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Abstract We analysed a 42 cm long sediment
record from Lej da la Tscheppa, a high-altitude
lake (2,616 m a.s.l.) in the Upper Engadine valley
(Switzerland) for subfossil diatoms, chironomids
and pollen. The chronology of the top 21 cm of
the record was established using ?'°Pb analysis
using a constant-rate-of-supply model, and vali-
dated with '*’Cs measurements and the content
of spheroidal carbonaceous particles. A tentative
chronology for the lower part of the core was
obtained through extrapolation of the sedimen-
tation rates in the uppermost part of the record.
Pollen assemblages in the record reflect regional
changes in forestation and land-use patterns in
the Upper Engadine valley and show no evidence
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of significant local human activity in the lake’s
catchment. Diatom assemblages record a distinct
increase in planktonic taxa since the early 19th
century, suggesting a decrease in the duration of
ice-cover. In contrast, chironomid assemblages
remained stable during a large part of the record.
We applied an established chironomid-based July
air temperature transfer function and a newly
developed diatom-based spring air temperature
transfer function to reconstruct past seasonal air
temperature changes at Lej da la Tscheppa. The
reconstructions indicate a diatom-inferred warm-
ing trend in spring temperatures during the past
ca. 400 years, whereas chironomid-inferred sum-
mer temperatures suggest a slight cooling trend.
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These biota-based reconstructions are in good
agreement with the centennial-scale temperature
trend in an independent reconstruction of regio-
nal temperatures in the Upper Engadine region
based on instrumental records and documentary
proxy evidence from the Alps. Our results suggest
that, in high-altitude lakes, independent chirono-
mid- and diatom-based seasonal temperature
reconstruction is possible and can be successfully
used to track seasonal temperature trends.

Keywords Alpine lake - Diatoms - Chironomids -
Pollen - Ice-cover - Seasonal temperature
reconstructions

Introduction

Lake sediments are amongst the few natural
archives for studying past environmental changes
available at high altitudes (Battarbee et al. 2002;
Lotter et al. 2002; Lotter and Birks 2003). The
remains of a number of aquatic organisms such as
diatoms, chironomids, chrysophytes, cladocerans,
or ostracods preserve well in lake sediments and
reflect past changes in assemblage composition.
Past changes in aquatic ecosystems can provide
important information about climatic variability,
especially for organism-groups which show a
strong present-day relationship to climatic param-
eters such as temperature (e.g. Lotter et al. 1999;
Heiri and Lotter 2005; Kamenik and Schmidt
2005; Barley et al. 2006; Woodward and Shulmei-
ster 20060). Quantitative temperature reconstruc-
tions based on the distribution of aquatic
organisms in modern calibration sets (e.g. Lotter
et al. 1997; Brooks and Birks 2000; Bigler and
Hall 2002) are now available from a range of
regions. They have been used to provide esti-
mates of temperature change associated with
major climatic shifts at the end of the last ice-
age (e.g. Brooks and Birks 2000; Lotter et al.
2000; Heiri and Millet 2005), with abrupt climatic
fluctuations during the early and mid-Holocene
(e.g. Heiri et al. 2004b; Schmidt et al. 2004a), and
with the long-term trends in Holocene climate
(e.g. Bigler et al. 2002; Larocque and Hall 2004).

An evaluation of such palaeoclimate recon-
structions by comparison with instrumental
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measurements is in many cases hampered by the
widespread pollution of lake ecosystems during
the industrial period, and by other human activ-
ities such as catchment clear-cutting and pastur-
ing (e.g. Wick et al. 2003). Local human activity
can lead to distinct and abrupt changes in lake
ecosystems and to artefacts in quantitative cli-
mate reconstructions based on subfossil aquatic
organisms. As a consequence, such climate recon-
structions are often considered unreliable if evi-
dence for past local human activity is encountered
(e.g. Heiri and Lotter 2003; Heiri et al. 2003a). In
contrast to European lowland lakes, human
influence on high-altitude lakes is less severe
(Miiller et al. 1998). Hence, such mountain lakes
provide the opportunity to compare past temper-
ature variability during the critical time-window
of the past ca. 500 years with independent high-
quality temperature reconstructions based on
instrumental records and historical evidence. In
addition, alpine lakes react sensitively to climatic
changes, because the amplitude of temperature
changes at high elevation sites is even more
pronounced than on a global scale (Beniston et al.
1997). This makes high-altitude lacustrine sedi-
ments ideal archives for environmental recon-
structions, providing the possibility of comparing
palaeoclimate reconstructions during the past
centuries with instrumental measurements or
historical records.

The aim of this study is to reconstruct the
environmental conditions of the past ca. 400 years
at a high-altitude lake situated above treeline (Lej
da la Tscheppa, 46°27° N, 9°45" E, 2,616 m a.s.L.).
Specifically, we explore whether diatoms and
chironomids in such high-altitude lakes can pro-
vide temperature reconstructions using quantita-
tive inference models and whether these
reconstructions are in agreement with recently
developed palaeotemperature reconstructions
based on observational data for this part of the
Alps (Casty et al. 2005). Since human activity has
proven to be one of the major complicating
factors in the application of temperature transfer
functions (Heiri and Lotter 2005), the study is
supplemented by high-resolution pollen analysis
in order to detect changes in the catchment
vegetation related to anthropogenic activity.
Our study site is located well above the treeline
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in the Upper Engadine region and is at present
largely unaffected by direct human impact.

