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a Department of Ecology, University of Innsbruck, Technikerstrasse 25, 6020, Innsbruck, Austria 
b Geoecology, Department of Environmental Sciences, University of Basel, Klingelbergstrasse 27, CH-4056, Basel, Switzerland 
c Institute of Geology, University of Innsbruck, Innrain 52, 6020, Innsbruck, Austria   

A R T I C L E  I N F O   

Keywords: 
Palaeotemperature 
Marine isotope stage 3 
Chironomids 
Carbon and oxygen isotopes 
Charophytes 

A B S T R A C T   

Several millennial-scale warm phases perturbed the glacial climate during Marine Isotope Stage 3 (MIS 3, ca. 
57–29 ka BP). Little is known about the impact of these climatic changes on Alpine ecosystems due to the sparsity 
of undisturbed sediment records in the Alps and their foreland. In this study, multiple sediment-archived proxies 
(sediment geochemistry, stable oxygen and carbon isotopes of autochthonous carbonate, and subfossil remains of 
macrophytes and aquatic invertebrates) were examined in five drill cores from an ancient inner-Alpine lake at 
Unterangerberg (Eastern Alps) to reconstruct the palaeolake environment and to estimate summer temperature 
changes for the first half of MIS 3. The lacustrine sedimentation in the basin began ca. 54.6 ka, tentatively 
correlated with the start of Greenland Interstadial (GI) 14. We identified three distinct phases in the development 
of the lake. (1) A cold, oligotrophic water body influenced by snow/glacier meltwater ca. 54.6–52.2 cal ka BP. 
(2) A clear-water, macrophyte-dominated, productive lake ca. 52.2–44.9 cal ka BP. Submerged macrophytes 
were dominated by the charophyte alga Chara hispida and chironomid assemblages – by Corynocera ambigua, 
which is absent from the present-day fauna of the Alpine region. (3) A turbid-water, less productive lake ca. 
44.9–41.5 cal ka BP. This shift towards a turbid-water state, as evidenced by the drastic reduction in the 
abundance of submerged macrophytes and associated invertebrates, likely occurred due to increased input of 
meltwater. The regime shift is tentatively correlated with the start of GI 11, for which the highest temperatures of 
the studied MIS 3 interval are inferred. Chironomid-based reconstructions of mean July air temperatures provide 
interstadial temperature estimates between ca. 11 and 12.5◦C (i.e. ca. 5–6◦C below present-day values), which 
concurs with reconstructions available from the northern Alpine foreland. Cooler July temperatures (ca. 9–10◦C) 
are reconstructed for MIS 3 stadials. The Unterangerberg lacustrine records provide valuable new insights into 
MIS 3 climate dynamics inside the Eastern Alps and contribute to a better understanding of the effects of climate 
change on the Alpine environment.   

1. Introduction 

Large variations in climate that occurred in the North Atlantic realm 
during the last glacial period are well documented in Greenland ice 
cores (Dansgaard et al., 1993; Wolff et al., 2010) and deep-sea sediments 
(Shackleton et al., 2000). In particular, Marine Isotope Stage 3 (MIS 3, 
ca. 57–29 ka BP; Lisiecki and Raymo, 2005), also known as Middle 
Würmian in the Alpine Quaternary stratigraphy (Preusser, 2004; Heiri 
et al., 2014), was characterised by great climate instability resulting 
from abrupt changes between stadial and interstadial conditions. 

Several large-amplitude millennial-scale cycles of rapid warming and 
gradual cooling, so-called Dansgaard-Oeschger (DO) cycles, have been 
described in Greenland ice cores for MIS 3 (Rasmussen et al., 2014; Li 
and Born, 2019). This stage, being sandwiched between periods of 
sea-level lowstands (MIS 4 and MIS 2), was a time of intermediate global 
ice volume, when global sea level ranged between 60 and 90 m below 
present, with a higher stand during the first half of MIS 3 (Siddall et al., 
2003, 2008). Aridity reconstructions for the last 60 ka in eight key re-
gions of the global climate system show that central Europe was humid 
during early MIS 3, intermediate conditions prevailed during mid-MIS 3, 
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and an arid period occurred at the end of MIS 3 (Fuhrmann et al., 2020). 
The European Alps were probably characterised by a highly variable 

glacier extent during MIS 3 (cf. Seguinot et al., 2018) but little direct 
evidence is available given the pervasive MIS 2 advance. Speleothems, 
as climate archives providing a superior chronology, have been partic-
ularly valuable in characterising regional MIS 3 climate variability on 
millennial and shorter timescales. Stable oxygen isotope records from 
caves on the northern rim and in the central Alps provide precise con-
straints on the timing and duration of major climatic events and revealed 
a pattern strongly resembling that of Greenland ice cores (Spötl and 
Mangini, 2002; Holzkämper et al., 2005; Spötl et al., 2006; Moseley 
et al., 2014). Unfortunately, however, speleothems lack a direct proxy 
for land surface conditions and ecosystem changes. 

Investigations of cave systems in the Eastern Alps suggest that even 
during major interstadials of MIS 3 glaciers were significantly larger 
than throughout the Little Ice Age (ca. AD 1300–1850) (Spötl and 
Mangini, 2007). Yet, major inner-Alpine valleys remained ice-free at 
least during the first half the MIS 3, as evidenced e.g. by radiocarbon 
data of mammoth fossils (Spötl et al., 2018). The existence of lake-
s/ponds in unglaciated and vegetated catchments within MIS 3 is 
recorded in some inner-Alpine sites, such as Unterangerberg (Starn-
berger et al., 2013a) and Baumkirchen (Barrett et al., 2017) in the Inn 
valley, and Nesseltalgraben in Berchtesgaden (Mayr et al., 2017, 2019; 
Stojakowits et al., 2020). However, MIS 3 lacustrine successions are not 
widespread in the Alps and their northern foreland because of the sub-
sequent ice advance and associated glacial erosion during MIS 2. Only a 
few lacustrine records of Middle Würmian age have been studied in 
Alpine sites in Switzerland, Austria and Germany (Heiri et al., 2014). 
Pollen, as a proxy for past vegetation, have been mainly used for 
inferring stadial/interstadial conditions from these archives and exam-
ining the impact of rapid climate changes on terrestrial ecosystems. The 
effects of these climatic events on freshwater habitats, however, remain 
poorly known. 

Subfossil assemblages of aquatic biota (algae, macrophytes, and in-
vertebrates) preserved in lacustrine sediments are also important prox-
ies for palaeoclimate, which provide direct information on in-lake 
processes and contribute to understanding the diversity of lake re-
sponses to changes in climate (Cumming et al., 2012). Chironomids 
(non-biting midges; Insecta: Diptera: Chironomidae), generally the most 
abundant and diverse macroinvertebrates found in freshwater ecosys-
tems, have received attention by researchers worldwide due to the 
robustness of their response to changes in environmental variables 
(Ferrington, 2008; Walker, 2013). Of the organism groups preserved as 
subfossils in lake sediments, chironomids are presently one of the few 
palaeoclimatic indicators which, with the aid of numerical 
chironomid-based inference models, can provide quantitative estimates 
of past temperature changes (Brooks, 2006; Eggermont and Heiri, 
2012). Still, chironomid-based studies on lacustrine sediments dating 
back to MIS 3 from Europe are scarce. To our knowledge, only a few 
studies focused on chironomids in the MIS 3 deposits in Finland (Hel-
mens et al., 2007, 2018; Engels et al., 2008a, 2014; Helmens and Engels, 
2010) and Germany (Becker et al., 2006; Engels et al., 2008b, 2008c; 
Bolland et al., 2021a). This is probably due to the generally dry and 
compact nature of glacial deposits, low fossil content and often poor 
preservation of the remains, making the analysis particularly 
time-consuming (e.g. Engels et al., 2008c; Bolland et al., 2021a, 2021b). 

Only few proxy datasets have been used for quantifying past tem-
perature during MIS 3 in the Alpine region. Studies based on fossil beetle 
assemblages from Gossau and Niederweningen (Jost-Stauffer et al., 
2005; Coope, 2007), and stable isotope data of mammoth teeth from 
Niederweningen (Tütken et al., 2007), sites in Switzerland, suggest that 
Middle Würmian interstadial summer and annual temperatures in the 
Swiss northern Alpine foreland were around 4–6◦C lower than today. 
Chironomid assemblages at Füramoos in the northern foreland of the 
Eastern Alps (southern Germany) indicate mean July temperatures up to 
6◦C lower than present (Bolland et al., 2021a). To our knowledge, 

quantitative temperature estimates from the Eastern Alps are lacking for 
this time interval. 

