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Abstract. Surface sediments from 30 mountain lakes in 
south-eastern Switzerland (Engadine, Grisons) were ana-
lysed for subfossil diatom, chironomid, and cladoceran 
assemblages. Ordination techniques were used to identify 
relevant physical and chemical environmental parameters 
that best explain the distribution of these biota in the stud-
ied lakes. Diatom assemblage composition showed a 
strong relationship with physical (e.g., lake depth, tem-
perature, organic content of surface sediments) and chemi-
cal variables (e.g., lake-water pH, alkalinity, silica concen-
tration). The greatest variance in chironomid and 
cladoceran assemblages is explained by dissolved organic 
carbon (DOC) content of lake water, temperature, and the 
organic content of surface sediments, all parameters which 

are highly correlated with lake elevation. Increasing lake 
depth is refl ected in diatom and cladoceran assemblages 
by higher percentages of planktonic species, whereas chi-
ronomid assemblages in the deep Engadine lakes are char-
acterised by a high proportion of lotic taxa. In contrast to 
similar studies in the Northern and Southern Alps, subfos-
sil assemblages in the Engadine mountain lakes showed a 
strong relationship with DOC, which in these weakly buff-
ered lakes is negatively correlated with altitude. According 
to our fi ndings, chironomid and cladocera remains have a 
considerable potential as quantitative palaeotemperature 
indicators in the Engadine area. This potential is somewhat 
weaker for diatoms which seem to be more strongly infl u-
enced by water chemistry and lake bathymetry.

* Corresponding author phone: +46 90 786 97 29; 
fax: +46 90 786 67 05; e-mail: christian.bigler@emg.umu.se
Published Online First: May 17, 2006

Key words. Diatoms; chironomids; cladocera; mountain lakes; water chemistry; Engadine.

Introduction

Alpine and arctic lakes are increasingly affected by 
changing climatic and environmental conditions (Doug-
las et al., 1994; Saros et al., 2003; Smol et al., 2005). 

As a direct consequence of the global warming trend, 
an increase in lake-water temperatures and reduction of 
ice-cover duration is occurring, as both lake-water tem-
peratures and the spring ice break-up dates are related to 
ambient air temperatures (Livingstone, 1997; Living-
stone and Lotter, 1998). Furthermore, these lakes are in-
fl uenced by indirect effects of increasing temperature, 
such as reduced snow cover in the catchment, increasing 
weathering rates, and increasing erosion (Sommaruga-
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Wögrath et al., 1997). Moreover, airborne pollution (e.g., 
Wolfe et al., 2001) and other human-induced changes 
such as altered land-use patterns may be superimposed 
on climatic changes (Heiri and Lotter, 2003). In their 
combination, it is expected that these factors will exert a 
considerable infl uence on the physical and chemical 
structure of alpine and arctic lake ecosystems, and will 
act as substantial stressors to aquatic biota in these re-
gions (Hinder et al., 1999; Rautio et al., 2000). However, 
due to the remote location of many arctic and alpine lakes 
and associated logistic constraints, it is often diffi cult to 
document biotic and abiotic changes on a regular moni-
toring basis (e.g., Battarbee et al., 2002).

Palaeolimnological techniques offer the unique op-
portunity to assess the lake response to historical envi-
ronmental change and impacts of human activity (Ander-
son and Battarbee, 1994; Smol, 2002). Both abiotic and 
biotic proxy-indicators of past environmental conditions 
are preserved in lake sediments and can be analysed to 
reconstruct past climatic variability (Lotter et al., 1997; 
Bigler et al., 2002), chemical conditions (Renberg et al., 
1993; Lotter, 1998; Lotter et al., 1998) and biotic assem-
blages in lakes (Uutula and Smol, 1996; Heiri et al., 
2003). The interpretation of fossil assemblages, however, 
requires detailed knowledge on the modern occurrence of 
organisms and the relation of environmental gradients 
related to that distribution. A lack of ecological under-
standing of aquatic biota may cause considerable diffi -
culties when interpreting fossil records in alpine and 
arctic areas. These alpine and arctic environments are 
those most important to understand, because they are 
particularly sensitive to global change (IPCC, 2001). 
There is a clear need for information on how climate 
changes have affected these regions in the past and on 
how alpine and arctic ecosystems are responding to 
changing environments.