A large number of palacoenvironmental recon-
structions are available from the Upper Engadine
region, including vegetation history (e.g. Zoller
and Brombacher 1984; Gobet et al. 2003, 2004),
sedimentology (Leemann and Niessen 1994,
Ohlendorf 1998), glaciology (e.g. Maisch et al.
2000), geomorphology (e.g. Castelli 2000; Koch
2003), and climatology (e.g. Gensler 1978). The
palaecolimnological studies from this region
mainly concentrated on human-induced eutrophi-
cation (Ziillig 1982; Ariztegui and Dobson 1996;
Lotter 2001) and the relationship between climate
and sedimentation processes (Ohlendorf et al.
1997). However, these studies were carried out in
the large lakes of the main valley of the Upper
Engadine at lower elevations, while the study of
the multitude of high-altitude lakes in the region
has only started recently.

Study area and site

Lej da la Tscheppa (46°27° N, 9°45” E) is a small
lake located at 2616 m a.s.l. in a steep southeast
facing slope north of Sils-Maria, Upper Engadine,
Switzerland (Fig. 1). It has a surface area of
7.96 ha, with a length of 400 m, a width of 290 m,
and a shore length of 1.15 km (Marrer 1975;
Klucker 1992). The lake was formed in a dead-ice
hole and reaches a maximal depth of 32 m
(Margreth 2006). The lake has a small outflow
to the south and at present it is mainly fed
through surface inflow (Klucker 1992).

The catchment (102 ha surface) consists mainly
of green granites (Castelli 2000). Calcareous
Mesozoic sediment intrusions are possible (Maisch
et al. 1999) and may explain the circumneutral

lake-water pH (Table 1). The lake is dammed by a
series of terminal moraines from the Pontresina
stadium (local equivalent to the Egesen stadium, or
Younger Dryas) of the Crasta-Tscheppa Glacier.
Until recently, a small remnant of the glacier was
situated ca. 700 m upslope of the lake. An intact
rock glacier still reaches down to ca. 100 m from
the lake shore (Koch 2003).

As consequence of its altitude, restricted
accessibility, and a catchment consisting of a
large proportion of bare rock, the land-use
possibilities in the area of Lej da la Tscheppa
are limited. The steep trail up to the lake is
usually only used by hikers or fishermen. Fish
have been introduced in Lej da la Tscheppa at
least since 1970. However, as there is evidence for
fish release in other high-Alpine lakes since the
end of the 15th century (Pechlaner 1966, 1984), an
earlier stocking of the Lej da la Tscheppa with
fish can not be excluded.

Due to its location in the Central Alps, the
Upper Engadine is characterised by a continental,
summer-dry climate including strong daily and
seasonal temperature fluctuations (Gensler 1978)
and relatively little precipitation (985 mm year ',
mean 1864-2004, Sils-Maria) (Begert et al. 2005).
Due to its high elevation, the meteorological
conditions prevailing at Lej da la Tscheppa are
extremely harsh. Mean temperatures lie below
0°C for about 6 months and snow and ice covers
the lake for a large part of the year (Swiss Federal
Institute for Snow and Avalanche Research 2004).
These conditions lead to an average ice-cover
duration from November to June (Klucker 1992).

The most abundant forest tree in the Upper
Engadine is larch (Larix decidua). Together with
Swiss stone pine (Pinus cembra) it forms a conifer
forest, which is typical for the Central Alps
(Ellenberg 1996). The present timber line in the
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Table 1 Major environmental variables of Lej da la Tscheppa according to Marrer (1975)%, Klucker (1992)°, and Bigler

et al. (2006)°

29.08.1975% 12.08.1992° 08.08.2002° 10.07.2004
Air temp (°C) 9.30 - 5.73 -
Water temp (°C) Epilimnion 72 - 10.2 7.1
Hypolimnion - - 6.6 -
Secchi depth (m) - 17.5 11.0 -
Conductivity (uS/cm) Epilimnion 31.2 - 35 38
Hypolimnion - - 40 -
DOC (mg C/) Epilimnion - - 0.7 -
Hypolimnion - 0.9 -
pH Epilimnion 7.65 7.0 6.9 6.9
Alkalinity (mmol/l) Epilimnion 0.43 0.40 0.44 -
Hypolimnion - 0.46 -
LOI (550°C) (%) - - 8 -
Total-nitrate (mg N/1) Epilimnion - <0.5 -
Hypolimnion - - <0.5 -
Total-phosphate (ng P/1) Epilimnion - - 7.6 -
Hypolimnion - - 11.1 -
Silica (mg H3SiO4/1) Epilimnion - - 9.2 -
Hypolimnion - - 9.5 -

Upper Engadine lies between 2,100 m a.s.l. and
2,250 m a.s.l. (Gobet et al. 2003), well below Lej
da la Tscheppa. The sparse vegetation surround-
ing the lake mainly belongs to the Salicetum
herbaceae plant community that is typical for
high-elevation silicate sites with short vegetation
period (Reisigl and Keller 1987; Grabherr and
Mucina 1993).