Here, we present chironomid records, along with other aquatic bio-
indicators (non-chironomid invertebrates, macrophytes) and abiotic 
proxies (sediment geochemistry, stable oxygen and carbon isotopes of 
lacustrine carbonates), derived from a palaeolake that existed at 
Unterangerberg (western Austria) during the first half of MIS 3. Previous 
research of this site focused on field evidence, lithological description of 
drill cores, age determination using radiocarbon and luminescence, 
sedimentological and palynological investigations (Starnberger et al., 
2013a, 2013b) as well as on the multi-proxy reconstruction of climate 
conditions for the Early Würmian (MIS 5a) (Ilyashuk et al., 2020). This 
study aims to reconstruct the environmental history of the paleolake and 
to provide insights into processes and causes of the lake ecosystem re-
sponses to climate variability, as well as to estimate summer tempera-
ture changes inferred from chironomid assemblages for the studied MIS 
3 interval. 

2. Study site and analysed sediment sections 

Valley terraces are a characteristic morphological element of the 
central and lower Inn valley. The study site, the inner-Alpine valley 
terrace of Unterangerberg (47◦30′ N, 12◦00′ E; 630 m a.s.l.; ca. 34 km2) 
is situated ca. 1 km northwest of the city of Wörgl (Fig. 1), bounded by 
the Inn River in the southeast and surrounded by mountain ranges with 
altitudes of up to 1637 m a.s.l. to the north and northwest. The terrace 
lies approximately 100–150 m above the valley floor. The base of the 
terrace is formed by partly lithified fluvial sediments of the Upper 
Oligocene Angerberg Formation (Ortner and Stingl, 2001). At the 
meteorological station at Kufstein (492 m a.s.l.) ca. 8 km downstream of 
the terrace, the mean July air temperature is 18.2◦C for the most recent 
climate normal period 1981–2010 (data source: Central Institute for 
Meteorology and Geodynamics, Austria; https://www.zamg.ac.at/cm 
s/de/klima/klimauebersichten). Taking into account the lapse rate of 
0.65◦C per 100 m in the Alps (Böhm et al., 2001), the mean July air 
temperature calculated for the altitude of the Unterangerberg terrace is 
17.3◦C. 

Geophysical exploration and numerous drillings in 1995–2006 
revealed a SW‒NE striking depression filled by up to 150 m of Pleisto-
cene sediments. The lithostratigraphy of seventeen drill cores with 
lengths between ca. 40 m and 200 m studied by Starnberger et al. 
(2013a) varies greatly from core to core, highlighting the complex 
depositional pattern in the subsurface of the terrace. The Upper Pleis-
tocene sedimentary succession comprises diamict, gravel, sand, lignite 
and thick intervals of fine grained sediments. 

The youngest and best preserved lake phase was identified in five 
cores (Fig. 2), A-KB 13/98 (26–28 m depth), A-KB 14/98 (44–49 m 
depth), A-KB 15/98 (16–22 m depth), A-KB 16/98 (31–38 m depth) and 
A-KB 17/98 (29–34 m depth), recovered from the terrace during a 
drilling campaign in 1998. A detailed description of the cores is given in 
Starnberger et al. (2013a). Radiocarbon and optically stimulated lumi-
nescence (OSL) dating indicate the existence of a palaeolake between ca. 
55 and 40 ka BP (Starnberger et al., 2013a, 2013b). In this study the 
lacustrine sections consisting of fine sand and organic-rich silt from all 
five cores were analysed. 

3. Methods 

3.1. Sediment sampling 

The 6-m lacustrine section of core A-KB 15/98 obtained from the 
deepest area of the palaeolake (Fig. 2) was sampled every ca. 20–30 cm 
for geochemical and chironomid analyses. In total 24 samples were 
taken from the core. Additionally, 10 samples at 30–50 cm intervals 
were obtained from core A-KB 17/98 that originates from the shallow- 
water area of the palaeolake and is exceptionally rich in fossils. Seven, 
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four and three samples were also analysed from cores A-KB 16/98, A-KB 
13/98 and A-KB 14/98, respectively. 

3.2. Additional radiocarbon dating and age-depth model 

For the MIS 3 lacustrine section in core A-KB 15/98, obtained from 
the deepest area of the palaeolake, two OSL dates on quartz and poly-
mineral fine-grain fractions of 44 ± 4 and 55 ± 5 ka BP were obtained at 
17.4 and 21.7 m depths, respectively (Starnberger et al., 2013a). We 
supplemented the chronological control for the section by the acceler-
ator mass spectrometry (AMS) radiocarbon date of 39.4 ± 1 14C ka BP 
(Lab. no. Poz-96477; 43.3 ± 1.2 cal ka BP) derived from a wood twig 
found at 16.9 m depth. The calibration of the radiocarbon date and 

modeling of the age-depth relationship was performed using OxCal 4.4.2 
(Bronk Ramsey, 2009) that uses the IntCal20 dataset (Reimer et al., 
2020). The OSL and 14C ages, which are all in stratigraphic order, were 
used to develop a Bayesian age-depth model that was constructed using 
the P_Sequence (Poisson mediated deposition) procedure with the 
parameter k of 100 (Bronk Ramsey, 2008), and linear interpolation 
between the median probability ages (Fig. 3). 

3.3. Sediment geochemistry and stable isotopes 

Total carbon (TC) and total nitrogen (TN) were measured with a 
Carlo Erba Flash 1112 series elemental analyser (ISO 10694, 1995 and 
ISO 13878, 1998). Total inorganic carbon (TIC) was analysed with the 

Fig. 1. Map showing the location of the Unterangerberg (UN) site in the northern Alps and other sites mentioned in the text: GO – Gossau, Fü – Füramoos, NE – 
Nesseltalgraben, NI – Niederweningen. The white solid triangle represents the weather station at Kufstein. The map was produced using stepmap (www.st 
epmap.com). 

Fig. 2. The Unterangerberg terrace with the locations of the drill sites (solid circles) along a SW‒NE profile, schematic view and main sedimentary characteristics of 
the cores; lacustrine sediments are highlighted in light blue (modified after Starnberger et al., 2013a). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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same method and device after pre-combustion in a furnace at 500◦C for 
2 h to remove the organic fraction. TN, TC and TIC are expressed in 
weight percentage (wt%) of the sediment. Total organic carbon (TOC), a 
primary proxy for the organic matter content of lake sediments, was 
calculated by subtracting TIC from TC. The C/N ratio was calculated as 
the element mole TOC/TN ratio. The TIC content was converted to 
calcium carbonate (CaCO3) by multiplying with a factor of 8.33 based on 
the molar mass of carbon relative to CaCO3. The amount of organic and 
inorganic matter (OM and IM) was determined by loss on ignition at 
550 ◦C following Heiri et al. (2001). The CaCO3 data are represented as 
weight percentage of the IM fraction (im%). All these parameters were 
measured and calculated for the same sediment samples where also the 
chironomid were analysed. 

Stable oxygen (δ18O) and carbon (δ13C) isotope values were obtained 
on calcite originating from encrustations of charophytes (Charales) 
formed in summer, calcite ‘stem-tubes’ and walls of gyrogonites (calci-
fied oospores). Samples of disintegrated calcite encrustations (200–300 
μg) were collected under a stereomicroscope at 10–30 × magnification 
with tweezers from the residue left after washing aliquots of sediment 
samples through a 200 μm sieve (Hammarlund et al., 1999, 2003). The 
isotopic composition of 12 calcite samples from cores A-KB 17/98 and 
A-KB 13/98 obtained from shallow-water areas of the palaeolake, where 
calcite encrustations are abundant, was determined using a Thermo 
Scientific Delta V Plus continuous-flow mass spectrometer linked to a 
GasBench II. Calibration of the instrument was accomplished using in-
ternational calcite standards (NBS18, NBS19, CO1, CO8) and the results 

are reported in permill (‰) notation on the Vienna Pee Dee Belemnite 
(VPDB) scale. Further analytical details can be found in Spötl and 
Vennemann (2003). 