The Engadine is an alpine valley situated in the east-
ern Swiss Alps, that has been the focus of a number of 
palaeoenvironmental studies to reconstruct the history of 
human-induced nutrient enrichment (Züllig, 1982; Ariz-
tegui and Dobson, 1996; Ariztegui et al., 1996; Lotter, 
2001), glacial activity (e.g., Leemann and Niessen, 1994; 
Maisch et al., 2000), vegetation history (e.g., Gobet et al., 
2003; Gobet, 2004) and to examine the relationships be-
tween sedimentation processes and climate (Ohlendorf et 
al., 1997). However, these studies were carried out in the 
large lakes situated at the bottom of the Engadine Valley, 
whereas alpine lakes around the treeline ecotone, which 
have been shown to be well suited for organism-based 
environmental reconstruction (Lotter and Bigler, 2000; 
Hausmann et al., 2002; Lotter et al., 2002; Heiri et al., 
2003) remain largely unexplored. A fi rst step to explore 
these lakes as palaeolimnological archives is to investi-
gate their limnological characteristics and the distribu-
tion of lacustrine biota. Whereas such extensive survey 

data of small alpine lakes are available in the northern 
and southern Swiss Alps (Lotter et al., 1997; Lotter et al., 
1998; Marchetto, 1998; Müller et al., 1998), they are 
largely missing from the eastern and central parts of the 
Swiss Alps.

In the following, we present a survey of lacustrine 
biota in the Engadine area. Subfossil assemblages of chi-
ronomids, cladocerans and diatoms in the surface sedi-
ment of 30 lakes ranging in elevation from 962 to 2815 m 
a.s.l. were analysed to assess the taxonomic composition 
of extant assemblages in subalpine and alpine lakes and 
to assess the distribution of these organisms with respect 
to major limnological and climatic parameters, which 
have been reported to have a strong infl uence on aquatic 
biota in the Swiss Alps (Lotter et al., 1997; Lotter et al., 
1998). The study of subfossil material, however, puts 
some constraints on the achievable taxonomic resolution 
of the analyses. Nevertheless, fossil assemblages in sur-
face sediment samples have the advantage of integrating 
biotic remains from the entire lake basin and over a 
number of years (Frey, 1988). They therefore provide a 
more comprehensive picture of the extant lacustrine fl ora 
and fauna than would otherwise be attainable except by 
intensive monitoring programs. Furthermore, surface 
sediment assemblages are directly comparable with the 
fossil record, an obvious advantage if the modern distri-
bution of aquatic organisms is to be used to interpret 
palaeolimnological records. We concentrate on diatoms, 
chironomids and cladocerans as all of these organisms 
are diverse (Stoermer and Smol, 1999; Korhola and Rau-
tio, 2001; Brooks, 2003), sensitive to limnological and 
climatic conditions (Lotter et al., 1997; Lotter et al., 
1998) and represent different compartments of lake eco-
systems (Frey, 1988). Furthermore, the remains of these 
organisms preserve well and remain identifi able in lake 
sediments and they are therefore valuable indicators of 
past environmental change (Battarbee et al., 2001; Ko-
rhola et al., 2001; Walker, 2001).

Study area and sites
We sampled 30 lakes in south-eastern Switzerland 
(Grisons). Most of them are located in the Upper Enga-
dine, and a few sites are in the Lower Engadine (TAR-10, 
and NAR-11) and the Poschiavo (VIO-14, SAO-15, and 
POS-25, Fig. 1). The climate in the Engadine is infl u-
enced by air masses both from the south (i.e., the Medi-
terranean Sea) and the north (i.e., the North Atlantic 
Ocean, Urfer et al., 1979). The sites cover broad gradi-
ents in temperature and precipitation, as well as catch-
ment vegetation types: some are located within the larch 
(Larix decidua) and stone pine (Pinus cembra) dominat-
ed forests, whereas others are well above tree line and 
vegetation is sparse in the watershed (Table 1). The sam-
pled lakes show considerable differences in lake mor-
phometry (e.g., maximum lake depth) and catchment 
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size. In general the large, deep lakes (>30 m) are located 
in the valley bottom at lower altitudes (STM-21, POS-25, 
SIL-28, CHS-29, and CHN-30, see Table 1). The bedrock 
composition in the Upper Engadine consists predomi-
nantly of granite and gneiss, with locally present calcare-
ous intrusions lead to neutral (pH ~7) lake-water condi-
tions in most lakes (Table 1).