Until the end of the 19th century, the Upper
Engadine was only sparsely populated (3,000
inhabitants in 1850). But from the 1870s onwards
the expansion of summer and winter tourism
triggered a rapid economical and demographic
growth (Riidishiihli 2001). Today, about 17,000
inhabitants live in the Upper Engadine and
during the tourist season this number can reach
up to 100,000.

Materials and methods

In August 2002 a short core was taken in 25 m
depth using a UWITEC gravity corer. The
41.6 cm long sediment core was mainly composed
of silt and silty gyttja. *!°Pb and '¥’Cs were
analysed by gamma spectrometry following the
methods outlined by Appleby et al. (1986).

The core was sampled at 0.5 cm intervals.
Samples (0.5 cm’® wet sediment) for diatom
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analyses were treated with standard procedures
(Battarbee 1986), using HCl and H,0,, and
repeated washing in distilled water. Slides were
prepared using Naphrax®. To estimate the valve
concentration (valves cm™), microspheres were
added to the samples (Battarbee and Kneen
1982). Enumeration of diatoms was done using a
Leica DMR microscope at 1000x magnification
with phase contrast optics. Diatom taxonomy
largely followed Krammer and Lange-Bertalot
(1986-1999). With the exception of two samples
with very low diatom concentrations, a minimum
of 400 valves was counted in each sample.
Samples for chironomid analysis were im-
mersed in 5% KOH solution for 2 h and then
washed through a 100 pm sieve. Chironomid
remains were hand-picked under a stereo-
microscope (40x magnification) and mounted on
microscope slides in Euparal®. Chironomids were
identified under a microscope at 400x magnifica-
tion, mainly based on Wiederholm (1983),
Schmid (1993), Rieradevall and Brooks (2001),
Heiri et al. (2004a) and Brooks et al. (2007).
Calibration datasets for the development of
diatom- and chironomid-based inference models
were based on the analysis of surface sediments
from 64 and 114 lakes for diatoms and chirono-
mids, respectively (for more details about cali-
bration datasets see Lotter et al. 1997, 1998; Heiri



J Paleolimnol (2008) 39:283-299

287

and Lotter 2005; Bigler et al. 2006). Transfer
functions for calculating temperature estimates
were based on Weighted Averaging-Partial Least
Squares regression (WA-PLS; ter Braak and
Juggins 1993; ter Braak et al. 1993) and square-
root transformed percentage data, and were
calculated using the program C2 version 1.4
(Juggins 2003).

For pollen analysis one cm® of wet sediment
was used and Lycopodium tablets (Stockmarr
1971) were added for estimation of pollen con-
centration (pollen cm™). The standard chemical
procedure included treatment with HCl, KOH,
HF, acetolysis, staining with Fuchsine and mount-
ing in glycerol. Pollen grains were identified
under a light microscope at 400x magnification,
using the reference collection of the Institute of
Plant Sciences, University of Bern, and standard
determination keys (Punt and Clarke 1984;
Moore et al. 1991; Punt et al. 1995). Spheroidal
Carbonaceous Particles (SCP) were counted on
the pollen slides. Minimal pollen sums were 500
per sample. All percentages of pollen, spores,
algae, and SCP’s were calculated on the basis of a
pollen sum that includes tree, shrub and herb
pollen, but excludes pollen of aquatic plants.

Casty et al. (2005) reconstructed seasonal
(monthly) Alpine temperatures and precipitation
on a 0.5° by 0.5° grid (~60 x 60 km) back to AD
1500 (and AD 1659, respectively), using a large
number of temperature station data all over
Europe (and indices derived from documentary
evidence for the pre-instrumental period prior to
AD 1659). The reconstruction is based on a
principal component (PCA) regression approach,
where the predictand is the Alpine grid and the
predictors are the station or index data (for
details see Casty et al. 2005; data are available
at the NOAA WDC homepage, http://www.
ncdc.noaa.gov/paleo/pubs/casty2005/casty2005.
html). For comparison with our biotic records, we
selected the grid point at 46.25° N and 9.25° E
(£0.5°) that best represents the location of Lej da
la Tscheppa. However, temperatures in this
dataset are not corrected for the altitude of Lej
da la Tscheppa but represent an estimate for the
grid cell. Therefore, we compare only tempera-
ture trends and not the absolute temperature
values with our reconstructed temperatures from

Lej da al Tscheppa. The monthly temperature
data back to AD 1659 are seasonally averaged
(e.g. winter is the mean of December, January,
February and so forth).

Results
Dating

Dating of the Lej da la Tscheppa sediments was
based on 2!°Pb, ’Cs and the abundance of
SCP’s. Based on the *'°Pb measurements, we
calculated an age-depth relationship for the
uppermost 21 cm of the gravity core using the
Constant Rate of Supply (CRS) model (Binford
1990) (Fig. 2). This age-depth relationship was
validated by using the '*’Cs measurements and
the SCP curve (Appleby 1998, 2001; Rose 2001).
The SCP-peak at 3.75 cm depth, which in Swit-
zerland corresponds to the maximal fuel con-
sumption peak in AD 1973 (Swiss Federal Office
of Energy 2004) fits the lead-based CRS-model
very well and confirms the ?!°Pb-based age—depth
curve. The "¥’Cs curve, however, does not show
two clearly distinguishable peaks for the fallout
maxima from the nuclear weapon testing (AD
1963) and from the Chernobyl incident (AD
1986). Therefore the '*’Cs results have not
further been used for dating. In the absence of
other chronological information we extrapolated
the average sedimentation rate of the top 21 cm
of the gravity core beyond the range of *'°Pb
dating to provide a coarse age approximation for
the sediments down to 41 cm depth.
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Diatoms