3.4. Chironomid analysis 

Sediment samples for chironomid analysis were processed following 
Walker (2013) with additional ultrasonic treatment to disintegrate the 
densely compacted sediments. The preparation included chemical 
pre-treatment with warm 10% KOH for 1 h, subsequent rinsing through 
a 100 μm sieve, treatment of the residues in an ultrasonic bath (40 kHz) 
for 5 s, and another follow-up rinsing through a 100 μm sieve. Chiron-
omid larval head capsules (HC) were then hand-picked from the sieve 
residue in a Bogorov tray under 20–40 × magnification, dehydrated in 
100% ethanol and permanently mounted ventral side up on microscope 
slides in Euparal® mounting medium for taxonomic identification. Head 
capsules were identified under 200–400 × magnification with keys for 
larvae (Brooks et al., 2007; Andersen et al., 2013). At least 50 chiron-
omid head capsules, a representative number for quantitative in-
ferences, were counted and identified in each sample (Heiri and Lotter, 
2001). Depending on the chironomid abundance, about 3–20 g of dry 
sediment were processed for organic-rich silty layers and 100–200 g for 
organic-poor layers. Head capsule concentrations are based on numbers 
per gram of dry sediment (HC/g DW). Zonation of the chironomid 
stratigraphies was done using the technique of optimal splitting by in-
formation content and the number of statistically significant zones was 
identified with the broken stick model (Bennett, 1996) using the Psim-
poll 4.27 software (Bennett, 2009). 

3.5. Macrophytes and non-chironomid invertebrates 

During the sorting chironomid subfossils, remains of non-chironomid 
aquatic invertebrates such as exoskeletons of oribatid mites (Acarina: 
Oribatida), shells of molluscs (Mollusca: Gastropoda, Bivalvia), and 
mandibles of caddisflies (Insecta: Trichoptera) and the alderfly Sialis 
(Insecta: Megaloptera) as well as macro-remains of mosses and char-
ophyte fructifications (oospores and gyrogonites) were picked and 
identified. Species identifications of mosses followed the key of Van de 
Weyer and Schmidt (2018a, 2018b). The key of Haas (1994) was used to 
identify charophyte fructifications. The number of macrofossils (NbM) 
of plants and non-chironomid invertebrates were counted for 50 g of dry 
sediment. 

3.6. Chironomid-based temperature reconstruction 

Mean July air temperatures were reconstructed using a combined 
Swiss-Norwegian chironomid–temperature inference model described 
by Heiri et al. (2011). This model includes information on the distri-
bution of 154 chironomid taxa in 274 lakes in temperate, subarctic, 
arctic, and Alpine environments over a July air temperature range of 
3.5–18.4◦C. The combined data-set covers a larger temperature range 
than most other existing regional calibration data-sets. The transfer 
function was developed using weighted averaging partial least squares 
(WA-PLS) regression (ter Braak and Juggins, 1993) with two compo-
nents and yielded a bootstrapped coefficient of determination between 
inferred and observed July air temperature values of 0.87 and a root 
mean square error of prediction of 1.4◦C. The inverse regression 
approach assumes an explicit unimodal underlying taxon–environment 
response model, involves global estimation of environmental optima for 
taxa, and is statistically robust (Birks et al., 2010). The method is 
appropriate for estimating past temperatures even if fossil assemblages 
do not have close analogues in the modern environment, as long as the 
individual taxa are well represented in the modern calibration data 
(Lotter et al., 1999). 

To evaluate the performance of the model we applied several 
criteria. Sample-specific errors as a quantitative estimate of the 

Fig. 3. OxCal age-depth model for the record of core A-KB 15/98 using 
radiocarbon and OSL dates. The shaded area indicates the fitted model with the 
95% confidence ranges and the stippled line indicates the median age- 
depth model. 
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uncertainty in the reconstructed values (Juggins and Birks, 2012) were 
estimated using bootstrapping (9999 iterations). An evaluation of 
modern analogues for each sample was performed using the modern 
analogue technique (Birks et al., 1990) with squared chi-square distance 
as a dissimilarity measure. The cut-level of the 5th percentile of all 
distances in the modern data was taken to define samples with ‘no good’ 
analogues in the calibration data. Goodness-of-fit to temperature of the 
down-core assemblages was tested by passively positioning the 
down-core samples in a canonical correspondence analysis (CCA) of 
training set samples with July air temperature as the only constraining 
parameter. Any down-core samples with a squared residual distance to 
the first CCA axis larger than the 90th and 95th percentiles of the re-
sidual distances of all the modern samples were identified as having a 
‘poor’ fit or ‘very poor’ fit with temperature, respectively (Birks et al., 
1990). 

4. Results and interpretations 

4.1. Chironomid records and geochemical proxies 

In total, 48 chironomid taxa were identified in the Unterangerberg 
MIS 3 palaeolake. Of these, 13 taxa have relative abundances lower than 
2%. Counts of identifiable HC range from 45 to 178 (mean = 104) per 
sample. All taxa except Corynocera ambigua are currently known from 
the European Alps. 

4.1.1. Notes on Corynocera ambigua 
In the Alpine region, C. ambigua was found in late-glacial and early 

Holocene lake sediments (Larocque-Tobler et al., 2010) but is absent in 
modern chironomid assemblages as indicated by analyses of chironomid 
remains in surface lake sediments (Heiri et al., 2011). Its present dis-
tribution is restricted to arctic and subarctic regions, where it lives in 
small/medium-sized lakes of shallow/moderate depth with 
oligo-mesotrophic waters and low rates of nutrient input. Temperature 
optima of this taxon in various calibration data-sets from northern parts 
Europe, Asia and North America vary between 6◦C and 14◦C (Larocque 
et al., 2001; Barley et al., 2006; Luoto, 2009; Porinchu et al., 2009; Heiri 
et al., 2011; Self et al., 2011). C. ambigua larvae can be common in 
warm-temperate lakes as well (Brodersen and Lindegaard, 1999; 

Porinchu and Cwynar, 2000; Medeiros and Quinlan, 2011), possibly 
surviving the high summer temperatures as eggs in the lake sediments 
and having a growth period over autumn and winter (Mothes, 1968). 
The development and expansion of C. ambigua is facilitated in clear 
waters favourable for an abundant cover of calcium-fixing macrophytes 
such as charophytes (Brodersen and Lindegaard, 1999). Shortly after 
deglaciation of many areas where limestones and other calcareous rocks 
occur, the chemical composition of water and sediments in lakes was 
mainly determined by the local geology, namely carbonate-rich till and 
carbonate bedrock. Accordingly, C. ambigua and charophytes are often 
dominant components in pioneer assemblages of lakes formed after 
glacier retreat (e.g. Heiri and Millet, 2005; Ilyashuk et al., 2005, 2013; 
Gandouin et al., 2016). 

4.1.2. Core A-KB 15/98, the deepest area of the palaeolake 
The lacustrine sediments in core A-KB 15/98 originated in the deeper 

water of the palaeolake (Fig. 2), where sedimentation of fine material 
occurs, and assemblages are assumed to consist of a homogenized 
mixture of biota from different habitats. The section was split into three 
statistically significant chironomid assemblage zones (Fig. 4). 

Zone U15–C-1 (21.6–20.6 m depth) is characterised by high abun-
dances of Micropsectra radialis-type (25–39%), Tanytarsus lugens-type 
(7–30%) and Paracladopelma (5–17%), which are typical of cold envi-
ronments (Lotter et al., 1997; Heiri et al., 2011). In lowland lakes 
T. lugens-type and Paracladopelma typically occur in the hypolimnion of 
deep stratified lakes (Heiri and Lotter, 2008). Other cold-adapted taxa 
Paracladius, Stictochironomus rosenschoeldi-type and Paratanytarsus aus-
triacus-type (Heiri and Lotter, 2010) are present at low abundances. The 
high abundance of Chironomus anthracinus-type (up to 37%) and Pro-
cladius (up to 20%), which are tolerant of hypoxic conditions (Quinlan 
et al., 1998) and often form dense populations in deeper parts of lakes, 
might reflect winter oxygen depletion at the sediment–water interface, 
possibly as a result of prolonged periods of seasonal ice cover. Chiro-
nomus is often an early coloniser after significant environmental change 
where it may live under suboptimal conditions (Brooks et al., 2007). The 
sediments are characterised by CaCO3 content of ca. 23 im% as well as 
extremely low values of TOC (<0.5 wt%) and overall low chironomid 
concentrations (3–4 HC/g DW). Altogether this suggests a relatively cold 
and oligotrophic lake. The C/N ratio increases towards the end of the 

Fig. 4. Stratigraphy of the MIS 3 lacustrine deposits in core A-KB 15/98. Percentage values of total organic carbon (TOC), total organic carbon/total nitrogen (TOC/ 
TN) ratios, percentage values of calcium carbonate (CaCO3) in the inorganic fraction, abundance of chironomid head capsules (HC) and charophyte subfossils (NbM 
= number in 50 g of dry sediment), presence (*) of aquatic moss macrofossils, and relative abundance of the most common (>2%) chironomid taxa arranged from 
bottom left to top right according to the position of their highest downcore relative frequency. Grey band marks an interval lacking subfossils of aquatic organisms. 
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zone up to 18, suggesting an increase in terrestrial organic matter input 
(c.f. Meyers and Teranes, 2001). There is, however, an interval at 
21.1–21.4 m depth where no chironomid head capsules and other 
aquatic invertebrate fossils were found. The sediment properties of this 
interval (fine-grained sand with clay, almost no TOC and TN) indicate an 
interruption of the lacustrine sedimentation most likely due to strong 
cooling and a local glacier advance. 

