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Few well-dated, quantitative Holocene temperature reconstructions exist from high-altitude sites in
the Central Eastern Alps. Here, we present a chironomid-based quantitative reconstruction of mean
July air temperatures (Tjyy) throughout the Holocene for a remote high-mountain lake, Schwarzsee ob
Solden, situated above the treeline at 2796 m a.s.l. in the Austrian Alps. Applying a chironomid-
temperature inference model developed from lakes of the Alpine region to a high-resolution chiron-
omid record from the lake provides evidence for early Holocene (ca 10000—8600 cal yr BP) Tjyjy of up
to 8.5 °C, i.e. >4 °C above the modern (1977—2006) mean July temperature. The reconstruction reveals
the so-called ‘8.2-ka cold event’ centered at ca 8250—8000 cal yr BP with temperatures ca 3 °C below
the early-Holocene thermal maximum. Rather warm (ca 6 °C) and productive conditions prevailed
during ca 7900—4500 cal yr BP. The chironomid record suggests a climate transition between ca 5200
and 4500 cal yr BP to cooler Tjy. A distinct cooling trend is evident from ca 4500 until ca
2500 cal yr BP. Thereafter, the study site experienced its coldest conditions (around 4 °C or less)
throughout the rest of the Holocene, with the exception of the warming trend during the late 20th
century. Beside other factors, the Northern Hemisphere summer insolation seems to be the major
driving force for the long-term trends in Ty at high altitudes in the Eastern Alps. Due to the extreme
location of the lake and the limited temperature range represented by the applied calibration data set,
the chironomid-based temperature reconstruction fails to track phases of the late-Holocene climatic
history with Tjuy cooler than 4 °C. Further chironomid-based palaeoclimate model and down-core
studies are required to address this problem, provide more realistic Tjyjy estimates from undisturbed
high-altitude lakes in the Alps, and extract a reliable regional temperature signal.

© 2010 Elsevier Ltd. Open access under CC BY-NC-ND license.

1. Introduction

The European Alps, one of the great mountain systems of
Europe, form a climatic barrier between Atlantic, continental and
Mediterranean climate, and, therefore, have a major significance in
determining European climate dynamics (Beniston and Jungo,
2002). In the Alps, the temperature increases observed during the
past several decades are two to three times higher than global
linear warming (Beniston, 2006; Auer et al., 2007). For each 1 °C of
temperature increase, the duration of snow cover is expected to
decline by several weeks at mid-elevations in the European Alps
(Bates et al., 2008). Ice-cover and water temperatures of alpine
lakes are also controlled by air temperatures, and so are very
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susceptible to shifts in climate (Thompson et al., 2005). On a local
scale factors such as wind exposure, shading etc. may determine
the sensitivity of an alpine lake towards external influences.
Generally, however, alpine lakes are recognized as ideal indicators
of global climate change (Battarbee, 2000; Adrian et al., 2009).
Global warming has vital ecological and economic conse-
quences and is one of the greatest threats the planet is facing today.
Reconstructions of temperature changes over a few hundred or
thousand years, based on proxy data providing a record of
temperature over long periods of time, are necessary to quantify
past climatic variability on a longer temporal scale and to provide
important background knowledge for a better understanding of the
recent warming process, including its timing, intensity, and causes
(Crowley, 1996). The high topographic complexity of the Alpine
region is the origin of important climate differences that charac-
terize the different areas of the Alps. Therefore, one of the main
aims of Alpine palaeoclimatology today is not only to quantify past
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climate, but also to develop a dense network of palaeoclimatic sites
to advance our knowledge about the controlling mechanisms and
the temporal and spatial patterns of climatic and environmental
changes within the Alpine region.

Subfossil remains of chironomid larvae (Diptera: Chironomidae)
from lake sediments are widely recognized as particularly useful
palaeotemperature indicators (Walker, 1995; Battarbee, 2000). It
has been shown that the relationship between summer air
temperature and the modern-day distribution of chironomids can
be successfully used for the reconstruction of past summer
temperature changes from lacustrine sediment records in the
Alpine region (Heiri et al., 2003; Larocque and Finsinger, 2008;
Ilyashuk et al., 2009) and other parts of Europe (Langdon et al.,
2004; Ilyashuk et al., 2005; Velle et al., 2005; Heiri et al., 2007a).
Today chironomid analysis of sediment records is widely used in
palaeoecology and palaeoclimatology within multi-proxy projects.

At present, there exists a large set of palaeoclimatic data from
the Central and Western Alps, based on different proxies, but only
a fragmentary record from the Eastern Alps. As regards the Austrian
Alps, quantitative palaeoclimatic records are still sparse. Recently,
Huber et al. (2010) have reconstructed summer water temperatures
for the time window of ca 19—13 cal ka BP based on diatom
assemblages from a lake in Carinthia, southern Austria. Chryso-
phyte cyst and diatom records from a lake in the Niedere Tauern,
central Austria, were used to infer spring and autumn air temper-
ature anomalies for the past four millennia (Schmidt et al., 2007).
Geochemical, mineralogical and biological proxies were used for
climate inferences in the Niedere Tauern throughout the time
window of 12—4 cal ka BP (Schmidt et al., 2006). Stalagmites from
Katerloch Cave located in Styria, southeast Austria, have shown
evidence of prominent climate changes at the south-eastern fringe
of the Alps in the early Holocene (Boch et al., 2009). The oxygen
isotope composition of a stalagmite from the high-alpine Spanna-
gel Cave located in Zillertal Alps, Tyrol, western Austria, provided
a high-resolution reconstruction of annual temperature changes
during the past 9000 years (Vollweiler et al., 2006; Mangini et al.,
2007). A dendrochronological treeline record for the last 9000
years is available from the timberline ecotone in the Kauner valley
in the Otztal Alps, Tyrol, western Austria (Nicolussi et al., 2005).
There are also tree-ring based palaeoclimate reconstructions
providing evidence of millennium-long summer temperature
variations in the Austrian Alps (Biintgen et al., 2005; Corona et al.,
2008). A 9111 year long Eastern Alpine Conifer Chronology based on
the analysis of dead wood samples from sites above 2000 m a.s.l.,
which can be used as a dating base for regional environmental
studies, has been recently established by Nicolussi et al. (2009).

With respect to chironomid-based inferences, a number of
quantitative temperature reconstructions at centennial and
millennial time-scales have recently been implemented in the
Swiss Alps (Heiri et al., 2003; Heiri and Lotter, 2005; von Gunten
et al, 2008; Ilyashuk et al, 2009; Larocque et al., 2009), the
Italian Alps (Heiri et al., 2007b; Larocque and Finsinger, 2008), and
the French Alps (Millet et al., 2009). However, no quantitative
chironomid-based inferences of climatic changes have been avail-
able from the Austrian Alps.

Here we present results of the first palaeoecological study from
the Austrian Alps using chironomids in an attempt to quantify past
temperature variability in the region during the Holocene. This is
the highest site studied hitherto in the European Alps from which
temperatures were reconstructed based on chironomid record. This
research is part of a multi-proxy palaeoecological investigation
including diatoms, pollen, geochemistry, mineralogy, grain size,
and palaeomagnetic analyses of the sediment records from
a remote high-alpine lake located in the Tyrolean Alps. Only
subfossil chironomids as a biological proxy for palaeoclimate are

considered in this paper. In addition, we assessed the modern
distribution of benthic macroinvertebrates, mainly of chironomid
larvae, along a transect across the deepest point in the lake to
delineate the habitat preferences of resident larvae in the modern
ecosystem. The obtained information contributes to a better
palaeoenvironmental interpretation of changes in the subfossil
chironomid record through time, and helps to understand tapho-
nomic effects on subfossil chironomids in the lake.