Fragilaria and Cyclotella species dominate the
diatom assemblages from Lej da la Tscheppa,
which is typical for circumneutral Alpine lakes
(e.g. Lotter et al. 2002; Bigler et al. 2006). The
main feature in the diatom stratigraphy is a
gradual shift from a periphytic and Fragilaria
dominated phase to assemblages dominated by
Cyclotella comensis (Fig. 3). In the lower part of
the sediment core (ca. 23-41 cm) the diatom
assemblage is dominated by Fragilaria brevistriata
and Pinnularia microstauron var. microstauron.
However, other periphytic taxa such as Navicula
pupula var. pupula, Amphora inariensis or Den-
ticula tenuis are also important. Subsequently,
both Cyclotella radiosa and Denticula tenuis reach
high relative abundances and dominate the dia-
tom assemblage between 21 cm and 23 cm. The
remaining part of the diatom stratigraphy (above
21 cm) is largely dominated by Cyclotella comen-
sis, reaching relative abundances of 30-65%. The
total diatom concentration is very low between
ca. 6 and 30 cm sediment depth.

Chironomids

Chironomid assemblages in Lej da la Tscheppa
(Fig. 4) are dominated by taxa typical for Alpine
lakes such as Micropsectra radialis-type, Procla-
dius, Paracladius, Pseudodiamesa, Zavrelimyia
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Fig. 3 Biostratigraphical record of selected diatom taxa
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type A and Paratanytarsus austriacus-type (e.g.
Bretschko 1974; Guilizzoni et al. 1996; Heiri 2001;
Heiri and Lotter 2003; Heiri and Millet 2005). A
total of 30 pupal thoracic horns with a low length
to width ratio indicate that the Procladius spec-
imens found in the sediment core probably belong
to ‘Procladius tatrensis’ as described in Gowin
and Zavrel (1944) (Heiri et al. 2003b). The
diversity of chironomid assemblages was very
low as is typical for alpine lakes. Chironomid
assemblages in the lowest 25 cm of the core were
dominated by Micropsectra radialis-type and
Procladius. At ca. 14 cm depth the abundance
of a number of chironomid taxa including
Zavrelimyia A, Paratanytarsus austriacus-type,
Heterotrissocladius and Pseudodiamesa increases,
whereas the percentages of Micropsectra radialis-
type decrease. At 7 cm depth a second prominent
shift in chironomid assemblage composition is
registered, with a distinct increase in Pseudodia-
mesa and the disappearance of Procladius. The
top two samples are characterised by a reduction
of Pseudodiamesa and a distinct increase in
Paracladius. Total chironomid concentrations
are highest in the bottom part of the core,
showing distinct increases at 14 and 25 cm depth.

Pollen

The lowest part of the sediment core (below
29 cm depth) is characterised by a relatively high
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Fig. 4 Biostratigraphical record of selected chironomid taxa. Chironomid remains are indicated as percentages of the total
number of chironomid head capsules except where indicated otherwise

percentage of tree (>40%) and shrub (>30%)
pollen (Fig. 5). Picea and Pinus cembra type are
the most abundant tree pollen, whereas shrub
pollen is originating mainly from Alnus viridis
and Juniperus. Subsequently, the tree and shrub
pollen decrease gradually and are partly replaced
by herb pollen (mainly Poaceae). This trend is
reversed in the uppermost part of the core (above
10 cm) when tree and shrub pollen increase again.
The total pollen concentrations are low through-
out the core but increase below ca. 25 cm depth.

Temperature reconstructions based
on diatoms and chironomids

The use of diatoms as quantitative indicators for
temperature in other seasons than summer has
been examined in recent studies (e.g. Schmidt
et al. 2004b). In high latitude lakes, Sorvari et al.
(2002) report a high correlation of the composi-
tional structure of diatom assemblages to spring

temperatures. They suggest that this correlation is
mainly due to changes in the duration of the lake
ice-cover, as spring temperature is determining to
onset of ice break-up and length of snow cover in
high latitude regions. They therefore propose that
spring temperature reconstructions reflect the
ecology of remote high-latitude lakes better than
summer temperature reconstructions. Similarly,
in their study of a high-alpine lake Lotter and
Bigler (2000) showed that spring temperature
explained the highest amount of variance in the
diatom data, which they likewise attributed to the
duration of lake ice-cover. The ice cover duration
in the Engadine is strongly related to regional
spring air temperatures (Livingstone 1997). Based
on these studies, we use a diatom-spring temper-
ature transfer function for reconstructing past
temperatures from diatom assemblages at Lej da
la Tscheppa rather than a diatom summer tem-
perature transfer function as has been applied in
lakes in subarctic regions and in the subalpine
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Fig. 5 Biostratigraphical record of selected pollen taxa

elevation belt (e.g. Lotter et al. 1997; Bigler and
Hall 2002).

