, 1956 in Hofmann, 2001). From
ca. 16,200 cal. BP (ca. 950 cm) onwards there is a gradual change in
chironomid assemblages with taxa typical for warmer climate
conditions starting to occur and increasing in abundance, while
some taxa that originally dominated in the sequence, such as Par-
atanytarsus austriacus-type and Micropsectra radialis-type disap-
pear. For example, the new immigrants Tanytarsus pallidicornis-
type and Tanytarsus glabrescens-type are presently found in sub-
alpine to lowland lakes in the Alps (e.g. Heiri and Lotter, 2010; Heiri
et al., 2011). At ca. 14,600 cal. BP (ca. 845 cm), a number of taxa
increase which are usually abundant in lowland lakes and
temperate climatic conditions, such as Tanytarsus lactescens-type
and Polypedilum nubeculosum-type. At the same time, the abun-
dances of Ceratopogonidae, oribatid mite and chaoborid remains
increase. Ceratopogonidae and oribatid mites are common in
littoral environments in lakes (e.g. Szadziewski et al., 1997; Solhøy
and Solhøy, 2000), particularly in aquatic macrophyte belts, sug-
gesting that the shoreline vegetation may have become more
strongly developed and structured in the lake. Chaoborid larvae are
common in lakes with seasonal anoxia (Quinlan and Smol, 2010;
Ursenbacher et al., 2020). The increase in chaoborids, though not
very pronounced, may therefore indicate more stable thermal
stratification of the lake and more pronounced anoxia in its deep-
water environment.

Overall, the development of chironomid assemblages at Burg€a-
schisee is typical for periods of increasing temperatures, with cold-
adapted and oligotrophic taxa dominating the earliest sections of
the record and taxa usually found in warmer, more nutrient-rich
and oxygen-depleted environments more abundant during the
Bølling period (from ca. 14,660 cal. BP/845 cm onwards). The



Fig. 6. Palaeotemperature records for the early Late Glacial. For temperature records
(plots a. - e.) the dashed black line represents unsmoothed values whereas the solid
red line represents a three sample running average. a. Burg€aschisee chironomid
temperature record from the Swiss lowlands and Burg€aschisee tree Betula pollen
percentages (solid pink line, Rey et al., 2017); b. Ech Palaeolake chironomid-inferred
temperature (Data digitized from Millet et al., 2012); c. Lago di Origlio chironomid-
inferred temperature (Samartin et al., 2012); d. Alboran sea surface temperature
(SST; Cacho et al., 2001); e. Tyrrhenian SST (Cacho et al., 2001); f. NEEM temperature
reconstruction (Buizert et al., 2014); g. Total radiative forcing from greenhouse gasses
(Schilt et al., 2010; Marcott et al., 2014); h. CO2 fromWest Antarctic Ice Sheet Divide ice
core (WDC; Marcott et al., 2014); i: CH4 from WDC (WAIS Divide Project Members,
2013; Marcott et al., 2014) and j. Summer and December insolation curves for 45�N
(Berger and Loutre, 1991). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