Methods

Sampling and laboratory procedures
All lakes were sampled during August 2002, except SIL-
28, CHS-29 and CHN-30, which were sampled in No-
vember 2002. At each lake, we collected two one-litre 
water samples, the fi rst at 1-m water depth and the second 
c. 1–3 m above the sediment surface, or, for deep lakes, 
well below the thermocline (Table 1). The water samples 
were stored at 4 °C in glass bottles until analysis. A 
WTW Multi-line P4 (lakes #1–15) and EUTECH pH-
Scan2 (lakes #16–30) pH meter was used for pH, and a 
WTW 330 LF conductivity meter for in situ measure-
ments of conductivity and temperature. For both pH and 
conductivity, equipment was calibrated at each lake prior 
to measurements. 

Further water chemistry analyses were carried out in 
the laboratories of the Swiss Federal Institute for Envi-
ronmental Science and Technology (Eawag), Dübendorf. 
Alkalinity was measured by titration with strong acid to 
pH 4.3. Dissolved organic carbon (DOC) concentration 
was determined by thermal oxidation by a Shimatsu 
TOC-500 analyzer. Phosphate was determined photo-
metrically with the molybdenum blue method, nitrate 
with the salicylic acid method, and silica (Si) with the 
molybdosilicate method (DEW, 1996). Total phospho-
rous (TP) and total nitrogen (TN) were measured in unfi l-
tered samples, after acidic digestion in an autoclave for 
2 h at 120 ºC using K2S2O8. The detection limits for DOC, 
TP and TN were 0.5 mg C L–1, 5 µg P L–1 and 0.5 mg N 
L–1, respectively.

We used July air temperature (July T) Climate Nor-
mals (1961–1990) from the Swiss Meteorological Insti-
tute (MeteoSwiss) corrected to sea level. For each lake 
site the average July T was calculated as the weighted 
mean of the three closest meteorological stations weight-
ed by the inverse distance between lake and meteorologi-
cal station. All values were corrected for altitude apply-
ing a lapse rate of 0.6 ºC 100 m–1 (Livingstone et al., 
1999) before calculating the weighted average. In the 
Alps, air temperature and surface water temperature in 
lakes are closely correlated during the summer months 
(Livingstone et al., 1998; Livingstone et al., 1999), and 
mean air temperature can be estimated with a reasonably 
high accuracy even for remote alpine lakes during the 
summer months based on the available network of mete-

orological stations. Hence, summer air temperature is 
probably a more robust approximation of summer water 
temperature at our study sites than the spot measure-
ments taken during fi eldwork.

Surface sediments were obtained in the deepest part 
of the lake basins using a modifi ed 80 mm diameter Ka-
jak-corer (Renberg, 1991). Samples of 0–1, 1–2, and 2–
3 cm sediment depth were stored in NASCO whirl-paks 
and kept cool and dark until analysis. The organic content 
in the surface sediments was estimated using loss-on-ig-
nition (LOI) and expressed as the percent weight loss af-
ter combustion at 550 ºC for 4 h (Dean, 1974; Heiri et al., 
2001).

Diatom preparation followed standard procedures in-
volving treatment with H2O2 (30 %) and HCl (10 %), fol-
lowed by heating for >7 h at 70 ºC (Battarbee, 1986). Af-
ter rinsing the samples with distilled water until pH was 
neutral, they were dried onto coverslips and permanently 
mounted using Naphrax mounting medium. Enumeration 
of diatoms (>500 frustules per sample) was done using a 
Leica DMR microscope at 1000× magnifi cation with 
phase contrast optics. Diatom taxonomy largely followed 
Krammer and Lange-Bertalot (1986–1991).