The diatom-inferred spring temperature recon-
struction implemented in this study is based on a
calibration dataset collected from 68 lakes in
Switzerland, France and northern Italy (Lotter
et al. 1997). After deletion of four outliers
according to Lotter et al. (1997), the final data-
set included 64 sites, covering a spring tempera-
ture gradient ranging from -1.7°C to 10.7°C. A
spring temperature inference model based on
two-component Weighted  Averaging-Partial
Least Squares (WA-PLS) regression and calibra-
tion was developed. The prediction ability of the
developed transfer function yielded a coefficient
of determination based on leave-one-out cross-
validation (7*) of 0.81 and a root mean square
error of prediction (RMSEP) of 1.59°C (Table 2).
All 52 diatom taxa recorded in the sediment core
of Lej da la Tscheppa were represented in the
calibration set.

The diatom-inferred spring temperature recon-
struction shows lowest temperature values
(around 0°C) in the lowest part of the sediment
core (Fig. 8). Throughout the 18th century, an
increase in spring temperature is inferred, reach-
ing a temperature value of 4°C at the beginning of
the 19th century. Subsequently, temperatures
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fluctuate between 1°C and 4°C, including some
cooler and warmer episodes during the 20th
century.

For the chironomid-based temperature recon-
struction a calibration set consisting of chirono-
mid assemblages from surface sediments of 114
lakes and corresponding July air temperature
estimates was available (Heiri and Lotter 2005;
Bigler et al. 2006). Based on these data, an initial
chironomid-temperature inference model using
two-component WA-PLS regression was devel-
oped and screened for outliers. Potential outliers
were identified as samples with a high prediction
residual. These samples were deleted if they were
either (1) associated with unusual hydrological
conditions (e.g. regular flooding by nearby rivers
or water diversion) (eight lakes), (2) distinctly
deeper and with a larger lake area and catchment
than most other calibration set lakes (two lakes
with maximum lake depth 36-85 m; 52-76 ha lake
area), (3) strongly influenced by running water
chironomid taxa (two lakes), or (4) showed high
negative prediction residuals and were strongly
affected by shading through high cliffs at the
southern side of the lake catchment (three lakes).
After outlier deletion, taxa with less than three
occurrences were removed from the data set. The
final, screened calibration set consisted of
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Table 2 Description of the calibration sets (after removal
of outliers) and performance of inference models
(r* = coefficient of determination, RMSE = root mean
square error, RMSEP = root mean square error of pre-
diction)

Diatoms Chironomids
Calibration set
Number of samples 64 99
Environmental variable Spring T July T
Min (°C) -1.9 5.0
Mean (°C) 5.0 122
Median (°C) 5.8 11.9
Max (°C) 10.7 184
Inference model
Model type WA-PLS  WA-PLS
Number of components 2 2
7 (apparent) 0.96 0.93
RMSE (apparent) (°C) 0.69 1.08
7? (jackknifed) 0.81 0.89
RMSEP (jackknifed) (°C) 1.59 1.36
Mean bias (jackknifed) (°C)  0.00 -0.07
Max bias (jackknifed) (°C) 1.49 1.30

chironomid assemblages from 99 lakes ranging
from mean July air temperatures of 5-18.4°C and
with a maximum lake depth of 2.2-49 m. This
dataset contained 94 chironomid taxa and pro-
duced a two-component WA-PLS inference
model with an /* of 0.89 and a RMSEP of
1.36°C (Table 2).

Chironomid taxa found in Lej da la Tscheppa
were all present in the chironomid-temperature
transfer-function. However, considerable doubt
exists whether the present-day abundances of
Procladius head capsules in the calibration set
assemblages provide a reasonable approximation
for the distribution of P. fatrensis-type in the Alps
(see Discussion). We, therefore, decided to cal-
culate chironomid-inferred July temperatures for
both chironomid assemblages including and
excluding Procladius for the Lej da la Tscheppa
record (Fig. 7).

The chironomid-based temperature recon-
struction based on the entire chironomid assem-
blages infers mean July air temperatures around
9.5°C in the lowest part of the sediment core.
Temperatures show a decreasing trend during
most of the record and inferred temperatures
reach ca. 8.5°C at 8.5 cm sediment depth (ca.
AD 1941). Between 8.5 cm and 6.5 cm depth

(AD 1941-1949), coeval with the disappearance
of Procladius head capsules from the record,
temperatures cool abruptly to ca. 7.3°C. This
cooling trend is continued in the uppermost part
of the sediment record and mean July air
temperatures of ca. 6.1°C are reconstructed in
the topmost sample in the Lej da la Tscheppa
record. If Procladius is excluded from the
chironomid assemblages the transfer-function
also reconstructs a decreasing temperature trend
for the Lej da la Tscheppa record. However, the
absolute decrease in inferred temperatures is
considerably smaller with temperatures around
7.7°C at ca. 40 cm depth and temperatures of ca.
7.3°C at 6.5 cm depth (AD 1949; Fig. 7). In the
uppermost sediment layers (<6.5 cm depth),
where Procladius is absent, inferred tempera-
tures using the two different approaches are
identical.