2. Study site

Schwarzsee ob Solden (SOS; 46°57'57”N; 10°56’46"E) is
a remote high-alpine (2796 m a.s.l.) lake situated above treeline in
the Otztaler Alps (the Central Eastern Alps), Tyrol, Austria (Fig. 1).
The maximum depth is 17.5 m and the surface area is 3.5 ha. About
1.5 ha of the lake bottom is covered with soft sediment. The lake has
been monitored annually since 1985 by the Institute of Ecology, the
University of Innsbruck. The lake is oligotrophic with a concentra-
tion of total phosphorus <5 pg 1~ 1. From 1985 to 2008, conductivity
has increased from 10 to 31 uS cm~. At the same time the mean
lake-water pH has increased from 5.6 to 6.1.

The basin lacks well-developed inflows and outflows. The
catchment has an area of ca 18.0 ha with ca 1.2 ha mountain
permafrost and rock glaciers (Thies et al., 2007). The underlying
bedrock is mainly composed of granitic gneisses and micaschist
with considerable amounts of arseno-pyrites (Koinig et al., 1998).
The soil cover of the catchment area is thin and a large proportion
of the catchment consists of bare rocks. Currently, the ice cover
typically lasts for about nine months per year (November—July)
which results in the onset of anoxic conditions in sediments and
bottom-water layers of the deepest zone.

Snow accounts for 75% of the annual precipitation and during
cold periods the slopes in the catchment area are covered by snow
(Sommaruga-Wograth et al., 1997). However, perennial snow fields
around the lake have disappeared since the 1980s, and after ca 1990
wet precipitation (rain) exceeds the dry precipitation (snow)
(Efthymiadis et al., 2006; R. Bohm, pers. communication). The
modern mean January and July air temperatures based on meteo-
rological measurements in the region for the period of 1977—2006
and calculated for the altitude of SOS (temperature lapse rate of
0.65 °C per 100 m) are —9.6 °C and 4.1 °C, respectively (B6hm et al.,
2001; R. Bohm, pers. communication).

3. Materials and methods
3.1. Field and laboratory methods

3.1.1. Coring, subsampling and chemical analyses

A 159 c¢cm long sediment core (SOS05-P1) was obtained using
a Piston corer 60 mm in diameter with a hydraulic core catcher
function (UWITEC Corp., Austria) from a floating platform in the
deepest part of SOS (17 m depth) during the ice free period in 2005.
The core was sectioned contiguously into 1 cm thick samples in the
laboratory and stored at 4 °C until further processing.

Sediment organic matter content for each sample was estimated
as organic carbon (Corg) measured with Carlo Erba® elemental
analyzer and calculated as a percentage of dry weight (DW). Total
phosphorus (Pyt) was determined according to Vogler (1965).
Several additional analyses (geochemical, mineralogical, mineral
magnetic, pollen, and pigment) were carried out on the core that
will be discussed by Koinig et al. (in preparation).

3.1.2. Sediment dating and age-depth modelling
The chronology of the sediment core was based on 9 accelerator
mass spectrometry (AMS) radiocarbon dates derived from plant



178 E.A. llyashuk et al. / Quaternary Science Reviews 30 (2011) 176—191

T
10°56'E

47

' Germany

R

Fig. 1. (A) Map showing the location of Schwarzsee ob Sélden (SOS) in the Alpine region. (B) Photograph of SOS and its catchment, looking towards the north. (C) Bathymetric map
of SOS showing the coring site (closed circle) and the modern zoobenthos sampling transect (dashed line).

macrofossils (Table 1), and on 2!°Pb, 1¥7Cs, and 2#'Am profiles for
the top 8 cm of the core. The AMS radiocarbon dating was per-
formed at the University of Vienna, Austria, and the 21°Pb, *7Cs, and
24IAm dating at the University of Heidelberg, Germany. The
radiocarbon ages were calibrated to calendar years Before Present
(cal. BP), where ‘present’ is AD 1950, with the program OxCal v. 3.10
(Bronk, 2005), using the radiocarbon calibration curve IntCal04
(Reimer et al., 2004). All calendar-year ages were expressed with
95.4% probability envelopes. Age-depth relationship was estab-
lished by means of a generalized mixed-effect regression and cubic
spline interpolation (Fig. 2). The procedure uses mid-point esti-
mates of the calibrated ages in combination with the central
distributional range as the basis for estimating the fixed relation-
ship between age and depth (Heegaard et al., 2005). According to
this model, the samples from the core cover a time period of ca
10 200 years and the SOS record exhibits a mean depositional rate

Table 1
Radiocarbon dates of samples from the SOS05-P1 sediment core.

of 65 yr cm~! (from 8 to 124 yr cm~!). The top 1 cm layer of the
sediment core was dated 1990 AD.

3.1.3. Sampling of contemporary aquatic macroinvertebrates

Contemporary chironomid larvae and other benthic macro-
invertebrates were sampled on 28 July 2008, two weeks after the
ice break. Fifteen macroinvertebrate samples were collected at
2.5—-3.0-m depth intervals along a transect across the deepest
point in the lake. The samples were taken with a standard kick
net (mesh size of 100 pm, mouth 30 cm x 30 cm) in the upper
littoral (0.5—1.5 m depth), and with an Ekman grab
(10 cm x 10 cm) in the deeper zone. The samples were sieved
(mesh size of 100 pum) in the field and hand-sorted under
a stereomicroscope in the laboratory, where invertebrates were
identified at 100—400x magnification to the species level when
possible.

Sample Sample. no.? Material dated 3'3C (%, VPDB)° Reported age Calibrated age Calibrated age
depth (cm) (+10, 1C yr BP) (mid intercept, cal yr BP) (20 range, cal yr BP)
24-25 VERA-50056 Moss remains and -70.7 2120 + 60 2085 1860—2310
unidentified twig/root
26—-27 VERA-50093 Unidentified twig/root —64.2 2155 £ 55 2160 2000—2320
34-35 VERA-50057 Moss remains and unidentified -27.8 2470 + 30 2575 2430-2720
twig/root
60—61 VERA-50095 Moss remains —45.8 3920 + 40 4340 4230—-4450
69-70 VERA-50096 Unidentified twig -59.1 4600 + 40 5370 5270-5470
83-84 VERA-50048 Unidentified twig/root —-24.4 5095 + 30 5830 5740—-5920
114-115 VERA-50097 Moss remains -37.6 6785 + 40 7630 7580—7680
127-128 VERA-50058 Bud scale -279 7320 + 30 8110 8030—-8190
147-148 VERA-50059 Moss remains and unidentified -21.1 8650 + 30 9610 9540—-9680
twig/root

2 VERA (Vienna Environmental Research Accelerator), University of Vienna, Austria.

b VPDB (Vienna Pee-Dee Belemnite).
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Fig. 2. Depth-age model for the SOS sediment profile (continuous line); dashed lines
indicate upper and lower 20 ranges for depth—age relationship. The median proba-
bility of calibrated ™C dates is shown by closed circles and the upper and lower
bounding date (+2a) by vertical lines. 2'°Pb dates are plotted as empty triangles.

3.1.4. Fossil chironomid analysis

All 159 sediment samples from the core SOS05-P1 were
analyzed for fossil chironomids. Chironomid remains were extrac-
ted from the fresh sediment without chemical treatment, following
Walker (2001). Wet sediment (0.3—15.5 g) mixed with distilled
water was sorted in a Bogorov counting tray under a dissecting
microscope at 25—40x magnification. Chironomid remains were
picked out, dehydrated in 100% ethanol and slide-mounted ventral
side up in Euparal® for taxonomic identification. Given that
a minimum of 50 head capsules (HC) per sample provides a repre-
sentative count for reliable temperature reconstructions (Heiri and
Lotter, 2001), at least 50 chironomid head capsules were counted
and identified in each sample (mean = 58 HC); five samples
(0.5 cm, 27.5 cm, 50.5 cm, 130.5 cm and 144.5 cm) contained only
38—45 head capsules. Chironomid concentration was calculated as
head capsule abundance per gram dry sediment (HC g~! DW).
Chironomid accumulation rate in the sediment was calculated as
influx of head capsules per square centimeter per year
(HCcm 2 yr 1)

Chironomids were identified at 100—400x magnification with
a compound microscope and identification keys by Wiederholm
(1983) and Brooks et al. (2007). The Pseudodiamesa head capsules
were identified to specific level using the description in Ilyashuk
et al. (2010).