Zone U15–C-2 (20.6–17.5 m depth) is marked by an abrupt shift in 
chironomid assemblages toward the dominance of C. ambigua (17–79%), 
a species common in oligo-to mesotrophic clear-water lakes. All cold 
stenotherms recorded in the first zone, except T. lugens-type, disappear 
or become rare. Paratanytarsus penicillatus-type (up to 33%), which is 
indicative of macrophyte-dominated conditions (Langdon et al., 2010; 
Cao et al., 2014), and C. anthracinus-type (up to 32%), which is associ-
ated with milder ambient temperatures and elevated organic content of 
sediments, become co-dominant taxa. Other taxa present in small to 
moderate numbers, such as Eintfeldia pagana-type, Cladotanytarsus 
mancus-type, Tanytarsus mendax-type, Tanytarsus pallidicornis-type 1, 
Dicrotendipes nervosus-type, and Cladopelma lateralis-type, also 
commonly occur under warmer, more nutrient-rich conditions and/or 
can be associated with aquatic macrophytes. The chironomid concen-
tration rises in the zone, ranging from 8 to 48 HC/g DW. The changes in 
chironomid assemblage structure suggest a response to changes in 
temperature and lake productivity. This is reflected by a distinct in-
crease in the TOC content of the sediment (1–8 wt%). Submerged 
vegetation is represented by the charophyte alga Chara hispida and the 
aquatic moss Fontinalis antipyretica. CaCO3 contents vary between 9 and 
26 im%. The C/N ratio falls in the range of 8–13, implying predomi-
nantly autochthonous sources, including macrophytes, of the organic 
matter (Thompson et al., 2018). 

Zone U15–C-3 (17.5–16.1 m depth) is generally dominanted by 
P. penicillatus-type (15–31%). C. ambigua declines initially (to 6%) but 
then becomes dominant towards the top of the zone (17–31%). Most 
notable in the zone is the presence of a mixed assemblage of taxa 
adapted to cooler, oligotrophic conditions and taxa usually associated 
with warmer and more fertile environments. The relatively high abun-
dance of P. penicillatus-type and other warm-adapted taxa, 
C. anthracinus-type (up to 18%) and D. nervosus-type (up to 15%), sug-
gests warmer conditions. Micropsectra insignilobus-type, typical of cool 
well-oxygenated oligotrophic environments, representative of lakes at 
intermediate altitudes in the Swiss Alps (Heiri et al., 2011), shows a 
substantial increase (up to 17%) in relative abundance within this zone. 
The cold-adapted T. lugens-type, having a relatively high oxygen de-
mand as well, still persists (2–8%) in the early part of the zone. Chi-
ronomids commonly associated with littoral habitats, such as 
E. pagana-type, Pentaneurini, Corynoneura scutellata-type, 
D. nervosus-type, C. mancus-type, T. pallidicornis-type 1 and C. later-
alis-type, continue to survive, perhaps in suboptimal conditions, and 
show an episodic presence. Many of these taxa, however, disappear by 
the top of this zone. The submerged macrophytes C. hispida and 
F. antipyretica also vanished in this zone, most likely due to an increase in 
turbidity and reduced light penetration through the water column. The 
zone displays very low TOC values (<0.5 wt%) and the chironomid 
concentration, generally comparable to values in zone U15–C-1, and 
suggests an overall low lake productivity. The C/N ratio increases up to 
21 towards the top of the zone and indicates decreasing input of 
lake-derived organic matter into the sediments while allochthonous 
input increased. 

4.1.3. Cores A-KB 17/98 and A-KB 16/98, the southwest locations 
Sediments of core A-KB 17/98 formed in the littoral zone (Fig. 2) and 

are exceptionally rich in macrophyte and aquatic invertebrate subfossils 
(Fig. 5). The section is marked by an overall lower TOC content (≤1.0 wt 
%) compared to the deep-water sediments (1–8 wt%) deposited during 
the most productive lake phase (core A-KB 15/98, zone U15–C-2). This 
indicates a higher organic matter mineralization in littoral rather than in 

profundal sediments, as commonly observed in temperate shallow lakes 
where warmer waters in wide littoral areas allow a higher benthic mi-
crobial activity during summer (den Heyer and Kalff, 1998). The C/N 
ratio of 14–17 suggests major contributions of macrophytes to the 
organic matter of the sediments. CaCO3 contents range from 22 to 28 im 
%, except for one sample (11 im%) at 30.8 m depth. The chironomid 
stratigraphy of this section was partitioned into two statistically signif-
icant zones (Fig. 5). 

Zone U17–C-1 (33.8–32.5 m depth) is characterised by the maximum 
abundance in each sample of taxa typical of cold environments, 
including S. rosenschoeldi-type (50%), Paracladopelma (30%) and 
T. lugens-type (16%), like the initial assemblage from the deep-water 
sediments (core A-KB 15/98, zone U15–C-1). The exception is the 
genus Micropsectra, which is presented here by M. insignilobus-type (with 
the maximum abundance of 53–79%) associated with cool temperate 
water in Swiss lakes of intermediate elevation, while in the deep-water 
sediments the cold-stenothermic M. radialis-type, typical of colder and 
higher elevation lakes, is found (Heiri et al., 2011). C. anthracinus-type 
and Procladius are also present. Submerged vegetation is represented by 
the aquatic moss F. antipyretica. Other aquatic invertebrates occur 
sporadically at low abundance. 

In the first half of zone U17–C-2 (32.5–31.0 m depth), defined by the 
rapid decline of M. insignilobus-type (to 16–20%), the dominance of 
C. ambigua (20–60%) and high abundance of warmer-adapted shallow- 
water Polypedilum nubeculosum-type (7–17%) point to a clear-water lake 
phase and milder environmental conditions, similar to zone U15–C-2 of 
core A-KB 15/98 in deep-water sediments. These conditions in the 
littoral apparently facilitated the development of submerged macro-
phytes, such as the charophytes C. hispida, Nitella hyalina, and Tolypella 
glomerata, and the aquatic mosses F. antipyretica and Scorpidium scor-
pioides, numerous remains of which are recorded in the zone. An in-
crease in habitat heterogeneity provided by the macrophytes favored 
changes in invertebrate assemblages, as evidenced by the high abun-
dances of caddisflies (Trichoptera), alderflies (Sialis), oribatid mites 
(Oribatida), and freshwater molluscs (Gastropoda and Bivalvia) 
frequently associated with macrophyte-rich environments. 

In the second half of zone U17–C-2 (31.0–30.3 m depth), the pro-
portion of C. ambigua decreases down to 27%, whereas the proportion of 
shallow-water taxon Microtendipes pedellus-type increases towards the 
end of the zone up to 32%. The abundance of submerged macrophytes 
and associated invertebrates declines significantly, apparently due to 
the increased turbidity of the lake water. 

The A-KB 16/98 section formed in the sublittoral zone (Fig. 2). Zone 
U16–C-1 (37.8–35.9 m depth) (Fig. 5) is marked by highest abundances 
of C. ambigua (41–55%). In the lowermost sample, its dominance 
together with the deep-water taxon T. lugens-type (14%) suggests a cool, 
low-productive clear-water environment, whereas in the next sample, its 
dominance together with high numbers of C. anthracinus-type (23%) and 
E. pagana-type (14%) suggests warmer and more productive conditions. 
The upper sample is also characterised by higher values of TOC (7 wt%) 
and CaCO3 (55 im%). 