Discussion
The fossil records
Diatoms

The main change in diatom composition consists
of a shift from an assemblage dominated by
periphytic species (mainly Fragilaria brevistriata)
to a planktonic one (mainly Cyclotella comensis).
In several studies in arctic and alpine lakes, a high
proportion of periphyton to plankton has been
reported as indicative for long ice-cover (Smol
1988; Douglas and Smol 1999; Lotter and Bigler
2000; Koinig et al. 2002; Karst-Riddoch et al.
2005). Winter and spring ice-cover is one of the
most relevant factors in high-altitude lakes influ-
encing the life-cycle of organisms (Gabathuler
1999), as it decouples the lake water from
atmospheric processes and has a strong effect on
the light regime (Gray and Male 1981). Changes
in the ice-cover duration in other Upper Enga-
dine lakes are mainly controlled by spring air
temperatures (Livingstone 1997). In Lej da la
Tscheppa, the shift from periphyton- to plankton-
dominated assemblages would thus suggest a
decrease in ice-cover length and an increase in
spring air temperatures.
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The increase in planktonic diatoms takes place
rather gradually between ca. 20 cm and 26 cm
sediment depth. This suggests an increase in
spring air temperatures between ca. AD 1750
and 1800. The strongest change in diatom assem-
blages takes place at the end of this transition
with a strong increase in Cyclotella comensis, a
diatom which only occurred in low abundances in
Lej da la Tscheppa before AD 1750.

In arctic and alpine lakes, the in-lake produc-
tivity and nutrient concentrations tend to increase
with rising water temperatures (e.g. Douglas and
Smol 1999). Surprisingly, total diatom concentra-
tion in Lej da la Tscheppa shows a decreasing
trend when temperatures are increasing, with the
exception of the uppermost few centimetres. A
possible explanation is that warmer temperatures
may have caused melting of glaciers in the
catchment of Lej da la Tscheppa, which increased
erosional input and sedimentation rates, leading
to a dilution of the diatom record. A concomitant
decrease in the concentration of chironomid
head-capsules and pollen supports the idea that
there is a change in the sedimentation rate at a
depth of ca. 25 cm. However, while the diatom
concentration increases again in the uppermost
sediments, pollen and chironomid concentrations
do not show a similar trend.

Chironomids

Interestingly, the major changes in the chirono-
mid profile from Lej da la Tscheppa do not
coincide with the shift to planktonic diatom
assemblages. In the period before ca. AD 1920
chironomid assemblages are very stable in the
sediment record. The first major shift in the
chironomids takes place at ca. AD 1910. This is
followed ca. 30 years later by the abrupt disap-
pearance of Procladius from the lake and an
increase in Pseudodiamesa, and in the most recent
sediments by an increase in Paracladius. A strong
relationship between chironomid assemblage
composition and mean July air or water temper-
atures has been reported from a number of arctic,
subarctic, and temperate regions (e.g. Lotter et al.
1997; Brooks and Birks 2001; Larocque et al.
2001; Porinchu et al. 2002). The relationship
between temperature and the chironomid fauna
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in high-altitude lakes still remains to be studied in
more detail. However, based on the present
knowledge it seems probable that if the chiron-
omid changes in the uppermost sediment layers
are related to climatic change, they would reflect
changes in absolute summer temperatures rather
than shifts in spring temperatures and ice-cover
duration as has been described for diatoms. One
of the most conspicuous changes in the chirono-
mid record is the disappearance of Procladius
around AD 1950. The relative large and motile
Procladius larvae have been reported to be a
main food item for salmonids in a lake in the
French Alps (Serra-Tosio 1978). In a high-
altitude lake from the Northern Swiss Alps, the
absence of Procladius head capsules in the youn-
gest part of a 9,000 year chironomid record was
explained as possibly being the consequence of
fish introduction (Heiri and Lotter 2003). In Lej
da la Tscheppa salmonids have been introduced
at least since AD 1974. However, it is likely that
the stocking of the lake with fish began signifi-
cantly earlier. In other high-altitude lakes in
Switzerland the earliest documented introduction
of salmonids has been reported from ca. AD 1900
(Grimas and Nilsson 1962) although -earlier
undocumented introductions are possible in the
Alpine region (Pechlaner 1966, 1984). Abrupt
decreases in Procladius have also been reported
as a consequence of reduced oxygen availability
to benthic organisms in a stratified lake (Heiri
and Lotter 2003). However, in this study de-
creases in Procladius were accompanied by
abrupt reductions in the overall concentration of
chironomid remains and by lower abundances of
other profundal-inhabiting chironomid taxa. In
Lej da la Tscheppa, chironomid concentrations
stay stable in the upper ~10 cm of the record and
the disappearance of Procladius is not associated
with major changes in other chironomids. Hence,
the most likely explanation for the disappearance
of Procladius from the record at ca. 1950 AD
seems the introduction of fish into the lake.
Fossil thoracic horns in the record and origi-
nating from Procladius pupal exuviae indicate
that the Procladius head capsules found in Lej da
la Tscheppa belong to Procladius ‘tatrensis’ as
described in Gowin and Zavrel (1944) (Fig. 4).
This Procladius species has rarely been reported
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in modern material. The specimens described by
Gowin and Zavrel (1944) were collected in 1933
and 1939 in the high Tatra Mountains (former
Czechoslovakia) and a pupa with an almost
identical thoracic horn has been collected in
1934 in East Greenland by Andersen (1937). In
the Alps thoracic horns of Procladius tatrensis-
type have been found in a number of fossil
records (see Heiri et al. 2003b). However, in
surface sediment samples the species has not yet
been reported from the region. In total 71 lake
surface sediments from the Alps have been
screened for Procladius pupal remains (O. Heiri,
unpublished data). In these samples that cover
the entire temperature gradient along which
Procladius is present in the Swiss Alps, all 16
isolated Procladius thoracic horns did not belong
to P. tatrensis-type. It therefore seems that this
species is presently rare in Alpine lakes and that
the distribution of Procladius in the available
surface sediment dataset may not adequately
reflect the ecology of Procladius ‘tatrensis’-type
in the Alps.