3.2. Numerical methods

All stratigraphic diagrams were produced with the software
TGView (Grimm, 2004) and the program C? v. 1.5 (Juggins, 2003).
Prior to all numerical analyses, the chironomid percentage data
were subjected to a square root transformation to stabilize vari-
ances among taxa.

3.2.1. Zonation

Chironomid zones were delimited with the technique of optimal
splitting by information content (Birks and Gordon, 1985), and
statistically significant zones were identified with the broken-stick
approach (Bennett, 1996), using the software package Psimpoll 4.10
(Bennett, 2002). This approach yielding the highest variance
reduction was taken to focus on long-term dynamics, as opposed to
the highly variable shorter-term dynamics.

3.2.2. Multivariate analyses

A preliminary detrended correspondence analysis (DCA) of the
chironomid data indicated a relatively short gradient along the first
DCA axis (2.147 SD units), suggesting that linear ordination
methods are appropriate for analyzing the data set. Principal
components analysis (PCA), as indirect ordination technique based
on Euclidean distances, was applied to the chironomid stratigraphy
in order to interpret and summarize the major patterns of variation
within the chironomid data. The statistical significance of the first
two PCA axes was assessed by comparison with the broken-stick
model (Legendre and Legendre, 1998). All ordinations were
accomplished with the program CANOCO 4.5 and plots were
created with CanoDraw 4.1 (ter Braak and Smilauer, 2002).

3.2.3. Palaeotemperature inference model and reconstruction

Amodern calibration data set from the Alpine region was used for
the temperature reconstruction from the SOS chironomid record.
The data set consists of subfossil chironomid assemblages in the
surface sediments of 100 lakes at altitudes from 409 to 2815 m a.s.l.
in the Swiss Alps, the Swiss Plateau, and the Jura Mountains (Heiri
et al., 2003; Heiri and Lotter, 2005, 2008; Bigler et al., 2006) and
describes the distribution of 96 chironomid taxa over a mean July air
temperature (Tjyly) gradient of 5.0—18.4 °C. Since SOS is close to the
lower limit of the temperature gradient in the Alpine chironomid-
temperature calibration data set, we tried carefully to select the
most reliable and appropriate model (i.e. the ‘minimal adequate
model’ sensu Crawley, 1993) based on the available data set.
According to Birks (1998) such a model should be as simple as
possible and it should contain no redundant parameters or
components. The leave-one-out cross-validation was used to eval-
uate the performance of developed transfer functions based on
weighted averaging (WA; Birks, 1995) and weighted averaging-
partial least squares regressions (WA-PLS; ter Braak and Juggins,
1993). A two-component WA-PLS model provided slightly better
performance statistics than simpler WA method. However,
comparison of the WA and WA-PLS chironomid-inferred Tjyy with
an instrumental temperature record covering the time interval
1760—2005 for the study site revealed that most instrumental
temperatures fall within the error bars of the WA inferred temper-
atures while the WA-PLS inferred temperatures were about three
degree overestimated. Therefore, the WA model was applied to the
chironomid record from SOS. This chironomid-temperature infer-
ence model based on WA with inverse deshrinking had a coefficient
of determination (%) of 0.83, a root mean square error of prediction
(RMSEP) of 1.56 °C, and a maximum bias of 1.52 °C as assessed by
leave-one-out cross-validation. Sample-specific prediction errors
(SSPEs) were estimated by Monte Carlo simulation (999 bootstrap
cycles) following Birks et al. (1990). The reconstructed values were
smoothed along time with a LOESS regression (Cleveland etal., 1993)
and a span of 0.05 to highlight the main temperature trends during
the Holocene. The reconstruction and all calculations were per-
formed with the program C? 1.5 (Juggins, 2003).

3.2.4. Reconstruction diagnostic statistics
The modern analogue technique with chi-square distance as the
dissimilarity coefficient was used to identify the similarity between
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each analyzed subfossil assemblage and the most similar subfossil
assemblage within the modern calibration data sets (Birks et al.,
1990). A cut level of the 2nd and 5th percentile of all chi-square
distances within the modern data was taken to identify samples
with no ‘close’ and no ‘good’ closest analogue in the modern cali-
bration data, respectively.

Goodness-of-fit statistics derived from a canonical correspon-
dence analysis (CCA) of the modern calibration data and down-core
passive samples with Tjyy as the sole constraining variable was
used to assess the fit of the analyzed down-core assemblages to
temperature (Birks et al., 1990; Birks, 1995, 1998). This method
allows an assessment of how unusual are the fossil assemblages in
respect to the composition of the training set samples along the
temperature gradient. Fossil samples with a residual distance to
the first CCA axis larger than the 90th and 95th percentile of the
residual distances of all the modern samples were identified as
samples with a ‘poor fit’ and a ‘very poor fit’ with Ty, respectively
(Birks et al., 1990). Furthermore, chironomid taxa in the down-core
record with a Hill’s N2 (Hill, 1973) below 5 in the calibration data
were considered to be rare in the modern data set (Heiri et al., 2003,
2007a). Chi-square distance and Hill'’s N2 values were calculated
with the program C? 1.5 (Juggins, 2003), and CCA was accomplished
with the program CANOCO 4.5 (ter Braak and Smilauer, 2002).

4. Results and interpretation
4.1. Contemporary communities

The depth transect is characterized by varying substrate from
slightly silted stones at 0.5—3.0 m depth to light silt at intermediate
depths and to black silt at the deepest area (16.5—17.5 m) of the lake
(Figs. 1 and 3). In addition, submerged macrophytes represented by
the aquatic moss Sphagnum form a dense mat as a narrow band at
the lower sublittoral (ca 9—10 m depth) in the northern part of the
lake. The moss phytomass is ca 150—200 g air-dry weight m~2. In
temperate regions, aquatic mosses forming the dominant
submerged vegetation in transparent softwater lakes are known
from the Austrian Alps (Pechlaner et al., 1972) and other mountain
areas (e.g., Light, 1975) as well as from northern lowland areas
(Toivonen and Huttunen, 1995; Ilyashuk, 2002), where they colo-
nize great depths although the lakes are ice-covered up to 8—10
months a year.

Analyses of the invertebrate samples showed that the benthic
invertebrates are represented by chironomid larvae (3 taxa) and
oligochaete worms (Annelida: Oligochaeta; 3 taxa). Only single
chironomid larvae of Micropsectra radialis were found at the black
silt of the deepest part of the lake, while the oligochaete Tubifex
tubifex, able to survive hypoxia (Volpers and Neumann, 2005),
dominates the invertebrate communities, reflecting unfavorable
oxygen conditions in sediment within this small part of the lake
bottom.