After defl occulation at room temperature in KOH 
(10 %) for 2 h, chironomid samples were sieved (100 µm 
mesh size) and chironomid remains were separated from 
other remains under a stereo-microscope (40× magnifi ca-
tion). Chironomid head capsules were mounted in Euparal 
mounting medium after dehydration and identifi ed using a 
microscope at 100×–400× magnifi cation. Identifi cation 

Figure 1. Map of the study area showing the location of the sampled 
lakes. The lakes are numbered according to Table 1.
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Figure 2. Major environmental variables in relation to the altitude of the study lakes. 

was largely based on mentum characteristics described in 
Hofmann (1971), Wiederholm (1983) and Schmid (1993). 
Thienemannimyia-type includes Tanypodinae head cap-
sules with a ventral and dorsal pore arrangement similar to 
Conchapelopia, Rheopelopia, Telopelopia and Thiene-
mannimyia in Rieradevall and Brooks (2001). Zavrelimyia 
A features a pore arrangement on the head capsule as de-
scribed by Heiri (2001). Tanytarsini head capsules were 
split into different categories following Heiri (2004) (for 
Tanytarsus I-III, Micropsectra, Cladotanytarsus), Heiri 
(2001) (for Paratanytarsus and Tanytarsus IV-VI) and 
Hofmann (1971) (for Tanytarsus lugens-type).

Cladoceran samples were prepared using standard 
methods (Frey, 1986; Prazakova and Fott, 1994; Korhola 
et al., 2001). Sediment was defl occulated using 10 % 
KOH and heated (approximately 70–80 ºC) for 0.5 h and 
subsequently sieved using 40 µm mesh size. Aliquots of 
the residue were examined using a microscope at 100× 
and 200× magnifi cation and identifi ed according to Frey 
(1958; 1959), Korinek (1971) and Flössner (2000). The 
minimum number of exuviae of a given species in the 
samples was estimated based on the most abundant 
cladoceran skeletal fragment in the samples (Frey, 
1986).
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Numerical analyses
Diatom, chironomid and cladoceran taxa (Figs. 3–5) re-
corded in less than three lakes were excluded for numeri-
cal analyses. The percentage biological data were square 
root transformed prior to numerical analyses in order to 
stabilise their variances. To assess whether to apply line-
ar- or unimodal-based numerical techniques (ter Braak, 
1986), we analysed each biological data set by Detrended 
Correspondence Analysis (DCA, Hill and Gauch, 1980), 
choosing the options detrending-by-segments, non-linear 
rescaling and downweighting of rare taxa (Fig. 6). As all 
analysed biological data sets have compositional gradient 
lengths of more than two standard deviation units, we 
used unimodal based species-response models (ter Braak 
and Prentice, 1988; Birks, 1995), i.e., Canonical Corre-
spondence Analysis (CCA, ter Braak, 1986). 

A series of partial CCAs was carried out with each 
environmental parameter as sole constraining variable to 
assess its explanatory power. For this purpose, we aver-
aged the two water samples collected in each lake by 
applying a weighted averaging (WA) procedure for con-
ductivity, DOC, TP, alkalinity, and silica as described by 
Lotter et al. (1998). For pH, we used measurements from 
1 m water depth, as the application of WA procedure is 
not appropriate for parameters on a logarithmic scale. For 
parameters showing a skewed distribution in the 30 lake 
data set (i.e., LOI, water depth, conductivity, DOC, TP, 
alkalinity), log-transformation was applied before further 
numerical analysis. A TP dummy variable was created 
taking into account the differences of TP concentrations 
in epilimnion and hypolimnion, related to the minimum 
within the data set. The numerical treatments resulted in 
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Figure 3. Distribution of most abundant diatoms in surface sediments of the sampled lakes along the altitudinal gradient. The lakes are ab-
breviated according to Table 1.
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Figure 4. Distribution of most abundant chironomids in surface sediments of the sampled lakes along the altitudinal gradient. The lakes are 
abbreviated according to Table 1.
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and alkalinity were low. In contrast, these parameters 
were more variable at lower elevation. No clear relation-
ship between TP, silica, pH, and conductivity and eleva-
tion was observed (Fig. 2). 