Pollen

The pollen record from Lej da la Tscheppa is
strongly affected by long-distance pollen trans-
port from vegetation occurring at lower altitudes
(>300 m lower). The main change in the pollen
record is a decrease of tree and shrub pollen in
favour of non-arboreal pollen types (NAP). The
majority of NAP pollen are cultural indicators
(Cannabis sativa-type, Urtica, Plantago lanceola-
ta-type, Rumex) or indicative of open landscapes
(e.g. Poacea and Cyperaceae). Under natural,
undisturbed conditions an increase in NAP pollen
in Alpine pollen records is generally interpreted
as a climate-related decrease in treeline altitude
leading to a longer distance between the source of
arboreal pollen and the study site (e.g. Heiri et al.
2004b; Tinner and Kaltenrieder 2005). However,
the vegetation in the Upper Engadine has been
strongly affected by local human activity since at
least the Medieval times (Gobet et al. 2003). In
such a cultural landscape an opening of the local
vegetation can also be the consequence of shifts
in anthropogenic land-use due to socio-economic
reasons (e.g. Tinner et al. 2003).

The NAP curve shows a distinct increase in the
lower part of the core that occurs at approxi-
mately the same time as the diatom-inferred
spring air temperature increase at end of the 18th
century (Fig. 6). However, the trend to more
open landscapes in the NAP curve is already
apparent before temperatures increase. Local
human activity in the Alps can also be affected
by a range of factors unrelated or indirectly
related to climate and hence any straightforward
relationship between the pollen assemblages and
spring temperatures may have been masked.
However, it is possible that increased spring
temperatures at the end of the 18th century led
to intensified pasturing in the Upper Engadine
and, as a consequence, to the increase in the NAP
curve.

The most recent increase in arboreal pollen
(AP) is most likely related to modern reforesta-
tion policy and the reduction of pasturing in the
region rather than to any climatic influence on
regional land-use. While the regional pollen
signal exhibits a distinct trend, the pollen types
reflecting the local, high-altitude vegetation show
comparatively few changes. The abundance of
pollen types of several grazing indicators such as
Poaceae, Urtica, Rumex and Plantago show an
increase between ca. 5 and 30 cm sediment depth.
However, this is most likely an effect of calculat-
ing percentage values and related to the lower
input of AP during this period. Furthermore,
none of these grazing indicators show percentage
abundances of >10% that have been reported for
Alpine lakes with intense pasturing in the lake
catchment (Hausmann et al. 2002; Wick et al.
2003). Hence the pollen record suggests that
human activity in the catchment of Lej da la
Tscheppa has remained low throughout the past
~400 years.

Temperature reconstructions

There is a distinct difference in the timing of
assemblage changes in the diatom and the chi-
ronomid record. Assuming that diatoms of Lej da
la Tscheppa are largely reflecting spring temper-
ature changes and chironomids are mainly
responding to summer temperature variability,
this suggests that reconstructions of different
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Fig. 6 Percentage curves of non-arboreal pollen (NAP)
and planktonic diatoms, and relative spring air tempera-
ture reconstructed from observational and historical data

seasonal temperature trends may be inferred
from the sediment sequence. If the diatom-
inferred spring air temperatures are compared
with the regional spring temperature reconstruc-
tion based on observational data (Casty et al.
2005), a similar trend is apparent between the two
records (Fig. 8). In the reconstruction of Casty
et al. (2005) there is a clear warming trend in
spring temperatures at the end of the 18th century
for the grid cell representing the area around Lej
da la Tscheppa. Before ca. AD 1750 the recon-
struction indicates relatively cool spring temper-
atures, whereas generally warmer temperatures
are reconstructed after 1750 AD. Despite the
uncertainties associated with the diatom-based
reconstruction (e.g. relatively large model predic-
tion errors, uncertain chronology and coarse
sampling resolution) both diatom inferred values
and the reconstruction based on observational
data show similar trends. Both indicate that
temperatures drop slightly in the late 19th and
early 20th century, before a second phase of
warmer temperatures is recorded around AD
1950. This second warm phase is longer in the
diatom reconstruction, reaching from ca. AD
1920 to 1980 (Fig. 8). However, inferred mean
spring air temperature using diatoms at Lej da la
Tscheppa, especially the warming that starts at ca.
AD 1750, show almost twice as large amplitudes
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(Thin line: relative spring air temperature, bold line:
LOESS smoothed; Cleveland and Devlin 1988; span 0.12)
(Casty et al. 2005)

as the temperature trends in the observational
data. The generally good agreement between the
records supports our interpretation that changes
in diatom assemblages in the lake were largely
driven by changes in spring temperature and ice-
cover duration, and indicate that, as previously
suggested by Sorvari et al. (2002), calibration of
diatom transfer-functions against spring temper-
ature may be more appropriate in alpine and
arctic environments than the calibration against
summer temperature.