The distribution of the chironomid Corynoneura arctica in the
lake indicates that it dwells in the upper littoral (0.5—1.5 m depth)
with slightly silted stones, where its relative abundance reaches
100%, and inhabits also Sphagnum mats of the lower sublittoral
(9—10 m depth), reaching an abundance of 20%. Apparently, C.
arctica prefers periphyton habitats and is an important component
of epilithic communities within the stony littoral and epiphytic
communities within the submerged bryophytes of the sublittoral.
This species is widespread in the Alps where it prefers periphyton
habitats of slightly acid lakes (Boggero et al., 2006). It should be
mentioned that the Corynoneura remains were not recorded in the
surface sediment sample of the studied core retrieved from the
deepest part of the lake. Therefore, transport of chironomid
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Fig. 3. Structure and distribution of contemporary benthic macroinvertebrate
communities and oligochaete and chironomid assemblages along the depth transect in
SOS on 28 July 2008 (two weeks after the ice break). Plus sign denotes the presence of
head capsules on the surface of sediment (see text for details).

remains from shallower areas to the deepest part of the lake does
not seem to be a very active taphonomic process within SOS.

The chironomid M. radialis, the most abundant chironomid species
in the lake (80—100%), occurs across a wide bathymetric range among
soft detritus sediment, except in the upper stony littoral. Only one
larva (at 6.5 m depth) and one pupa (at 4 m depth) of Pseudodiamesa
nivosa was found in the zoobenthos samples, whereas a great number
of head capsules of this taxon was observed on the surface of soft
sediment in the samples from 4.0 to 17.5 m depth. Apparently, mass
emergence of P. nivosa started simultaneously with the beginning of
ice cover break-up, when the first cracks appear in the ice cover
through which the Pseudodiamesa adults are able to emerge
successfully (Oliver, 1968), and finished shortly after a complete
disappearance of ice cover in mid July.

M. radialis and P. nivosa often dominate together in lakes at
altitudes above 2000 m (Rieradevall et al., 1999; Tatosova and
Stuchlik, 2006). Both taxa are cold-adapted. However, it is known
that the genus Pseudodiamesa is more adapted to harsh physical
environments, including freezing and drying. For example, P. nivosa
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dominates usually in glacier-fed streams, and its distribution is
explained by temperature through 105 sites from Svalbard to the
French Pyrenees (Lods-Crozet et al., 2001). The larvae of Pseudo-
diamesa are able to complete their life cycle even if water
temperatures never exceed 2 °C (Milner et al., 2001). The adults of
Pseudodiamesa can emerge successfully through cracks in the ice
cover at the beginning of thawing (Oliver, 1968; Danks and Oliver,
1972), and copulate on the snow cover at subzero (-1 to —2 °C)
air temperatures (Hagvar and @stbye, 1973). M. radialis-type,
a common colonizer of northern and alpine lakes, has a more
widespread distribution in respect to temperature than Pseudo-
diamesa according to several lake training sets (Larocque et al.,
2001; Bigler et al., 2006; Heiri and Lotter, 2008) and, most likely,
is less cold-adapted than P. nivosa-type.

4.2. Subfossil chironomid assemblages

4.2.1. Down-core record
Chironomid concentrations varied from 13 to 1164 HC g~ ! of dry
sediment throughout the core. Twelve chironomid taxa were

identified in the sediment sequence, eight thereof have abundances
>2% in at least two samples. Rare taxa (abundance <2%) are Psec-
trocladius sordidellus-type, Diamesa, Paraphaenocladius, and Heter-
otrissocladius marcidus-type. The photographs of the most
abundant taxa are presented in Fig. 4.

The down-core changes in the chironomid record are
pronounced. Seven statistically significant zones were determined
in the chironomid stratigraphy (Fig. 5). The following qualitative
inferences are based on available knowledge about ecological
preferences of the dominant taxa.

Zone Ch-1 (159—155 cm; ca 10 200—10 000 cal yr BP) is domi-
nated by cold-adapted P. nivosa-type and M. radialis-type. The
chironomid concentration is low. This zone represents the pioneer
stage of the aquatic ecosystem when chironomid species began to
colonize the lake forming after deglaciation. Apparently, a rapid
climatic improvement after the Younger Dryas stadial caused the
melting of perennial ice and the topographic depression filled with
cold meltwater that formed this lake. It is likely that dead-ice has
remained in the lake and/or in the catchment during this period.
These conditions would have been particularly favorable for

Fig. 4. Photos of subfossil chironomid remains from SOS: A — Heterotrissocladius grimshawi-type; B, C — Pseudodiamesa nivosa-type; D — Micropsectra radialis-type; E — Zavrelimyia
type A; F, G, H — Corynoneura arctica-type; 1, ] — Procladius (Holotanypus). A — mentum and mandibles; B, G — mentum; C — premandibles and pecten epipharyngis; D, E, F — head
capsule, ventral view; H — strong net-like reticulation on head capsule; I — ligula and paraligulae; ] — thoracic horn of pupa.
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found in the Otztaler Alps at 3210 m a.s.l,, ca 25 km from SOS (Bonani et al., 1994).

P. nivosa-type, adapted to survive in glacier-fed streams and cold-
water lakes. Its presence in the bottom core layers likely reflects
cold conditions resulting from input of cold meltwater under
climate warming. Thus, the pioneer chironomid assemblages do
not reflect the warm air temperature that caused the deglaciation
but the cold aquatic environment resulting from meltwater input
from the snow fields and glaciers still present in the catchment.
Similar conditions were reconstructed in a lake in the Central Swiss
Alp for the Lateglacial deglaciation (Ilyashuk et al., 2009).

Zone Ch-2 (155—132 cm; ca 10 000—8600 cal yr BP) is charac-
terized by the disappearance of P. nivosa-type and a distinct
increase in M. radialis-type. This shift is accompanied by an increase
in the profundal taxa Procladius and Heterotrissocladius grimshawi-
type (Bretschko, 1974; Tatosova and Stuchlik, 2006), as well as by
the appearance of Zavrelimyia type A, a littoral dweller of high-
alpine lakes (Brooks et al., 2007), and an increase in the periphyton
inhabiting C. arctica-type. Sediment organic matter content and
chironomid influx increased during this period. The presence of
taxa commonly preferring warmer and shallow habitats implies an
increase in productivity of the lake, especially of its shallow zone,
which was apparently related to warm summers during this period.
Concentration of total phosphorus (P¢) of the sediments remained
low during the first half of this period but increased rapidly
thereafter, i.e. at ca 9200 cal yr BP. Despite high temperatures,
productivity of the lake ecosystem must have been strongly limited
by the low nutrient supply, especially before ca 9200 cal yr BP, as
indicated by low Py values (Fig. 5). The high proportion (up to 43%)

of facultative predators, i.e. Procladius and Zavrelimyia type A from
the subfamily Tanypodinae, which are located at the top of the food
web in benthic communities (Pinder, 1986), suggests rather
complex species interactions in the lake ecosystem during this
warm period.

Zone Ch-3 (132—119 cm; ca 8600—7900 cal yr BP) is distin-
guished by reappearance of P. nivosa-type and disappearance of the
more warm-adapted Zavrelimyia type A. The change in the
chironomid assemblages may be related to a cooling during this
period. The lower organic carbon (Cog) and total phosphorus (Pyot)
values of the sediments suggest a decrease in lake productivity.

Zone Ch-4 (119—70 cm; ca 7900—5200 cal yr BP) displays an
absolute dominance of M. radialis-type and an absence of P. nivosa-
type. This suggests that warmer climate prevailed during this long
time period. The highest chironomid influx in the zone may indicate
an increased overall productivity in the lake (Alm and Willassen,
1993), what is also reflected by high sediment organic matter content.

Zone Ch-5 (70—59 cm; ca 5200—4500 cal yr BP) is marked by
reappearance of P. nivosa-type in abundances of 2—6% throughout
most of the time. At the end of this period, its relative abundance
reached 28%. Influx of chironomid remains, Corg, and Pir Show
a tendency to decrease. All these changes suggest a gradual cooling
and a decrease in lake productivity during this period.