Zone U16–C-2 (35.9–31.4 m depth), except the uppermost sample, is 
characterised by the prevalence of P. penicillatus-type (26–45%) typical 
of macrophyte-dominated conditions, overall increases in macrophyte- 
related E. pagana-type (10–32%) and Tanytarsus glabrescens-type 
(3–19%), high occurrences of other littoral chironomids and caddisflies, 
the presence of the charophyte alga C. hispida and the aquatic moss 
F. antipyretica, as well as by a high CaCO3 content (28–62 im%). All of 
this implies an extension of the littoral zone, and mesotrophic conditions 
with clear water and submerged macrophytes. The presence of Smittia 
foliacea-type (1–7%), a semi-aquatic taxon with an affinity to ephemeral 
and marginal lake wetlands (Moller Pillot, 2008), can also be indicative 
of an increase in shoreline wetlands. The uppermost sample shows a 
return to colder, less productive conditions, as evidenced by the disap-
pearance of submerged macrophytes, the rapid decline of 
P. penicillatus-type from the average percentage around 36%–5%, a 
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Fig. 5. Stratigraphy of the MIS 3 palaeolake deposit in cores A-KB 17/98 and A-KB 16/98. Legend as in Fig. 4. Selected dates from Starnberger et al. (2013a), abundance of subfossil remains of non-chironomid aquatic 
invertebrates, chironomid-inferred mean July air temperature (TJULY) estimates plotted with sample-specific error bars and carbonate carbon (δ13C) and oxygen (δ18O) isotope data (core A-KB 17/98) are also presented. 
Dotted lines indicate the supposed shift from a clear-water to a turbid-water lake. Dates: OSL-dates (squares), calibrated (circles) and uncalibrated (triangle) radiocarbon (14C) dates. 
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sharp increase of M. radialis-type (from ca. 3%–30%) and 
S. rosenschoeldi-type (from ca. 1%–6%), and the appearance of the cold 
stenotherm Diamesa cinerella/zernyi-type (18%) commonly living in 
either flowing water or littoral conditions of cold lakes (Makarchenko, 
1985; Brooks et al., 2007). 

4.1.4. Cores A-KB 13/98 and A-KB 14/98, the northeast locations 
The lacustrine sections of cores A-KB 13/98 and A-KB 14/98 from the 

northeast locations (Fig. 2) are characterised by higher carbonate con-
tents of 55–88 im% (mean 70 im%) than the previously discussed sec-
tions (Fig. 6). TOC values are relatively low (1–2 wt%) and C/N ratios 
vary around 12–13, which are generally similar to those of the sediment 
sections from other locations in the palaeolake. Both sections are also 
marked by higher number of charophyte macrofossils; especially the 
section from core A-KB 14/98 exhibits an extremely high abundance of 
C. hispida oospores and gyrogonites. 

The chironomid assemblages in both sections (Fig. 6) are charac-
terised by a prevalence of taxa of the tribe Tanytarsini, such as warm- 
adapted and macrophyte-related T. glabrescens-type and P. penicillatus- 
type, as well as the typical inhabitant of clear-water lakes C. ambigua, 
which is abundant particularly in the uppermost samples. Also, 
E. pagana-type and chironomids of the tribe Pentaneurini, which 
commonly prefer littoral environments with soft sediments and abun-
dant vegetation (Brodersen et al., 2001; Brooks et al., 2007), are present. 

Other shallow-water Tanytarsini (Tanytarsus pallidicornis-type 1, T. 
mendax-type, and C. mancus-type) and Procladius, as well as Cricotopu-
s/Orthocladius, Psectrocladius sordidellus-type and C. lateralis-type, are 
recorded in the littoral sediments of core A-KB 13/98. The high presence 
of the ubiquitous free-ranging chironomid Procladius is interesting. 
Species of the genus Procladius tolerate low concentrations of dissolved 
oxygen (Quinlan et al., 1998) and often are present at greater depths 
together with species of the genus Chironomus (like in the A-KB 15/98 
deep-water sediments, zone U15–C-1), which also tolerate low dissolved 
oxygen concentrations. On the other hand, the co-occurrence of Pro-
cladius and Tanytarsini in highly heterogeneous littoral habitats (like in 
the A-KB 13/98 littoral sediments) can point to very warm environments 
(Walker, 1995). Mandibles of larvae of the alderfly genus Sialis, which 
usually occur in muddy substrates with dead leaves, feed on small in-
vertebrates and develop rapidly in warm, productive habitats (Ander-
son, 2009), are found in high numbers in a sample of core A-KB 14/98. 

4.2. Oxygen and carbon isotope records (cores A-KB 17/98 and A-KB 
13/98) 

Calcium carbonate precipitation resulting from photosynthetic ac-
tivity of charophytes is most intensive within the littoral zone during 
summertime (Pełechaty et al., 2013). Stable oxygen (δ18O) and carbon 
(δ13C) isotope values of lacustrine carbonates are common proxies in 

Fig. 6. Stratigraphy of the MIS 3 palaeolake deposits in cores A-KB 13/98 and A-KB 14/98. Legend as in Fig. 4. Abundance of subfossil remains of non-chironomid 
aquatic invertebrates in the cores and carbonate carbon (δ13C) and oxygen (δ18O) isotope records from core A-KB 13/98 are also presented. 
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palaeolimnological studies, providing information on climate change 
and environmental dynamics. The δ18O composition of carbonates 
formed in hardwater lakes is dependent both on the water temperature 
and its isotopic composition, which is in turn related to the isotopic 
composition of precipitation and the hydrologic regime of the lakes 
(Leng and Henderson, 2013). Carbonate δ13C values reflect the photo-
synthetic activity of aquatic primary producers, the isotopic composi-
tion of inflowing waters as well as evaporation and CO2 exchange 
between the lake water and the atmosphere (Leng and Marshall, 2004). 

Core A-KB 17/98 from the southwest part of the lake offers more 
detailed isotopic records then core A-KB 13/98 from the northeast part 
(Figs. 5 and 6). Warmer waters precipitate calcite of lower δ18O values 
due to temperature-dependent isotope fractionation (Jonsson et al., 
2010). Hence the pronounced decrease in δ18O from − 10‰ in the 
lowermost sediment (33.8 m depth) to − 13‰ at 32.9 m depth in core 
A-KB 17/98 may reflect an increase in summer water temperature after 
the filling the lake basin with snow/glacier meltwater. 

The δ18O values show a gradual increase from − 13‰ to − 11‰ over 
the range from 32.9 to 31.3 m depth (Fig. 5), suggesting an increased 
impact of evaporative δ18O enrichment of the lake water induced by an 
increase in the evaporation/inflow ratio of the basin and/or prolonged 
water residence time in the lake. Also, an increase in δ18O in precipi-
tation could have contributed to the observed increase. 

The decline in δ18O from − 11‰ (31.3 m depth) to − 13‰ in the 
topmost sample (30.3 m depth) may be attributed to a warming-induced 
input of 18O-depleted snow/glacial meltwater into the lake, as suggested 
by the changes in macrophyte and invertebrate assemblages (see section 
4.1 for more details). Hydrologic factors of local significance, such as 
runoff, stream and groundwater inflow, and evaporation also control the 
isotopic composition of lacustrine carbonates and may sometimes be 
more important than large-scale changes in atmospheric circulation and 
mean annual air temperature (Hammarlund, 1994; Ito, 2001). 

The lowest δ13C value of − 5‰ in the lowermost sediment suggests a 
very low productivity level and a dominant role of respiration in the lake 
during the initial time of lacustrine deposition, resulting in less intensive 
removal of 12C from the dissolved inorganic carbon of the lake water by 
phytoplankton via photosynthesis and/or high rates of release of 12C 
during respiratory processes. The increase in δ13C to − 2‰ at 32.9 m 
depth points to increased photosynthetic activity in the lake in response 
to either elevated CO2 and/or temperature, giving rise to 13C-enrich-
ment of dissolved inorganic carbon. Enhanced dissolution of carbonates 
in the catchment under increasing surface runoff, as well as a longer 
residence time and enhanced isotopic exchange with relatively 13C- 
enriched atmospheric carbon dioxide may also have played a role. 

δ13C exhibits relatively stable values around − 2‰ at 33.0–32.3 m 
depth, which are the maximum values of the studied section. The 13C- 
enrichment suggests elevated aquatic productivity. The drop in average 
δ13C values to − 3‰ at 32.3–32.0 m depth could suggest a decline in 
photosynthetic activity in the lake. On the other hand, in more mature 
lake ecosystems with high macrophyte biomass, decomposition of 
organic material may lead to a relative depletion of δ13C in dissolved 
inorganic carbon even when vegetation production is increased or 
generally high (cf. Hammarlund, 1994). Therefore, the lowered car-
bonate δ13C values may also be caused by increased recycling of 
l3C-depleted carbon dioxide derived from decaying plant tissues. Rela-
tively stable values around − 3‰ persist through the rest of the record 
(32.0–30.3 m depth). 

The δ18O and δ13C values show a negative covariance (r = − 0.75; p 
≤ 0.05) over the length of the record, suggesting that open-basin con-
ditions prevailed for the majority of the period and that precipitation 
and evaporation were not the dominant processes determining the hy-
drologic and isotopic balance of the lake (Talbot, 1990; Horton et al., 
2016). Water temperature and hydrologic factors are regarded here as 
more important in controlling the oxygen and carbon isotope composi-
tion of the endogenic carbonates. 