In contrast with both available spring temper-
ature reconstructions, the centennial-scale trend
in summer temperature as inferred by instrumen-
tal and observational data shows a slight decrease
over the studied period (Casty et al. 2005). A
decline in July air temperatures is also recorded
in the chironomid-inferred temperatures (Figs. 7,
8), both in the reconstruction based on the full
chironomid assemblages, and in the reconstruc-
tion in which Procladius head capsules have been
excluded. The decreasing trend in the chirono-
mid-based reconstruction using the entire assem-
blages is more pronounced and is strongly
influenced by the disappearance of Procladius
from the record at ca. 8 cm sediment depth
(Fig. 7), which leads to a ca. 2.5°C decrease in
inferred temperatures in the upper part of the
record. A distinct decline in July temperatures is
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Fig. 7 Chironomid inferred mean July air temperatures
for the Lej da la Tscheppa record if Procladius tatrensis-
type is treated as equivalent to Procladius in the
chironomid temperature transfer function (upper panel,
dashed line) and if Procladius is excluded from the
reconstruction (upper panel, solid line). The lower panel
indicates the percentage abundance of Procladius in the
Lej da la Tscheppa record

Fig. 8 Diatom-inferred
spring air temperatures
and chironomid-inferred
summer air temperatures
from Lej da la Tscheppa
compared with spring and
summer air temperatures
reconstructed from
observational and
historical data (Casty

et al. 2005). The diatom
and chironomid records
are smoothed with a 3-
sample moving average
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also apparent in the youngest part of the recon-
struction in which Procladius has been excluded.
However, temperatures only cool by ca. 1.5°C,
which seems a more realistic value, and the
reconstruction agrees better with inferred tem-
peratures for the Lej da la Tscheppa region based
on instrumental and historical records (Fig. 8).
The chironomid-based and the historical and
instrumental reconstruction show a reasonably
good agreement until ca. AD 1980. The most
recent warming trend in the instrumental and
historical reconstruction, however, is not re-
corded by the chironomids. The explanation for
this discrepancy will have to remain speculative.
However, possibly it is related to the disappear-
ance of the small glacier in the lake catchment
during the past decade, which may have affected
the hydrology of the lake and possibly influenced
the aquatic ecosystem, leading to the distinct
changes in chironomid assemblages in the youn-
gest part of the sediment record (Fig. 4).

Diatom-inferred spring
air temperature (°C)

and the Casty et al. (2005)
reconstructions with a
LOESS smoother
(Cleveland and Devlin
1988; span 0.12). The
values inferred by Casty
et al. (2005) for the 0.5°
latitude/longitude grid
cell best representing the
geographical location of
Lej da la Tscheppa are
shown and, since they
represent relative
temperature changes,
these records have been
centered to 0°C mean

1600
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n

Chironomid-inferred July
air temperature (°C)

Relative summer air temperature
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Summary and conclusions

A 42 cm sediment core from Lej da la Tscheppa,
reflecting the past ca. 400 years of sedimentation,
has been analysed for subfossil pollen, diatom and
chironomid assemblages. The pollen record re-
flects regional changes in forest cover and land-
use in the Upper Engadine valley and shows no
evidence of significant local human activity at the
lake. The diatom record is mainly influenced by a
shift from benthic to planktonic diatom taxa, an
ecological signal that in high-altitude lakes is
generally interpreted as a decrease in the dura-
tion of winter and spring ice-cover. Interestingly,
diatom and chironomid assemblages showed a
different timing and pattern of assemblage
changes which suggest that they reacted to
different environmental signals. In the Upper
Engadine area, lake ice-cover duration is strongly
influenced by spring temperatures. We used a
diatom-based spring air temperature transfer-
function to reconstruct past spring temperatures
at Lej da la Tscheppa, whereas chironomids were
used to reconstruct past changes in July air
temperature at the lake. Both reconstructions
show a good agreement with the centennial to
decadal scale trends in the available temperature
reconstruction based on instrumental and histor-
ical records although in the case of the chirono-
mids this is only true if Procladius is eliminated
from the chironomid assemblages before the
application of the transfer-function. The ampli-
tude of temperature changes in the diatom- and
chironomid-based temperature reconstructions
was higher than in the reconstruction based on
instrumental and historical records. At present
the reasons for this discrepancy can not be
resolved although possibly some of the local
geographical differences in the synoptic temper-
ature reconstruction by Casty et al (2005) are
smoothed out in a 0.5° by 0.5° grid. Perhaps the
most significant finding of our study is that
chironomid and diatom assemblages in Lej da la
Tscheppa are reacting to different seasonal com-
ponents of past temperature change, with diatoms
reflecting past ice-cover duration and chirono-
mids temperatures during the open-water season.
Although this still needs further confirmation, our
results suggest that in high-altitude lakes, such as
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Lej da la Tscheppa, largely independent recon-
structions of seasonal temperature trends may be
possible by combining chironomid and diatom
analysis.
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