Zone Ch-6 (59—43 cm; ca 4500—3300 cal yr BP) reveals
a sudden change in the chironomid assemblages. P. nivosa-type
began again to dominate in the lake, whereas abundance of
M. radialis-type decreased. C. arctica-type became more common,
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often reaching abundances of 15—40%, and chironomid accumula-
tion rates decreased abruptly by about one order of magnitude.
These major changes in the chironomid assemblages suggest rapid
cooling while lower Co;g and Py values through this zone indicate
decreased lake productivity. Taking into account the habitat pref-
erences of extant chironomids in SOS, the shift from M. radialis-
type to C. arctica-type may be related to an extensive development
of the aquatic mosses at the bottom of the lake preferred by
C. arctica-type as habitat. An increase in water transparency, as
a response to decreased nutrient levels and plankton community
production during cooling, may have induced an increase in the
depth limit of the mosses and their extension to the deeper part of
the lake. A previous study at SOS (Koinig et al., 1998) has shown that
temperature change is the main driving force for pH shifts in the
lake. The supposed slow pH decline concomitant with the cooling
should be favorable for the expansion of acid-tolerant submerged
Sphagnum mosses (Raven, 1988) and the associated chironomid C.
arctica-type which prefers slightly acid lakes (Boggero et al., 2006).

Zone Ch-7 (43—0 cm; ca 3300—0 cal yr BP) is defined by the
predominance of only two chironomid taxa, P. nivosa-type and M.
radialis-type. Chironomid total accumulation rate remained low
almost during the whole period, except for the past century. Alto-
gether, this period was cold, but rather unstable. Apparently,
further climate deterioration apparently has led to cooler winters,
a longer duration of ice cover, and a decrease in light availability.
Thus, favorable conditions for mosses may have declined markedly
and C. arctica-type has disappeared from the record by the end of
this period, although as described above it is still present in the
shallow littoral part of the lake today. Abrupt changes in the relative
abundance P. nivosa-type and M. radialis-type indicate that
temperature oscillations of different magnitude and duration
occurred during the rest of the Holocene. For instance, the lowest
abundance of P nivosa-type (21—47%) occurred at «ca
3200—2500 cal yr BP and since the beginning of 20th century,
suggesting that these periods were warmer than when abundance
of this cold-stenothermic taxon was higher (50—93%).

4.2.2. Down-core ordination

The PCA ordination applied to the chironomid stratigraphy from
SOS provides a clear overview of environment preferences of the
taxa in the lake, which is quite extreme due to its high-altitude
location. The first PCA axis accounts for 73.2% of cumulative vari-
ation in the chironomid data, and the second for 11.5%. According to
comparisons with the broken-stick model, only the first axis
accounts for a significant amount of the variation. The PCA ordi-
nation (Fig. 6) reveals that the scores of the key species, P. nivosa-
type and M. radialis-type, occupy opposite extremes along the first
PCA axis; P. nivosa-type has the highest positive score on this axis
while M. radialis-type shows the lowest negative score. Changes in
the first axis scores clearly separate the assemblages dominated by
cold-stenothermic P. nivosa-type (Zones Ch-1, Ch-6 and Ch-7), from
all other assemblages (Fig. 6). Taking into account the species scores
and the distribution of the chironomid assemblages, the first PCA
axis is interpreted to mainly reflect a temperature gradient.
Although both taxa are regarded as cold-adapted, P. nivosa-type
and M. radialis-type reveal the opposite preferences along the first
PCA axis. However, from several existing lake training sets
(Larocque et al., 2001; Bigler et al., 2006; Heiri and Lotter, 2008) it is
well established that M. radialis-type has a more widespread
distribution in respect to temperature than the cold-stenothermic
P. nivosa-type, which even manages to copulate on the ice cover
(Hagvar and @stbye, 1973). Consequently, these two taxa are
separated in a remote high-altitude site like SOS where cold
temperatures are the norm and cold-adapted species compete
along highly and less severe cold temperatures.
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Fig. 6. Scatter plots of a principal components analysis (PCA) of the SOS chironomid
stratigraphy (SOS05-P1) showing the species scores (A) and the sample scores (B).

In respect of the second PCA axis, C. arctica-type associated with
periphyton habitats on the surface of stones and submerged
mosses in the lake, the facultative predators Procladius and Zavre-
limyia, and the profundal inhabitant H. grimshawi-type indicative of
oligotrophic well-oxygenated conditions are characterized by the
highest positive score, while M. radialis-type dwelling in soft
sediment has the lowest negative score. This suggests that changes
in the chironomid assemblages along the second PCA axis are
driven by different factors, which may be associated with climate
changes. This axis may integrate environmental driving forces such
as changes in substrate type, trophic conditions, oxygen availability,
and other possible factors influencing the composition of the
chironomid assemblages in the lake. The distribution pattern of
the chironomid assemblages along the second PCA axis reveals that
the assemblages of the transitional periods (Zones Ch-2 and Ch-6)
are located in the upper part of the ordination and consist of taxa
which likely profit from the shift in dominant species caused by
a rapid change in environmental conditions, whereas the assem-
blages formed at relatively stable environment and characterized
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by lower species richness are located in the lower part of the
ordination. Noticeably, P. nivosa-type tends to score near zero on
the second PCA axis, suggesting that factors other than temperature
played a minor role in its distribution in the lake through time.

4.3. Quantitative temperature reconstruction

4.3.1. Reconstruction diagnostic statistics

All subfossil taxa found in the SOS down-core samples are well
represented in the training set used to develop the applied
chironomid-temperature transfer function and no taxon in the
fossil record has been identified as rare in the modern data. All
samples have a ‘close’ analogue in the modern calibration data set
(Fig. 7). Goodness-of-fit statistics revealed, however, that only 3
samples have a ‘good’ fit, 19% of the samples have a ‘poor’ fit and
79% have a ‘very poor’ fit with temperature. These lack-of-fit
measures indicate that most fossil chironomid assemblages have
no strong modern analogues in terms of similar relative chironomid
abundances in the modern calibration set. Hence temperature
reconstructions from the SOS record may be rather problematic,
especially through the late-Holocene, which includes the samples
with particularly high residual distance to the first CCA axis with
Tjuly as the sole constraining variable, and individual temperature
estimates should be considered as tentative and interpreted with
caution. However, CCA goodness-of-fit measure does not sensu
stricto evaluate whether inferred values accurately reflect past
conditions and may not always give correct information on a reli-
ability. ‘Poor’ fit samples may provide accurate estimates while
‘good’ fit samples may not always provide correct results (Bigler
et al,, 2002; Velle et al., 2005).

We suppose that a smoothing technique, namely a LOESS
smoother, used usually to reduce random fluctuations in a data
series will provide a clearer view of the true underlying behavior of
the data and help to highlight temporal trends. Therefore our
interpretations focus mainly on the smoothed values, rather than
on inferences from individual data points.

4.3.2. Holocene July air temperature

The inference model provided the chironomid-based Tjyyy profile
shown in Fig. 5. The smoothed reconstruction indicates that Ty, was
between ca 4.0 and 85 °C over the Holocene. In Zone Ch-1
(10 200—10 000 cal yr BP), the inferred T,y rose rapidly from ca
4—7 °C. For the samples of Zone Ch-2 (10 000—8600 cal yr BP), the
model reconstructs the highest temperatures (ca 7.0—8.5 °C) of the
entire record, i.e. 3.0—4.5 °C above the modern value (mean Tjyy for
1977—-2006). Later, through Zone Ch-3 (8600—7900 cal yr BP), the
inferred Tjyy curve shows a decline to values of around 5 °C by the end
of the period. Within Zones Ch-4 and Ch-5 (7900—4500 cal yr BP), the
temperature persists near 6 °C. Zone Ch-6 (4500—3300 cal yr BP)
reveals a general decrease in Tj,ly by ca 2 °C. Through much of Zone Ch-
7 (3300 cal yr BP — present), Tjuy shows a nearly constant values of ca
4 °C, with an increase to ca 4.8 °C during the past century.