A. Bolland et al. / Quaternary Science Reviews 243 (2020) 106484 9
strongest shift in assemblage composition occurred at the transi-
tion between chironomid zones Burg 2 and 3, which coincides with
the Oldest Dryas/Bølling transition, as is clearly indicated by both
changes in DCA axis 1 scores (Fig. 4) and the statistically significant
zonal boundary identified at this transition by CONISS (Fig. 3).
However, the trend in assemblage composition clearly started
much earlier with the onset of Burg 2, at ca. 16,200 cal. BP (ca.
950 cm). Temperatures tend to co-vary with nutrient availability,
and in consequence often also oxygen availability for deepwater
fauna in lakes. This can be observed among modern lakes, e.g. as
represented in chironomid-temperature calibration datasets
(Brodersen and Anderson, 2002; Heiri and Lotter, 2005). However,
similar patterns are apparent in downcore records as well where
assemblages of cold-indicating chironomids also tend to be domi-
nated by taxa adapted for oxygen-rich and nutrient-poor condi-
tions (e.g. Hofmann, 2001; Velle et al., 2010), whereas warm-
adapted assemblages are often dominated by more eutrophic
taxa that are also better able to survive low oxygen conditions
(Brodersen and Anderson, 2002; Eggermont and Heiri, 2012). To
explore the extent to which chironomid assemblage change in the
Burg€aschisee record can be explained by changes in nutrient con-
centrations, rather than temperatures, we compared downcore
trajectories in chironomid assemblage composition with modern
(subfossil) chironomid assemblages in 28 deep lakes across Europe
(Verbruggen et al., 2011) using direct gradient analysis (Fig. 4).
Since these lakes are all deep and stratified (max. water depth
mostly 30 m and deeper), it can be expected that between-lake
variations in chironomid assemblage composition in this dataset
are mainly driven by nutrient and oxygen concentrations rather
than air or surface water temperatures (Verbruggen et al., 2011).
The results of this analysis revealed that there is some co-variation
in chironomid assemblage changes toward assemblage states
typical for more nutrient-rich lakes (indicated by DCCA axis 1
values, Fig. 4c) and towards assemblages typical for warmer lakes
(indicated by chironomid-inferred temperatures, Fig. 4b). However,
the trend toward assemblages representative for nutrient-rich,
stratified lakes appears to start well before the trend towards as-
semblages typical for warmer lakes (Fig. 4). Furthermore, after
15,600 cal BP (ca. 894 cm), when chironomid-inferred tempera-
tures were clearly increasing, there is no evidence for shifts in the
DCCA towards assemblage states typical for more nutrient-rich
lakes. These analyses therefore suggest that, even though there
will have been some co-variation between increasing temperatures
and increasing nutrient concentrations at Burg€aschisee during the
Lateglacial, as can be expected based on other Lateglacial chiron-
omid records from Europe (e.g. Brooks and Birks, 2001; Heiri and
Millet, 2005), shifts towards assemblages typical for warmer lake
ecosystems cannot be easily explained simply by the increasing
nutrient concentrations in the lake. Instead, these shifts, particu-
larly from 15,600 cal. BP onwards, seem to be mainly driven by
increasing temperature, without a corresponding trajectory to-
wards assemblage composition typical for more nutrient-rich lakes.

S. coracina-type, which dominates throughout the Burg€aschisee
record, is able to survive in cool arctic to subarctic lakes, but also in
temperate lakes where thermal stratification maintains a cool
profundal zone (Hofmann, 2001) as long as that the trophic state is
oligo-mesotrophic and allows sufficient oxygen below the ther-
mocline (Brundin, 1956 in Hofman, 2001). Based on the modern
water depth, and the length of the sediment sequence, Burg€aschi-
see may have been as deep as 39e41m during the early late glacial.
Hypolimnetic oxygen apparently remained high enough to allow
the survival of S. coracina-type in the deep, cold profundal habitats
of the lake even in the temperate climate conditions after the
Oldest Dryas e Bølling transition. It could be expected that the
persistence of a large, cool profundal compartment, and of those
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chironomid types inhabiting it, could influence the temperature
reconstruction, leading to a depression in reconstructed tempera-
tures and a more gradual transition of chironomid assemblages
than expected for shallower lakes. However, in our record the
transition between Burg 2 and 3 coincided perfectly with the
transition between the Oldest Dryas and Bølling zones and local
reforestation as represented in the Burg€aschisee pollen record (Rey
et al., 2017), speaking against such a delayed response of chiron-
omid assemblages in the lake. Furthermore, absolute values of the
Burg€aschisee chironomid-inferred temperature reconstruction
agree well with a similar reconstruction from a shallow water
(littoral) sediment core from Lake Gerzensee (see 4.2.2, below),
suggesting that the depth of the lake did not lead to a significant
depression of chironomid-based temperature inferences at
Burg€aschisee.

4.1.1. Comparison of the new temperature record with regional
vegetation development

The Burg€aschisee chironomid record has provided the first well
dated high-resolution Early Lateglacial temperature reconstruction
in the Northern Swiss lowlands that is not based on vegetation
proxies. It covers almost the entire period, from landscape stabili-
sation after glacial termination and retreat, to the Bølling inter-
stadial. Chironomid remains were abundant enough for inferring
temperatures immediately after sands are no longer deposited into
the lake (ca. 18,300 cal. B.P.). Between ca. 18,300e16,100 cal. BP the
temperature reconstruction indicates relatively stable low July air
temperatures of ca. 9 �C (Fig. 5), values 9e10 �C cooler than today.
This is in agreement with the Burg€aschisee pollen record which
indicates a tree-less steppe tundra dominated by a diverse array of
herb flora as well as thickets of small shrubs, including the dwarf
birch Betula nana (Rey et al., 2017). Furthermore, this finding agrees
with other pollen records from lowland Switzerland which
consistently indicate a tundra environment for this time period
(e.g. Rey et al., 2020; Beckmann et al., 2004; Lotter et al., 1999;
Lotter and Zbinden, 1989). At present, the potential upper,
temperature-limited treeline in the Alps coincides with mean July
air temperatures around 7.5e9.5 �C (Landolt, 2003), and therefore
inferred July air temperatures are consistent with the palae-
ovegetation data.