The differences between chemical properties of sur-
face waters (1m; epilimnion) and bottom waters (sam-
pled a few meters above sediment surface; hypolimnion) 
are negligible for several chemical variables (i.e., pH, 
alkalinity, DOC, conductivity). Some lakes showed a 
distinct thermal stratifi cation (e.g., TSP-7, CAV-9, POS-
25, DIA-26 and SIL-28), which particularly affected the 
TP concentrations, leading to higher TP-concentrations 
in the bottom water (Table 2). However, three lakes 
(SGR-18, PRÜ-22 and LAN-24) showed high TP con-
centrations in the bottom waters without any distinct 
thermal stratifi cation. The silica concentrations were in 
general very similar between surface and bottom waters, 
except in CAV-9, where a considerably higher value was 
recorded in the surface water sample (Table 2). The 
chemical differences in epilimnion and hypolimnion 
within some lakes illustrate the need for a weighted aver-
age approach (see methods) to obtain an appropriate 
value for each chemical parameter in each lake.

In contrast to TP-concentrations, the measured TN-
concentrations were low (<0.5 mg N L–1) in all lakes ex-
cept CAV-9 (0.6 mg N L–1), indicating that the lakes could 
be nitrogen-limited during the sampled period (Maberly 
et al., 2002; Camacho et al., 2003). Nitrogen concentra-
tions in high altitude lakes are generally rather low in 
Central Europe, but may show considerable seasonal dif-
ferences (Müller et al., 1998). This low nitrogen concen-
tration in high altitude lakes is a result of relatively low 
agricultural land-use in their catchment, but is also af-
fected by higher runoff in high-elevation catchments due 
to increasing precipitation (Müller et al., 1998).

an extension of the number of environmental variables 
from initially 13 to 29 (Table 1). All 29 environmental 
variables were initially included in the partial CCAs. The 
percentage variance explained by each variable was cal-
culated (Table 2) and the statistical signifi cance assessed 
by Monte Carlo permutation tests involving 999 unre-
stricted permutations (ter Braak, 1990; Lotter et al., 
1997). Subsequently, the environmental data set was re-
duced to the most powerful variables explaining the high-
est amount of variance in the three biological data sets 
(Table 2), i.e. July T, LOI, log-Depth, Water T, log1m-
Conductivity, 1m-pH, logWA-DOC, logWA-TP, logWA-
alkalinity and WA-Si.

The reduced environmental data set including ten 
variables and the biological data set including all 30 lakes 
were used in CCA (Fig. 7). In addition to this direct gra-
dient analysis, we applied a TWINSPAN classifi cation (Hill, 
1979) with two division levels to all biological data sets, 
which resulted in four groups of lakes for each biological 
data set.

Results

Environmental data and water chemistry
Several environmental variables refl ecting lake water 
chemistry and lake physical properties are related to cli-
matic parameters such as summer and winter tempera-
tures, which in the Alps are closely correlated to eleva-
tion (Schär et al., 1998) (Table 1). As expected, the 
measured water temperatures decreased with increasing 
altitude (Fig. 2), in agreement with a previous survey of 
the relationship between air and water temperature in the 
northern Swiss Alps (Livingstone et al., 1999). DOC, 
LOI, and alkalinity also show a clear relationship with 
altitude. In high-elevation lakes, values for DOC, LOI 
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Figure 5. Distribution of most abundant Cladocera in surface sediments of the sampled lakes along the altitudinal gradient. The lakes are 
abbreviated according to Table 1.
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A DCA of all taxa present in at least 3 lakes revealed 
a compositional gradient of 3.39 standard deviations 
units along the fi rst axis, indicating that unimodal-based 
numerical methods are appropriate to analyse the data. 
The fi rst DCA axis showed a relatively high eigenvalue 
(λ = 0.49) and separated the fi ve lakes located at lower 
elevations from the rest of the lakes, whereas the second 
DCA axis was considerably weaker (λ = 0.17) and did 
not show a clear separation of the sampled lakes (Fig. 
6A). We calculated a series of partial CCAs using one 
single constraining environmental variable at a time. For 
the full lake-set, water depth was identifi ed as the strong-
est variable explaining 12.6 % of the variance within the 
diatom data set (Table 2). Other statistically signifi cant 
environmental variables were lake-water pH (8.2 %) sili-
ca (7.9 %), altitude (7.8 %), alkalinity (7.4 %), mean July 