5. Discussion
5.1. Holocene climate variations
5.1.1. Early Holocene (ca 10 200—7900 cal yr BP)

The most notable feature of the Holocene climate at SOS is
a well-defined early-Holocene thermal maximum (HTM) between
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ca 10 000 and 8600 cal yr BP, when chironomid-inferred Tj,iy was
7.0—8.5 °C, i.e. up to ca 4.5 °C warmer than at present (mean value
for 1977—2006). The timing of the warming is not consistent with
recent climate model results and proxy records from the northern
Swiss Alps, which have revealed that the timing of HTM in most
parts of Europe falls approximately between 8 and 5 cal kyr BP
(Renssen et al., 2009). Though the HTM at the middle and high
latitudes of the Northern Hemisphere is generally associated with
the orbitally forced summer insolation maximum, in much of the
circum-Atlantic region, especially the mid latitudes, the HTM seems
to have been delayed by the presence of the Laurentide ice sheet
(LIS) in North America which has produced relatively cold surface-
ocean conditions extending in an eastern direction towards
western Europe (Renssen et al., 2009). There are a number of
records form the Northern and Western Alps directly influenced by
westerly winds which reveal similar temperatures through the
early and middle Holocene or indicate a later HTM than the SOS
record from the Eastern Alps (Heiri et al., 2003; Tinner and
Theurillat, 2003; Heiri and Lotter, 2005; Larocque-Tobler et al.,
2010). The Central Eastern Alps, however, are sheltered against
westerly winds by mountain ranges of the Northern and Western
Alps and characterized by a more continental climate. This may
explain why temperatures in the Central Eastern Alps were less
strongly affected by the early-Holocene cooling effect of the LIS and
more strongly affected by changes in insolation than the more
westerly part of the mountain chain. There is evidence that the
maximum elevation of the forest limit (formed by Pinus cembra and
Larix) in the Central and Southern Alps had already been reached
during the early Holocene, suggesting that the warmest conditions
since the beginning of the Holocene occurred ca 4000—5000 years
earlier than in the Northern Alps (Lotter et al., 2006 and references
therein). A chironomid record from the Central Swiss Alps (the
Engadin valley, ca 110 km west of SOS) implies also that during
most of the Preboreal Tjyy was above present-day values by ca 3 °C
(Ilyashuk et al., 2009).

The magnitude of the early-Holocene warming at SOS, however, is
not consistent with available treeline reconstructions in the Alps
(Tinner and Ammann, 2001; Tinner and Theurillat, 2003; Nicolussi
et al., 2005; Tinner, 2007), which reveal that the uppermost treeline
position during the Holocene was about 180 m higher than today,
indicating summer temperatures only about 0.8—1.2 °C higher than
today. However, it should be noted that the treeline studies have been
used for inferences of mean summer temperatures whereas our
chironomid-based reconstruction refers to mean July temperatures,
which are of course higher than average temperatures over summer.
Furthermore, the early Holocene, characterized by the highest
summer and the lowest winter solar radiation in the Northern
Hemisphere (Kutzbach and Gallimore, 1988; Laskar et al., 2004) was
a period of the greatest seasonal contrast with a prevalence of hot
summers and cold winters (Fig. 5). In the northern mid-latitudes
evaporation was at maximum and therefore moisture availability was
minimal (Kutzbach and Webb, 1993). This is supported by the early-
Holocene pollen-based climate inferences of Ortu et al. (2008) from
the SW Alps which exhibit the highest Tjuy, while January and annual
temperatures and annual precipitation were lowest. This period
coincides with glacier retreats in the Austrian, Swiss, and Italian Alps
indicative of dry conditions (Nicolussi and Patzelt, 2000; Hormes
et al., 2006; Joerin et al., 2006). There is also evidence from a 5'0
stalagmite record in NW Italy (Grotta di Ernesto, 1165 m a.s.l.) that dry
or dry-warm conditions prevailed during the early Holocene
(9200—7800 cal yr BP) in the south-eastern Alps (McDermott et al.,
1999). It is likely that these conditions may have impeded the
expansion of tree species with high air and soil moisture require-
ments and extreme sensitivity to late frost in spring. A few studies
(Lotter et al.,,2006; Wehrli et al., 2007) have shown that these climatic

conditions were favorable to thermophilic deciduous forests that
prevailed in the Swiss Alps through the early Holocene.

Although SOS was always well above treeline, which never
exceeded 2600 m a.s.l. even in the most favorable parts of the Alps
(Tinner, 2007), pollen data from the SOS sediment record also
reveal the highest concentration of long-distance transported
pollen of Corylus and Ulmus (up to 20 and 10%, respectively) during
this period (R. Drescher-Schneider, pers. communication), sug-
gesting that thermophilic deciduous trees and shrubs were abun-
dant at altitudes below 2800 m in the Otztaler Alps only through
the early Holocene. Similarly, quantitative pollen-based tempera-
ture inferences from three sites at altitudes 1920—2240 m a.s.l. in
the Italian south-western Alps revealed the highest Tjyy, i.e. 2—5 °C
higher than at present, in the early Holocene (Ortu et al., 2008)
(Fig. 8).

The warmth peak was followed by a marked cooling that began
after ca 9200 cal yr BP. This shift represents the most rapid cooling
phase registered in the whole core. Between ca 8250 and ca
8000 cal yr BP, the inferred Tj1y dropped by about 3 °C compared to
the HTM and indicated a Tjyy of ca 5 °C. This cold episode appears to
be related to the abrupt climatic event about 8200 cal yr BP when
a big outburst flood freshened the North Atlantic and widespread
climatic anomalies developed across much of the Northern Hemi-
sphere (Alley et al., 1997). A cooling period around 8200 cal yr BP
has been detected also in other parts of the Austrian Alps based on
sedimentological and biological proxies (Kofler et al., 2005;
Schmidt et al., 2006). The pollen assemblages from two lakes in
Switzerland and Germany also indicated a pronounced response of
terrestrial vegetation to the climate change at ca 8200 cal yr BP
(Tinner and Lotter, 2001). The climate shift to more humid and less
continental conditions has been accompanied by glacier advances
in the Eastern Alps (Nicolussi and Patzelt, 2001; Kerschner et al.,
2006; Ivy-Ochs et al., 2009). A maximum relative cooling by ca
3 °C at 8200 cal yr BP was inferred from stalagmite 880 records
from Katerloch Cave located in south-eastern Austria (Boch et al.,
2009). Other reconstructions from Central Europe (von
Grafenstein et al., 1998; Magny et al., 2001; Heiri et al., 2003;
Magny and Bégeot, 2004) showed a temperature depression for
the so-called ‘8.2-ka cold event’ of 1.0—2.5 °C compared to the HTM,
depending on the reconstruction method and location of the
temperature record. According to temperature inferences based on
3N isotope records from the GISPZ ice core (Kobashi et al., 2007)
and 5'80 records in the Agassiz and Renland ice cores (Vinther et al.,
2009), temperatures in Greenland cooled by 3—4 °C during the 8.2-
ka event.

5.1.2. Mid-Holocene (ca 7900—4500 cal yr BP)

During ca 7900—4500 cal yr BP, the average chironomid-infer-
red temperature was about 6 °C. It was a long stable and rather
warm period and the lake productivity, as reflected by high sedi-
ment organic matter content and the highest chironomid accu-
mulation rate, reached a maximum. As shown by pollen data,
thermophilic deciduous forests in the Alps had been replaced by
mesophilic silver fir-beech forests (Tinner and Lotter, 2001; Wehrli
et al,, 2007), suggesting lesser seasonal contrast and higher soil
moisture availability. It is known that it was a period with high
treeline position in the Alps (Tinner, 2007).