In core A-KB 13/98 from the littoral area in the northeast part of the 

lake, which contains exceptionally calcite-rich sediments (marls), the 
δ18O and δ13C values scatter around − 10.6‰ and − 1.5‰, respectively 
(Fig. 6). The relatively high δ18O and δ13C values suggest a high 
photosynthetic activity of macrophytes in this part of the lake. 

4.3. Chironomid-based summer air temperatures (cores A-KB 15/98 and 
A-KB 17/98) 

The mean July air temperature estimates based on the chironomid 
data from the deep-water core A-KB 15/98, for which the age-depth 
model was developed, reveal an amplitude of ca. 5◦C over the study 
period (Fig. 7). Inferred temperatures show very little change within 
zone U15–C-1 (ca. 54.6–52.2 cal ka BP), fluctuating around 8.5◦C within 
a range of 8–9◦C. Throughout the most productive zone U15–C-2, there 
are distinct time episodes of warmer and cooler temperatures. The onset 
of the zone displays a steady increase in temperature reaching 11◦C at 
ca. 50.8 cal ka BP. After a return towards cooler conditions as indicated 
by a sample at ca. 50.3 cal ka BP with an inferred temperature of ca. 9◦C, 
temperatures increased again and remained stable at around 11◦C until 
ca. 47.7 cal ka BP. This is followed by a distinct decrease to values 
averaging around 9.5◦C with such cooler temperatures persisting until 
ca. 45 cal ka BP. The next samples show a return towards warmer 
conditions between ca. 44.1 and 43.3 cal ka BP, tentatively correlated 
with Greenland Interstadial (GI) 11, with temperatures increasing to the 
maximum inferred values of around 12.5◦C (Fig. 8). In Zone U15–C-3, 
temperatures declined and stabilised around 10–11◦C up to the end of 
the record at 41.5 cal ka BP. 

All taxa found in the down-core samples, except for the low- 
abundance Constempellina (1.4%) found only in the lowermost sample, 
are well represented in the modern training set used to develop the 
applied chironomid-temperature transfer function. Only one sample 
(17.2 m depth) shows a ‘no good’ analogue in the modern data and also 
has a residual chi-square distance higher than the extreme 10% of the 
modern samples and therefore is classified as having a ‘poor’ fit with 
temperature. 

The sample providing the highest temperature inference (17.2 m 
depth; 12.7◦C) of the entire record is characterised by the occurrence of 
the warm-adapted Stempellina (Brooks et al., 2007; Heiri and Lotter, 
2010) at a greater abundance (7.4%) than its maximum value in the 
training set (4.3%) and therefore shows no modern analogue. However, 
WA-PLS regression and calibration based on the optima of the taxa 
included in the model perform relatively well in poor analogue situa-
tions (Birks, 1998), interpolating temperature estimates for assemblages 
consisting of taxa that do not coexist in the modern training set samples. 
A ‘poor’ fit to temperature in this sample may be related to a relatively 
high abundance (11.1%) of Limnophyes/Paralimnophyes which is char-
acterised by very broad distributions with respect to temperature in the 
training set (Heiri et al., 2011). Larvae of these taxa commonly inhabit 
the margins and shallow zones of lakes and are frequently associated 
with aquatic plants (Janecek et al., 2002; Brooks et al., 2007). Another 
taxon, the warm-adapted Stempellina, requires coarse, grainy substrates, 
like sand, to construct its casings and can occur in cooler lakes where it 
likely responds to substrate rather than temperature (Rees et al., 2008). 
This evidence suggests that variables other than temperature may have 
influenced the response of the chironomid assemblage at that time, and 
therefore, the temperature inference should be treated with caution. 
Remarkably, the nearby sample (16.9 m depth), which shows a ‘good’ 
modern analogue and has a high goodness-of-fit to temperature, pro-
vides a temperature (12.3◦C) very close to that of the previous sample 
(17.2 m depth; 12.7◦C) with poor reconstruction diagnostics. 

One more sample (at 18.5 m depth) has a ‘very poor’ fit with tem-
perature, most probably related to the presence of Georthocladius 
(1.2%), which prefers semi-aquatic/terrestrial habitats (Brooks et al., 
2007; Polášková et al., 2020) and is relatively rare in the inference 
model (Heiri et al., 2011). However, the abundance of this taxon is low 
and the temperature inference of this sample is in a part of the record 
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Fig. 7. Chironomid-inferred mean July air temper-
ature (solid line) from core A-KB 15/98 plotted 
together with sample-specific standard errors of 
prediction (dashed lines), and reconstruction diag-
nostic statistics such as nearest modern analogues 
for the fossil samples in the calibration data set, and 
goodness-of-fit statistics of the fossil samples with 
temperature. Vertical dashed lines are used to 
identify samples with ‘no good’ (5%) modern ana-
logues, and samples with ‘poor’ (90th percentile) 
and ‘very poor’ fit (95th percentile) with tempera-
ture. Horizontal dotted lines mark chironomid 
assemblage zones. Grey band indicates an interval 
lacking chironomid subfossils.   

Fig. 8. Comparison of the Unterangerberg temper-
ature reconstruction with other climate records. (A) 
NGRIP oxygen isotope record from Greenland ice 
core (North Greenland Ice Core Project Members, 
2004). Numbers denote Greenland Interstadials. (B) 
Northern Alps (NALPS) speleothem oxygen isotope 
record (Hölloch cave; Moseley et al., 2014). (C) 
Chironomid-inferred mean July air temperature 
(TJULY) estimates at Unterangerberg (this study). 
(D) LR04 benthic foraminifera oxygen isotope stack 
(Lisiecki and Raymo, 2005).   
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where the reconstructed temperatures are stable. 
The temperature reconstruction derived from the A-KB 17/98 

chironomid data is presented in Fig. 5. We do not discuss these tem-
perature inferences in detail since the sediments originated in the littoral 
zone and this part of the core does not have a sufficient number of dates 
for constructing an age–depth model. The general pattern of 
chironomid-inferred temperature changes, however, exhibits alter-
nating warming and cooling trends and resembles stadial-interstadial 
temperature variations characteristic of MIS 3. The record indicates 
minimum (stadial) July air temperatures of around 9◦C and maximum 
(interstadial) ones close to 11.5◦C, corresponding, in general, to the 
estimates inferred from the chironomid assemblages of core A-KB 15/98 
from deeper waters of the palaeolake. 

5. Discussion 

The palaeolake of Unterangerberg was elongated and about 3–4 km 
long and occupied a SW-NE oriented depression during the first half of 
MIS 3 (Starnberger et al., 2013a). Comparing the elevations of the 
topmost lake sediments (Fig. 2) in the littoral core A-KB 17/98 (ca. 604 
m a.s.l.) from the southwest part of the lake and the deep-water core 
A-KB 15/98 (ca. 582 m a.s.l.) from the central part of the lake implies a 
maximum water depth of no more than 20 m (Starnberger et al., 2013a). 
Sedimentation rates in lakes are typically highest in areas near the 
mouth of a stream/river entering the lake. These deltaic areas are 
characterised by thick deposits that are topographically heterogeneous 
and therefore support varied vegetation and invertebrates (Smith, 1991) 
and are distinguished by extremely high levels of biodiversity and pro-
ductivity (Tockner and Stanford, 2002). The littoral cores A-KB 17/98 
and A-KB 16/98 in the southwest part of the Unterangerberg lake are 
characterised by a much greater thickness of the lacustrine deposits (ca. 
5 and 7 m, respectively) as well as species richness and structural 
complexity of the macrophyte and invertebrate assemblages (Fig. 5) 
than the littoral core A-KB 13/98 in the northeast part with 2 m thick 
sequence of lacustrine deposits (Fig. 6). This suggests that the lake had 
an inlet stream at its southwestern end and acted as an open-basin 
system. 

The comparison of the distribution of subfossil macrophyte and 
invertebrate assemblages in the cores along the SW–NE transect in the 
palaeolake with depths of up to 20 m and an inlet stream at its south-
western end highlighted differences that are obviously linked to the 
depth- and area-specific changes in the assemblages over time. The 
integration of the biotic and abiotic proxy data from all available sedi-
ment cores allows reconstructing the environmental history of the 
palaeolake throughout the first half of MIS 3. 