At ca. 16,200 cal. BP (broadly correlating with the transition to
chironomid assemblage zone Burg 2) chironomid-inferred July air
temperatures at Burg€aschisee increase from ca. 9 �C to ca. 10 �C
(Fig. 5). This increase corresponds with the increase in shrub pollen
in the Burg€aschisee record, particularly of Betula nana, Salix, and
Juniperus. Furthermore Betula trees expanded, likely forming first
stands in the tundra (Rey et al., 2017, Fig. 5), even though the
vegetation around Burg€aschisee remained dominated by herbs.
This implies a transition from a herb-dominated steppe tundra to
shrub tundra, with tree stands or small woodlands dominated by
Betula occupying favourable sites. Palaeobotanical data from other
pollen records across the northern Swiss lowlands display a similar
vegetational reorganisation at other sites (e.g. Lotter, 1999;
Beckmann et al., 2004; Rey et al., 2020) prior to afforestation at
14,700 cal. BP. It has been suggested that the early expansion of
shrub tundra may have been the consequence of delayed pedo-
genesis and associated increase in nutrient availability for terres-
trial plants (Ammann et al., 1983). However, glaciological evidence
suggests that glacier retreat occurred as early as ca. 19,000 cal. BP
(±1000 years) (Ivy Ochs et al., 2004) in the study region which is in
excellent agreement with the oldest radiocarbon dated lake sedi-
ment sequences on the Swiss Plateau which reach back to as early
as 19,180 cal. BP at Moossee (Rey et al., 2020). This would imply a
3000-year period in which pedogenesis did not modulate vegeta-
tional distributions, followed by a near synchronous vegetational
composition shift across the entire northern Swiss lowlands. As Rey
et al. (2017; 2020) point out, it seems more likely that after initial
pedogenesis and landscape stabilisation a synchronous and
regional increase in July temperature above 10 �C enabled shrub
and tree taxa to establish and expand in lowland Switzerland. Our
new temperature record from Burg€aschisee indicates a clear shift
towards chironomid assemblages typical for higher temperatures
at this transition, and, as consequence an increase in chironomid-
inferred temperatures that coincides with this vegetation change.
This provides clear support for the hypothesis that an increase in
summer temperatures is responsible for this observed, large-scale
vegetation change on the Swiss Plateau before afforestation at
14,700 cal. BP.

Chironomid-inferred temperatures in the Burg€aschisee record
continue to increase throughout zone Burg 2, reaching values as
high as 12e12.5 �C while the vegetation composition established
after the temperature increase at ca. 16,000 cal. BP does not change
significantly. The temperature rise culminates in a rapid tempera-
ture increase from ca. 12.0e15 �C at the transition from Burg 2 into
Burg 3 (Fig. 5), coinciding with the Oldest Dryas/Bølling transition
in the pollen record. In other pollen profiles and palaeotemperature
reconstructions from Switzerland the temperature increase asso-
ciated with the Oldest Dryas/Bølling transition has been estimated
to have taken place very rapidly with a duration between 40 and 95
years (van Raden et al., 2013; Luetscher et al., 2015). At Burg€a-
schisee, this transition seems to occur slightly more slowly, but this
may be the consequence of a relatively low sampling resolution in
the chironomid record during this transition as well as of the dating
uncertainty. This transition occurs synchronously with reorgan-
isations of vegetation around Burg€aschisee with an initial short-
lived increase in Juniperus pollen (up to 60%; Fig. 5), typical for
Lateglacial afforestation in lowland Switzerland, followed by an
increase in Betula pollen representative for tree Betula species in
the pollen record (Rey et al., 2017). This finding agrees well with
other climate records from Central Europe which consistently
indicate a rapid warming phase at the Oldest Dryas/Bølling tran-
sition. For example, oxygen isotope records from speleothem and
lake marl sequences indicate a rapid increase in temperature at ca.
14,700 cal. B.P. (Lotter et al., 1992, 2012; van Raden et al., 2013;
Luetscher et al., 2015).