In spite of the fact that the smoothed chironomid-inferred
temperature curve fluctuated near 6 °C during this period and did
not reveal prominent changes before 4500 cal yr BP, a reappearance
of P. nivosa-type around ca 5200 cal yr BP, after its absence of ca
2500 years in the chironomid record, suggests a cooling (Fig. 5) and
concurs with a mid-Holocene climate reversal observed in the Alps.
The finding of a mummified prehistoric man (the Neolithic Iceman
‘Otzi’) dated to 5300—5050 cal yr BP in the Otztaler Alps at 3210 m
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a.s.l. (Bonani et al., 1994), ca 25 km from SOS, suggests that this
cooling was accompanied by a rapid glacier expansion, which was
responsible for the quick burial and preservation of the corpse by
permanent snow cover on a previously deglaciated area (Baroni
and Orombelli, 1996). A mid-Holocene climate reversal has been
also observed in various regions of the world (Magny et al., 2006).
There is strong evidence that the African Humid Period came to an
end around 5500 cal yr BP, and climate became very dry in North
Africa, responding to declining insolation and weakness of
monsoon winds (Foley et al., 2003; Kropelin et al., 2008). These
events correspond to the Hypsithermal—Neoglaciation transition
that may have been caused by variations in solar activity super-
imposed on variations in ocean and air circulation and suggest
inter-hemispheric linkages for climate variations (Magny and Haas,
2004). Thus, a mid-Holocene climate shift which may be related to
other climatic changes of global significance is clearly evident in the
chironomid record from SOS (Zone Ch-5).

5.1.3. Late Holocene (ca 4500—0 cal yr BP)

The SOS chironomid record suggests that a sudden climatic
change has occurred ca 4500 cal yr BP. Our reconstruction reveals
low productivity of the lake and a general decrease in Tjyy until
2500 cal yr BP by about 2 °C. Similarly, the chironomid-based
reconstructions from the Swiss Alps indicate a decrease in Tjuy
around 4000 cal yr BP (Heiri et al., 2003; Heiri and Lotter, 2005)
that was probably coupled to changes in summer and winter
insolation (Fig. 5). The global climate system experienced a drastic
reorganization during that time period. Megadroughts near
4200 cal yr BP were recorded at multiple mid-latitude and
subtropical sites of the Northern Hemisphere: in North America,
Europe, Africa, and Asia (Booth et al., 2005). Other proxy data from
the Alps reveal glacier advances and timberline depressions after ca
4500 cal yr BP related to the development of cooler, wetter and

more oceanic climate conditions in the region (Leeman and
Niessen, 1994; Haas et al., 1998; Tinner and Theurillat, 2003).

The inferred Tjyyy is on average ca4.5 °C for ca3200—2500 cal yr BP.
In the Alps, this interval was characterized by rather frequent changes
from cooler and more humid to warmer and drier conditions, and
vice versa, prolonged glacier advances became more frequent and
periods of recession were shorter (Ivy-Ochs et al., 2009). In the
subsequent period, since ca 2500 cal yr, the reconstructed Tjuy shows
nearly constantvalues of ca4 °C.The recent decades are marked by an
increase in Tjyy to ca 4.8 °C. The increasing influx of chironomid
remains since the last decades may also reflect an increase in lake
productivity in response to warmer summers, as interpreted else-
where (e.g., Alm and Willassen, 1993).

5.2. The early-Holocene thermal maximum: SOS versus other
‘early-warning sites’

Due to various positive-feedback mechanisms, climate changes
are amplified in polar (high-latitude) and alpine (high-altitude)
regions (ACIA, 2004; Parker et al., 2008). From a perspective of
climate change research, polar and alpine regions are often
considered to be so-called ‘early-warning sites’ (@rbak et al., 2004).
Simulations of temperature changes along the axis of the American
Cordillera, from Alaska to southern Chile, show that statistically
significant amplitudes of summer temperature changes with
elevation are especially large at latitudes between ca 35°N and
50°N, and suggest that mountain ranges that extend high into the
lower troposphere here are likely to experience significant
temperature alterations (Bradley et al., 2004). In the European Alps
instrumental measurements indicated a total irradiance increase
with altitude of ca 8% per 1000 m (Blumthaler et al., 1997) and it has
been shown that temperature anomalies and trends stand out more
clearly at higher elevation sites than in the adjacent lowlands
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(Beniston, 2005). It should be noted that the location of SOS (ca
47°N) is within the latitudinal range, for which the largest summer
temperature changes with elevation are modeled by Bradley et al.
(2004).

Global radiation measurements carried out with identical
instrumentation at a high-altitude station in the Swiss Alps (46°N;
3576 m a.s.l.) and at a high-latitude station in Alaska (64°N; 133 m
a.s.l.) show that the global radiation maxima in summer are similar
for the two sites (Ambach et al., 1991). Thus, polar regions and high-
altitude sites in the Alps with similar present-day air summer
temperatures may be characterized by a similar sun’s output in
summer and, most likely, insolation changes responsible for the
HTM affected the polar and alpine regions with a similar strength,
although in a different way, and therefore the HTM would have
been similar in the timing and magnitude in these regions.

Chironomid-inferred temperatures from SOS indicate a compa-
rable temperature development as the Holocene records from sites
in the Arctic where the HTM was forced primarily by insolation
changes and the effect of the Laurentide ice sheet on climatic
conditions was not significant. Recent chironomid-based Tyyy
reconstructions from lakes of Baffin Island, northeast Canada
(70°N), revealed a similar pronounced HTM between ca 10 000 and
85008000 cal yr BP with Tjyy ca 5 °C warmer than today, in line
with solar forcing (Briner et al., 2006; Axford et al., 2009a, 2009b).
The latest inferences of the Holocene temperature history in
Greenland (71-81°N) derived from the 3'30 records in the Agassiz
and Renland ice cores placed the HTM there between ca 10 000 and
7000 cal yr BP (Vinther et al., 2009). Chironomid-based records
from northern Iceland (65°N) suggest that temperatures were up to
2—2.5 °C warmer than present from ca 10 500—8500 cal yr BP
(Langdon et al, 2010). Temperature reconstructions from the
Russian Arctic also suggest a pronounced early-Holocene thermal
maximum (Velichko et al., 1997; MacDonald et al., 2000; Andreev
et al,, 2005). For example, the temperature inferences based on
pollen and chironomid records from a site in the Polar Urals (68°N)
showed the HTM at ca 10 500—8800 cal yr BP with Tjy ca 3—4 °C
warmer than today (Andreev et al., 2005). While the individual
records may have been somewhat varied when comparing
northern and high-altitude European sites, maximum early-Holo-
cene summer warmth reconstructed from chironomids and other
proxies seems to have been of a comparable magnitude for the
high-altitude Alps and Arctic regions (Fig. 8). Thus, the chironomid-
based temperature record from SOS corroborates other studies
revealing that the Holocene climate, particularly of polar and alpine
regions, is very sensitive to insolation forcing.

5.3. Reliability of the inferred Holocene temperatures

The reliability of inferences is a key question in any quantitative
proxy-based climate reconstruction. The temperature reconstruc-
tion presented here was carried out for a remote lake that is quite
extreme due to its high-altitude location. It is known that mountain
lake ecosystems are sensitive indicators (‘sentinels’) of environ-
mental changes as a result of their hydrochemical characteristics,
their relatively low diversity and their simple food webs (Adrian
et al.,, 2009). With increasing altitude, climate-related ecological
factors become dominant and, therefore, the effects of climate
change may be more pronounced compared to ecosystems of lower
altitude. On the other hand, it has been shown that alpine lakes in the
European Alps, unlike lowland lakes, have a thermal regime in which
their lake-water temperature in summer is indirectly linked to
altitude, and the relationship of lake-water temperature to ambient
air temperature weakens considerably on crossing a threshold alti-
tude of 2000 m (Livingstone et al., 2005). In the case of chironomids,
both lake-water and ambient air temperatures are physiologically

important in governing their life cycles and distribution (Oliver,
1971; Armitage, 1995). The primary climate effect on the aquatic
stages of chironomids (egg, larva, and pupa) in high-altitude lakes
may be mediated also by the timing of the ice cover period
(Livingstone et al., 1999), which may thus play a role in SOS.
Chironomid-based inferences from SOS in terms of the air temper-
ature may therefore have been affected by the indirect relation
between air and water temperature in high-elevation lakes. We
believe that an extension of the available data set from the Alpine
region by lakes from higher altitudes, the development of a transfer
function for summer water temperature and application to the
chironomid record from SOS and other remote high-mountain lakes
could provide more reliable Holocene summer temperature infer-
ences from these sites unaffected by direct human impact.