5.1. Lake environments and catchment vegetation 

The appearance and dominance of lacustrine chironomid taxa in the 
sample at ca. 54.6 cal ka BP mark the onset of lacustrine conditions in 
the Unterangerberg basin at this period (Fig. 4). This timing is tenta-
tively correlated with the start of GI 14, the longest D/O warm phase in 
Greenland during MIS 3 (Rasmussen et al., 2014). Stalagmite records in 
the Alps recorded the onset of this interstadial at 54.5 ka BP, synchro-
nous with the warming in Greenland (Spötl et al., 2006; Moseley et al., 
2014) (Fig. 8). 

The pioneer chironomid assemblages (ca. 54.6–52.2 cal ka BP; zones 
U15–C-1 and U17–C-1) with the prevalence of cold-adapted taxa reflect 
a cold, oligotrophic and relatively deep lake ecosystem. The deep-water 
habitats were dominated by the true cold-stenotherm M. radialis-type, 
typical of lakes situated both at high altitudes (above 2000 m a.s.l.) and 
at high latitudes, while the littoral habitats were dominated by 
M. insignilobus-type, commonly abundant in lakes at intermediate alti-
tudes and subarctic regions (Heiri et al., 2011). Low TOC levels in the 
sediments corroborate the chironomid data for this period, revealing a 
nutrient-poor lake with low primary productivity. Scarce remains of 

only aquatic mosses (core A-KB 17/98) point to a nearly 
macrophyte-free lake during this period. Pollen-based inferences 
(Starnberger et al., 2013a; zone LPZ KB 17–6) corresponding to zone 
U17–C-1 indicate an open vegetation in the catchment with scattered 
individual trees or small tree stands (Betula, Pinus, Picea), a modest shrub 
flora and low diversity of herb species. 

Core A-KB 15/98 revealed a change in the environment around ca. 
53.8 cal ka BP with the disappearance of the aquatic biota. This marks 
the cessation of lacustrine deposition at Unterangerberg, suggesting the 
interruption of relatively warm conditions during the early interstadial 
and probably a temporary return to harsh environmental conditions. A 
similar interval (between ca. 53 and 54 ka BP), during which chirono-
mids and other aquatic invertebrates were absent, suggesting a major 
climate shift, has been observed in Füramoos in the Alpine foreland of 
southern Germany (Bolland et al., 2021a). Rock flour layers in the 
Nesseltalgraben record of Berchtesgaden on the northern rim of the Alps 
indicate the advance of a local glacier around 52‒51 cal ka BP (Mayr 
et al., 2019), but this difference is within the uncertainty range of the 
chronologies. This climate pattern may signal a regional signature of 
climate cooling and advances of glaciers at that time. 

The next phase (ca. 52.2–44.9 cal ka BP; zones U15–C-2, U17–C-2 
and U16–C-1) was characterised by a clear-water, macrophyte-domi-
nated state. C. ambigua, which is absent from the present-day fauna of 
the Alpine region (Heiri et al., 2011), dominated this interval. This 
species is often associated with charophytes, likely because of similar 
physical and chemical requirements (see section 3.1.1 for more details). 
Overall, the chironomid assemblages suggest warmer and more pro-
ductive conditions. Apparently, the lake water chemistry continued to 
be mainly determined by the local geology, namely carbonate-rich till 
and carbonate bedrock. Clear hardwater conditions favored a larger 
depth of the euphotic zone allowing for a major proportion of the lake 
floor to be occupied by submerged macrophytes, mainly charophytes. 
The rapid expansion of submerged vegetation at the start of this phase 
provided a refuge for a wide diversity of aquatic invertebrates. An 
increased productivity of the lake is indicated by a higher TOC content 
in the deep-water sediments and by the C/N values (8–13) suggesting 
that macrophytes were a major contribution of organic matter to the 
lake sediments and that terrestrial input was low. 

The sediments from the littoral and sublittoral locations contain less 
organic matter and more CaCO3 than deep-water sediments, which is 
typical for hardwater lakes (Dean, 1999). Charophytes, due to their 
capacity to assimilate soluble bicarbonates during photosynthesis and to 
convert them into insoluble calcium carbonate, deposited onto the 
thallus and oospore surfaces as mineral encrustations, are highly effec-
tive in the deposition of calcium carbonate in lake sediments (Pełechaty 
et al., 2013). Numerous charophyte encrustations were found in the 
littoral and sublittoral sediments deposited over this time period. 
Warmer climate and a concomitant increase in water temperature pro-
mote charophyte production (Choudhury et al., 2019) and thereby drive 
calcite precipitation forming calcite-rich sediments (marls) during in-
terglacials or interstadials (Jones et al., 2002; Vogel et al., 2010; Wiik 
et al., 2013). 

Pollen data from Unterangerberg indicate the existence of a dense 
forest (arboreal pollen exceeding 80%) dominated by Betula with the 
presence of Pinus cembra at the beginning of this period (Starnberger 
et al., 2013a; zone LPZ KB 15–2). Afterwards, there was a gradual retreat 
of trees and shrubs (arboreal pollen <40%) in favour of grasses, sedges 
and heliophilous herbs (Starnberger et al., 2013a; zones LPZ KB 15–3 
and LPZ KB 17–7). Such a vegetation change in the catchment during 
MIS 3 interstadials with mild summers may have been a response to 
reduced summer precipitation, too low number of growing degree days 
(with a baseline of 5◦C) and/or frequent killing frosts (Van Meerbeeck 
et al., 2011). 

The following phase (ca. 44.9–41.5 cal ka BP; zones U15–C-3 and 
U16–C-2) is marked by a low level of biological productivity in the lake, 
inferred by low TOC values and low abundances of chironomids. The 
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coexistence of chironomid taxa typical of cool environments and the 
ones associated with more temperate conditions during this phase may 
have be related to climate instability. The substantial decrease in the 
abundance of submerged macrophytes and associated invertebrates at 
the start of the phase suggests a regime shift in the lake, from a clear- 
water to a turbid-water state in which the macrophyte growth was 
highly restricted and water turbidity was elevated. The main controlling 
factor for the two alternative states is the turbidity of water regulating 
the vertical light penetration (Scheffer, 1990). This regime shift co-
incides with the highest temperatures inferred from the Unterangerberg 
chironomid data (Fig. 8) and roughly corresponds to the warming of GI 
11 marked in the Northern Alps speleothem record (Moseley et al., 
2014). Apparently, the elevated turbidity of the lake water was the 
result of enhanced melting of glaciers situated on the nearby mountain 
ranges. A related increased meltwater supply, containing high amounts 
of suspension load, to the headwater stream flowed into the south-
western end of the lake shifted the ecosystem to the alternative state. In 
the turbid state, high concentrations of particulate matter affected light 
penetration, which in turn, restricted the growth and distributions of 
submerged macrophytes. Since the particle content of lake water grad-
ually decreases with increasing distance from a river/stream mouth, the 
northeast part of the lake, which is furthest from the supposed inlet 
stream, was least affected by suspension-rich water. It is noteworthy that 
a prolonged period (46.3–42.9 cal ka BP) of meltwater input has also 
been recorded in the Nesseltalgraben record, ca. 100 km east of the 
Unterangerberg terrace (Mayr et al., 2019). 

Pollen data (Starnberger et al., 2013a; the upper part of zone LPZ KB 
15–3) point to the development of a more open vegetation (arboreal 
pollen <20%) dominated by herbs during this phase. The spread of 
Alpine tundra vegetation after 43 cal ka BP has also been recorded at the 
Nesseltalgraben site (Stojakowits et al., 2020). 

The MIS 3 lacustrine sedimentation ended ca. 41.5 cal ka BP with the 
deposition of sand and gravel. The lake ceased to exist likely due to a 
substantial transformation of the regional hydrological system as a 
consequence of climate-induced intensification of (peri)glacial 
processes. 

5.2. Pattern of temperature changes during MIS 3 

The chironomid-based temperature record from Unterangerberg 
covers the period between ca. 54.6 and 41.5 cal ka BP and provides 
evidence of millennial-scale climate variability during the first half of 
MIS 3 (Figs. 7 and 8). The early part of the record (ca. 54.6–52.2 cal ka 
BP) concurrent with most of GI 14, the longest interstadial in MIS 3, was 
characterised by mean July air temperatures of 8–9◦C. These inferred 
temperatures may, however, be underestimated because of snow/glacier 
meltwater that filled the lake. An indirect influence of climate change, 
related to increased meltwater input into the lake basin early in the 
interstadial, is also supported by the oxygen isotope data. In these sit-
uations, the lake water temperature is decoupled from air temperature 
and lakes support chironomid assemblages typical of temperatures 
colder than expected from the local air temperature (Brooks and Birks, 
2001; Engels et al., 2008a). By the end of the interstadial (ca. 51 cal ka 
BP), when the relationship between air and water temperatures in the 
lake became stronger, the inferred temperatures increased to ca. 11◦C. 