4.1.2. Burg€aschisee chironomid-inferred temperatures compared
with other climate reconstructions

The Burg€aschisee record represents one of the few, well-dated
palaeoclimate records from Southwestern Central Europe with in-
dependent age estimates older than the Oldest Dryas/Bølling
transition. In the lowest section between ca. 18,300e16,200 cal. BP,
July air temperatures of ca. 9 �C are inferred. These temperatures
agree with the vegetation reconstructions for lowland Switzerland
at this time interval, which indicate a treeless tundra environment
with some shrub elements (see section 4.2.1.). Furthermore, similar
July air temperature values 8e10 �C below modern have also been
reported for full glacial conditions based on climate model-based
estimates for the study region (e.g. Ludwig et al., 2017). During
the start of the first warming phase at ca. 16,200e16,000 cal. BP,
chironomid-inferred temperatures increase to around 10 �C. This
again agrees with the vegetation reconstruction which indicates a
change from a largely treeless environment to a tree-shrub tundra
at this time, a vegetation transition which at the alpine treeline can
presently be observed at July air temperatures around 7.5e9.5 �C
(Landolt, 2003). From the latest sections of the Oldest Dryas on-
wards several other quantitative temperature records are available
from Central Europe (Heiri et al., 2014). The second available
chironomid-based July air temperature reconstruction from the
Swiss Plateau originates from Gerzensee, 58 km from Burg€aschisee.
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This lake sediment record extends ca. 40 cm below the Oldest
Dryas/Bølling transition (Lotter et al., 2012; Brooks and Heiri, 2013).
However, since there is no reliable basal age constraint for this
sequence it remains unclear how rapid sedimentation rates are in
this section of the record which essentially remains undated. In the
sediments just preceding the Oldest Dryas/Bølling transition
chironomid-inferred temperatures of 12 �C are recorded, values
very similar to the reconstructed temperatures at Burg€aschisee of
ca. 11.5 �C (Fig. 5). At the transition, both the Burg€aschisee and
Gerzensee chironomid records indicate a rapid increase of July air
temperatures from ca. 12 to ca. 15 �C, followed by a more gradual
increase during the early Bølling period.

The increase in temperature at the Oldest Dryas/Bølling transi-
tion in the Burg€aschisee and Gerzensee records is of similar
amplitude as the increase by 2e3 �C inferred for this transition in
the French Jura mountains (Heiri and Millet, 2005) and Central
Switzerland (Larocque et al., 2010) based on chironomids, and for
the Swiss Plateau based on mixed aquatic insect taxa (Elias and
Wilkinson, 1983). Additionally, both the Burg€aschisee record and
that of Heiri and Millet (2005) display a gradual temperature in-
crease in the early Bølling which is in agreement with the
increasing summer insolation values during the Lateglacial inter-
stadial (Berger and Loutre, 1991), and, e.g., the oxygen isotope-
based reconstructions of mean annual air temperature from
Ammersee and Gerzensee (von Grafenstein et al., 1999, 2013). In
contrast, some other summer temperature reconstructions from
Northern Switzerland, for example pollen-based reconstructions
(e.g. Lotter et al., 2012) show a more pronounced warming at the
Oldest Dryas/Bølling transition and higher early Bølling than late
Bølling temperatures. Lotter et al. (2012) discuss that this discrep-
ancy may be due to temperatures during different seasons than
summer and/or precipitation influencing vegetation in the Swiss
Plateau during this interval.

The temperature development inferred by chironomids at
Burg€aschisee is also consistent with the inferred glacier retreat
after the end of the Last Glacial Maximum in Northern Switzerland.
Several phases of glacier retreat suggest warming episodes well
before the Oldest Dryas/Bølling transition, including at ca.
16,000 cal. BP (e.g. Ivy-Ochs et al., 2008; Heiri et al., 2014). However,
further phases of glacier retreats between 18,000 and 14,700 cal. BP
are inferred based on past glacier extent, which are not represented
as warming phases in our chironomid record (Ivy-Ochs et al., 2008).
This may be because glaciation and glacier extent are not only
determined by summer temperatures but also precipitation, local
humidity and other factors that influence glacier extent and ice
dynamics (Kerschner and Ivy-Ochs, 2008).