Our temperature reconstruction, however, contains common
imprints of climatic events in the region. Furthermore, the most
powerful means of model validation (of how reliable are the
results) is to compare the reconstructions against known instru-
mental environmental records (e.g., Birks, 1998; Velle et al., 2010).
Comparison of the chironomid-inferred T,y with an instrumental
meteorological record covering the time interval 1760—2005
reveals that most instrumental temperatures fall within the error
bars of the inferred temperatures (mean + SSPE) and 80% of the
inferences for this period had deviations from the instrumental
data below the RMSEP (Fig. 9). This suggests that long-term Holo-
cene temperature trends may be quite reliably reflected in the
temperature reconstruction. However, based on Fig. 9, the inferred
temperatures seem to be about one degree overestimated during
this period and, therefore, unsmoothed reconstructed tempera-
tures should be interpreted with caution.

Year AD

2 3 4 5 6 7
Mean July air temperature, °C

Fig. 9. Chironomid-inferred mean July air temperatures (solid circles) with the esti-
mated errors as horizontal error bars (SSPE) from the SOS record plotted versus the
meteorological data (open circles) at the region corrected for the altitude of SOS using
a lapse rate of 0.65 °C per 100 m (R. B6hm, pers. communication). The meteorological
data were modified by calculating mean temperatures for the time span covered by
each chironomid sample.
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One of potential problems within quantitative temperature
reconstructions is that biota responds to both climate change and
limnological processes. Here the increase in C. arctica-type ca
4500—3300 cal yr BP may actually be related to a development of
the aquatic mosses at the lake bottom instead not to temperature
changes (see Section 4.2.1, Zone Ch-6). Still, we consider this period
as a cooling. Actually, the cooling may be underestimated since C.
arctica-type has higher temperature optimum than other taxa
present in the lake in that time interval.

A critical point in our reconstruction is the rather stable late-
Holocene temperature reflected in the smoothed as well as the
unsmoothed Tjy curves throughout the past 2500 years (Fig. 5). The
remarkable cold events during this period, which are indicated by
changes in abundance of cold-stenothermic P. nivosa-type from 21
up to 93%, are not reflected in the inferred Tjyy curves. There are
several reasons of this phenomenon. First, the studied site with
amodern instrumental Ty 0f 4.1 °Cis beyond the lower limit of the
Tjuly gradient (5.0—18.4 °C) in the Swiss chironomid-temperature
calibration data set and the applied chironomid-temperature
inference model cannot reconstruct Tjyy cooler than 4 °C. Thus, the
chironomid-based reconstruction from SOS fails to track phases of
cooler climate in the past. A similar problem also occurred in
chironomid-based inferences of the late-Holocene climatic history
from the Canadian High Arctic (Axford et al., 2009b). Second, the SOS
assemblages with the high relative abundance of P. nivosa-type are
unusual in the training set (abundance of Pseudodiamesa reaches
50% only in one lake), and they have, therefore, a ‘very poor’ fit to Tjuy
(Fig. 7). A‘very poor fit to temperature may also be related to the low
species richness of this high-mountain lake, especially during the
late-Holocene, when only two taxa occurred mainly in the chiron-
omid record. Third, the two taxa present in the late-Holocene, P.
nivosa-type and M. radialis-type, are known to be differ in their
ecology and distribution along temperature gradients (see Sections
4.1 and 4.2.2). However, since the Swiss training set does not include
lakes characterized by a July air temperature lower than 5 °C, they
have almost identical temperature WA optima, 7.13 °C and 7.27 °C,
respectively. Therefore, any sample comprising only these two taxa
gives a similar value of reconstructed temperature irrespective of
which taxon is more abundant. Probably, including new lakes from
higher altitudes in the calibration data set could provide more
accurate estimations of temperature optima for P. nivosa-type and M.
radialis-type and allow inferring cooler temperature.

In addition, Velle et al. (2005, 2010) showed that Holocene
temperature inferences from single cores may not always be able to
provide a reliable regional temperature signal and should be
interpreted with caution. Therefore, in order to obtain a regional
picture of Holocene summer temperature change, chironomid-
based reconstructions from several sites and inferences from other
environmental proxies are needed. Combining different inferred
temperature series may reveal the major Holocene temperature
patterns.

6. Conclusions

This study provides a high-resolution Holocene sediment record
from a remote high-mountain lake, Schwarzsee ob Sélden, and
represents the first chironomid-derived palaeotemperature record
for the past 10 000 years from the Austrian Alps. At almost 2800 m
a.s.l, it is also the highest elevation from which temperatures were
reconstructed based on chironomid remains. The PCA ordination
suggests that the changes in the chironomid assemblages from this
extreme lake were mainly driven by the temperature gradient. A
chironomid-temperature transfer function from the Alpine region
was applied to the chironomid record. According to the smoothed
trend of the temperature inferences, the most significant climatic

events at the lake were the early-Holocene thermal maximum (HTM,
ca 10 000—8600 cal yr BP) with July air temperatures up to ca 4.5 °C
warmer than today, a strong gradual cooling after ca 9200 cal yr BP
with a minimum Tjyy ca 3 °C colder than during the HTM at
ca 8250—8000 cal yr BP, a long stable and warm mid-Holocene (ca
7900—4500 cal yr BP) with temperatures of ca6 °C, and a cooling of ca
2 °C during ca 4500—2500 cal yr BP. The Hypsithermal—Neoglacia-
tion transition at ca 5200—4500 cal yr BP is clearly visible in the
chironomid record as statistically significant chironomid zone Ch-5.
During the late-Holocene (2500—0 cal yr BP), actual mean July
temperatures at the lake may have been colder than reconstructed,
i.e. below 4 °C, as indicated by high abundances of P. nivosa-type. The
temperature inferences suggest a warming trend of ca 0.7 °C through
the late 20th century at this high-altitude site. Although there were
strong fluctuations in the relative abundance of the dominant
chironomid species, the last 2500 cal yr BP are the problematic part
for quantitative inferences because during this period the studied site
has been beyond the temperature range covered by the calibration
data set which formed the basis for the applied transfer function.

The climate conditions at Schwarzsee ob Sélden during the
Holocene seem to have been largely controlled by orbitally induced
insolation changes in the Northern Hemisphere (e.g., the early-
Holocene thermal maximum, the Hypsithermal—Neoglaciation
transition) and to a lesser extent by variations in the North Atlantic
atmospheric and ocean circulation (e.g., the 8.2-ka cold event).

Given that in the Alps the threshold separating the low-altitude
and high-altitude thermal regimes of lakes is located at 2000 m
a.s.l. during summer (Livingstone et al., 2005), further investiga-
tions are needed to gain a calibration data set consisting of high-
altitude lakes and to develop a chironomid-based transfer function
for summer water temperature. Application of such transfer func-
tion to chironomid records from high-altitude lakes, where the
main driving force for shifts in limnological variables and biota is
climate changes, could help to extract a more reliable regional
temperature signal.
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