A decrease in temperature to ca. 9◦C is recorded at ca. 50.3 cal ka BP 
and likely corresponds to the stadial following GI 14. After this cold 
reversal, temperatures increased and remained stable around 11◦C until 
ca. 47.7 cal ka BP after which they declined again to ca. 9◦C at ca. 47.2 
cal ka BP. Afterwards the data suggest an increase to ca. 12.5◦C at ca. 
44.1–43.3 cal ka BP followed by a decrease up to ca. 10◦C between ca. 
42.6 and 41.5 cal ka BP. This pattern is reminiscent of stadial/inter-
stadial temperature changes, although a precise correlation with e.g. 

events recorded in the Greenland ice cores is hampered due to the low 
resolution of the lake sediment archive and significant age uncertainties. 
Nevertheless, the warm phases between ca. 50.0 and 47.7 cal ka BP, and 
between ca. 44.1 and 43.3 cal ka BP may be tentatively assigned to GI 13 
and GI 11, respectively, whereas GI 12 is not clearly recorded. 

The chironomid-based climate reconstructions suggest mean July air 
temperatures during interstadials between ca. 11.0 and 12.5◦C (i.e. ca 
5–6◦C below present-day values) and ca. 9–10◦C during stadial episodes 
(i.e. ca 7–8◦C below present-day values). In MIS 3 climate simulations, 
stadials and interstadials differs only very slightly (by ca. 1◦C) both in 
summer and winter and the stadial climate is not cold enough to 
represent stadial conditions in Europe (Van Meerbeeck et al., 2009). 
Chironomid-inferred temperatures at Unterangerberg suggest differ-
ences of ca. 2◦C in July temperatures between MIS 3 interstadials and 
stadials. This corroborates findings from other studies (e.g. Denton et al., 
2005; Helmens, 2014) that summer temperature changes during D/O 
events were relatively modest whereas major shifts in temperature 
values occurred during wintertime. Given that at present the minimum 
mean July air temperature for the growth of tree species in the Alps is ca. 
8–10◦C (Landolt, 1992), evidence of steppe-tundra vegetation at the 
study site during the MIS 3 stadials (Starnberger et al., 2013a) points to a 
pronounced seasonality with relatively mild but short summers and 
strong winter cooling which may have prevented trees from growing in 
this inner-Alpine valley. 

Studies based on subfossil beetle assemblages from the lower lignite 
of the Gossau interstadial complex (Jost-Stauffer et al., 2005) and the 
interstadial section of the mammoth peat at Niederweningen (Coope, 
2007), both located in the northern Swiss Alpine foreland, dated to ca. 
45 ka BP and tentatively correlated to GI 12 (Hajdas et al., 2007; Furrer 
et al., 2007), provide mean July air temperature estimetes of ca. 
12–13◦C. The chironomid record from Füramoos in the northern fore-
land of the Eastern Alps (southern Germany) indicates similar estimates 
of July temperatures (11–12◦C) for the Bellamont 1 interstadial phase 
(ca. 53–49 ka BP) correlated to GIs 14 and 13 (Bolland et al., 2021a). 
These inferences fall well within the range of interstadial July temper-
atures inferrred from the chironomid assemblages at Unterangerberg 
(11–12.5◦C). Altogether, these reconstructions indicate that climatic 
conditions in the Alps and their northern foreland were relatively mild 
during interstadial summers but significantly cooler than today, with 
July temperatures ca. 5–6◦C below present-day values. 

The lacustrine sedimentation at Unterangerberg was terminated ca. 
41.5 cal ka BP. Also, peat formation at Niederweningen stopped and 
sedimentation at Gossau was interrupted by about 42 ka BP (Furrer 
et al., 2007; Hajdas et al., 2009). According to a recent study, the 
Laschamps geomagnetic reversal (42.2–41.5 cal ka BP) combined with 
Grand Solar Minima may have triggered global climate shifts that could 
have had widespread impacts on natural systems as well as humas 
(Cooper et al., 2021). Across Europe, climate change in the late MIS 3 led 
to dramatic changes in glacier extent and sea level with major impacts 
on the physiography of mountain areas, coastal regions and hydrologic 
systems (Badino et al., 2020). 

6. Conclusions 

This study provides a multiproxy record from a palaeolake that 
existed on the inner-Alpine valley terrace of Unterangerberg in the 
Eastern Alps during the first half of MIS 3. Lacustrine deposits were 
examined in five drill cores. The biotic and abiotic proxies indicate the 
onset of lacustrine sedimentation at ca. 54.6 cal ka BP, i.e. at the 
beginning of GI 14. In the initial stage (ca. 54.6–52.2 cal ka BP), the lake 
was a cold, oligotrophic water body influenced by snow/glacier melt-
water. The cessation of lacustrine deposition in the basin suggests a 
temporary return to harsh environmental conditions at ca. 53.8 cal ka 
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BP. In the next phase (ca. 52.2–44.9 cal ka BP), a great proportion of the 
lake floor was occupied by submerged macrophytes (charophytes and 
aquatic mosses) and the lake apparently was in a clear-water, macro-
phyte-dominated state. The chironomid Corynocera ambigua, a species 
absent from the present-day fauna of the Alpine region, dominated this 
interval. Marl deposition reflecting high limnic productivity occurred 
under warm-summer interstadial conditions. A much greater thickness 
of the lacustrine deposits and a greater structural complexity of the 
macrophyte and invertebrate assemblages in the southwest part of the 
lake than in its northeast part suggest that the lake had an inlet stream in 
the southwest. In the following phase (ca. 44.9–41.5 cal ka BP) the lake 
was characterised by overall low productivity and the coexistence of 
chironomid taxa typical of cold environments and others associated with 
more temperate environments. The drastic reduction in the abundance 
of submerged macrophytes and associated invertebrates at the start of 
this phase suggests a shift from a clear-water to a turbid-water lake. 
Enhanced input of glacier meltwater from the nearby mountains may 
have resulted in elevated turbidity of the lake water. This lacustrine 
regime was terminated ca. 41.5 cal ka BP, apparently because of a 
substantial change of the regional hydrological system. 

Quantitative estimates based on chironomids suggest that mean July 
air temperatures were between 11 and 12.5◦C during interstadials and 
9–10◦C during stadials, revealing differences in summer temperatures of 
ca. 2◦C between warmer and colder periods of MIS 3. Relatively mild 
interstadial summers were much cooler than today, with July temper-
atures ca. 5–6◦C below present-day values, which corroborates findings 
from other sites in the Alps. 
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history of the inner-alpine Inn Valley (Austria): extending the Baumkirchen type 
section further back in time with new drilling. J. Quat. Sci. 32, 63–79. https://doi. 
org/10.1002/jqs.2924. 

Becker, A., Ammann, B., Anselmetti, F.S., Hirt, A.M., Magny, M., Millet, L., Rachoud, A. 
M., Sampietro, G., Wüthrich, C., 2006. Paleoenvironmental studies on lake Bergsee, 
Black Forest, Germany. Neues Jahrbuch Geol. Palaontol. Abhand. 240, 405–445. 

Bennett, K.D., 1996. Determination of the number of zones in a biostratigraphical 
sequence. New Phytol. 132, 155–170. https://doi.org/10.1111/j.1469-8137.1996. 
tb04521.x. 

Bennett, K.D., 2009. Documentation for Psimpoll 4.27 and pscomb 1.03. C programs for 
plotting and analyzing pollen data. In: The 14Chrono Centre, Archaeology and 
Palaeoecology. Queen’s University of Belfast, Belfast.  

Birks, H.J.B., 1998. Numerical tools in paleolimnology: progress, potentialities and 
problems. J. Paleolimnol. 20, 307–332. https://doi.org/10.1023/A: 
1008038808690. 

Birks, H.J.B., Line, J.M., Juggins, S., Stevenson, A.C., ter Braak, C.J.F., 1990. Diatoms 
and pH reconstruction. Philos. Trans. R. Soc. London, Ser. A B 327, 263–278. 
https://doi.org/10.1098/rstb.1990.0062. 
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Spötl, C., Mangini, A., 2002. Stalagmite from the Austrian Alps reveals Dansgaard‒ 
Oeschger events during isotope stage 3: implications for the absolute chronology of 
Greenland ice cores. Earth Planet Sci. Lett. 203, 507–518. https://doi.org/10.1016/ 
S0012-821X(02)00837-3. 
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