Additional chironomid-based reconstructions that encompass
the period 16,000e14,700 cal. BP and are reliably dated in this in-
terval are available from south of the Alps, from the Ticino region of
Southern Switzerland (Lago di Origlio, Samartin et al., 2012), and
from Western France in the Northern Pyrenees (Ech Palaeolake;
Millet et al., 2012). These reconstructions agree with the Burg€a-
schisee record in that a distinct increase in July air temperatures is
inferred at the Oldest Dryas/Bølling transition, i.e. an abrupt tem-
perature increase in the range of 2e5 �C (Fig. 6). However, as dis-
cussed in Samartin et al. (2012) temperatures in the Lago di Origlio
record show a stepwise increase for the pre-Bølling, with a distinct
increase by ca. 2.5 �C recorded at ca. 16,000 cal. BP followed by a
relatively stable period prior to the temperature rise at the transi-
tion to the Bølling. This pre-Bølling increase at 16,000 cal. BP co-
incides with reforestation in Northern Italy and other sections of
the northern Mediterranean region (Samartin et al., 2012), with
increases in sea-surface temperatures inferred frommarine records
in the Mediterranean (Cacho et al., 2001), as well as with climatic
ameliorations inferred from speleothems for the Eastern
Mediterranean region (e.g. Fleitmann et al., 2009). In contrast, the
chironomid-inferred record from the Ech palaeolake, situated in
the northern Pyrenees only 128 km from the Atlantic coastline,
displays no clear trend in temperatures during the pre-Bølling
period. It seems therefore that changes in chironomid-inferred
temperatures at Burg€aschisee can be interpreted as intermediate
between the situation at Ech, which during the entire period ca.
19,000 to 14,700 cal. BP was apparently influenced by the pre-
vailing cold conditions over the North Atlantic resulting in the
maintenance of low temperatures (Millet et al., 2012; Martínez-
García et al., 2015); and Lago di Origlio where the chironomid-
based temperature reconstruction displays a stepwise increase
with a distinct pre-Bølling warming occurring at 16,000 cal. BP.
Lago di Origlio has a climate typical for the Southern Alps, shielded
from both Northern and Western air masses by the Alpine arc and
presently maintaining an “Insubrian” climate (Brzeziecki et al.,
1995) in which temperatures are close to those of more southern
regions of the Mediterranean area (Bugmann, 1996). Therefore, it is
not surprising that the temperature reconstruction from this site
shows a similar temperature development as seen in records from
the Mediterranean Sea (Alboran and Tyrrhenian seas; Cacho et al.,
2001), which also show a clear increase in temperature from ca.
16,200 cal. BP onwards (Fig. 6). Presently the climate in the region
of Burg€aschisee is characterized by a strong westerly influence
(National Centre for Climate Services, 2014), both during the winter
and summer months. Although significant air circulation pattern
changes have been suggested for the last deglaciation (e.g.
Luetscher et al., 2015; Becker et al., 2016), it can be expected that a
significant westerly influence will have prevailed during the entire
Lateglacial period. At the same time increasing summer insolation
and greenhouse gas concentrations would have promoted
increasing summer temperatures, explaining the “mixed” pattern
of temperature changes at Burg€aschisee intermediate between the
situation at Ech and Lago di Origlio.

5. Conclusions

Our new, quantitative summer temperature reconstruction
from northern Switzerland, together with recent palynological re-
sults demonstrating distinct vegetation changes on the Swiss
Plateau around ca. 16,000 (Rey et al., 2017; 2020), indicate that
summer temperatures were increasing in this region well before
the major Lateglacial warming inferred at the Oldest Dryas/Bølling
transition at ca.14,700 cal. BP. This pattern agreeswith temperature
variations reported for lower latitude regions of Europe (e.g.
Fletcher et al., 2010). It is also consistent with the increasing
greenhouse gas concentrations and Northern hemisphere summer
insolation values, as these would be expected to lead to progres-
sively warmer summer climate in large sections of the northern
hemisphere during this time interval. Our results therefore suggest
that even though large parts of Central and Northern Europe were
still covered by tundra to steppe vegetation during the period ca.
19,000 to 14,700 cal. BP (Rey et al., 2017; 2020), distinct warming
trends may already have influenced summer temperatures at least
in the southwestern sector of Central Europe. They also challenge
the conventional view that major parts of Central and North-
western Europe did not show major Lateglacial warming prior to
14,700 cal. BP, an interpretation that is in agreement with d18O
records from the GRIP and GISP ice core records from Greenland
(Johnsen et al., 2001), which also do not showmajor warming prior
to this date. In this context it is interesting to note that temperature
reconstructions from the Greenland ice cores which take into ac-
count additional information next to the d18O record, such as
combined reconstructions based on borehole temperature and d18O
(GRIP ice core, Johnsen et al., 2001) or d15N-N2 (Neem ice core,
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Buizert et al., 2014) show evidence for a similar early Lateglacial
warming as recorded in our new Burg€aschsee record (Fig. 6). This
suggests that also Greenland and possibly other parts of the
northern circum-Atlantic region may have been affected by such an
early pre-Bøllling Lateglacial warming.
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