Diatoms
A total of 202 diatom taxa were recorded in the surface 
sediments of the 30 sampled lakes. The distribution of the 
most abundant taxa is presented along the altitudinal gra-
dient (Fig. 3). Some taxa (e.g., Cyclotella comensis) 
show distinct abundance patterns in relation to elevation 
and climate related variables, whereas others (e.g., 
Achnanthes minutissima, Fragilaria spp.) do not. Strong 
differences in diatom assemblages were recorded be-
tween deep (>30 m water depth) and shallow lakes (3–
15 m). In shallow lakes, surface sediments were domi-
nated by periphytic diatoms, whereas in the deeper lakes 
located at the bottom of the valleys (STM-21, POS-25, 
SIL-28, CHS-29, CHN-30), planktonic taxa such as Cy-
clotella cyclopuncta, Asterionella formosa and Tabellar-
ia fl occulosa dominated the assemblages. 

Table 2. Percentage variance explained by each environmental variable in constrained correspondence analyses (CCA) using one single 
environmental variable at a time. The signifi cance is indicated based on 999 unrestricted Monte Carlo permutations (p < 0.05*, p < 0.01**, 
p < 0.001***). The full data set includes all 30 lakes; for the reduced data set the deep lakes (i.e., STM-21, POS-25, SIL-28, CHS-29, and 
CHN-30) were excluded. Bold displayed variables are used for CCA (Fig. 7).

Variable Diatoms Chironomids Cladocera

Full Reduced full reduced Full Reduced

Variance explained (%)

Altitude  7.8** 5.8 15.2*** 18.4*** 15.9*** 18.7***

July T at sea level  5.7* 6.8*  3.2  4.0  2.9  3.3

July T  6.8** 5.8 15.1*** 19.1*** 15.5*** 18.2***

LOI  6.3* 5.1 10.9*** 14.0*** 12.7** 13.1***

log-LOI  7.0** 5.5 10.3** 14.4*** 13.6*** 15.2***

Depth 13.2*** 4.9 10.8*** 12.4*** 12.2***  8.3*

log-Depth 12.6*** 5.4 12.8*** 14.4*** 13.7*** 10.0*

Secchi  3.8 5.0  9.9*** 12.8***  6.9*  7.8*

Water T  4.9 5.5 14.2*** 17.8*** 12.9*** 14.0***

1m-Conductivity  3.6 4.9  3.9  5.9  2.6  3.4

log1m-Conductivity  6.1* 6.9*  3.8  4.7  2.0  4.4

WA-Conductivity  3.7 4.9  3.9  5.9  2.4  3.2

logWA-Conductivity  6.2* 6.9*  3.7  4.7  1.9  4.2

1m-pH  8.2*** 7.0**  3.4  3.5  3.0  4.0

1m-DOC  4.3 4.9 13.6*** 17.2*** 12.7*** 14.5***

log1m-DOC  4.7 6.1 17.2*** 21.4*** 16.3*** 18.7***

WA-DOC  4.2 5.2 15.2*** 18.9*** 13.9*** 16.1***

logWA-DOC  4.9 6.4* 18.2*** 22.4*** 17.4*** 19.9***

1m-TP  4.2 5.0  2.6  2.7  6.0  6.0

log1m-TP  3.6 4.7  2.7  3.4  3.7  4.3

WA-TP  3.4 4.4  2.6  2.9  3.1  4.2

logWA-TP  3.4 4.1  3.4  4.6  3.4  4.2

dummy-TP  5.4 5.5  4.9  4.3  8.0*  6.9

1m-Alkalinity  4.5 5.5  6.8*  8.6*  5.0  5.7

log1m-Alkalinity  7.4** 7.8**  7.9**  9.3**  5.6  6.2

WA-Alkalinity  4.4 5.5  6.8*  8.6*  4.9  5.7

logWA-Alkalinity  7.4** 7.8**  8.0**  9.4**  5.5  6.2

1m-Si  6.0* 4.7  3.9  7.6*  2.2  5.0

WA-Si  7.9*** 4.2  5.0  7.8*  4.8  4.1
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air temperature (6.8 %), LOI (6.3 %) and conductivity 
(6.1 %). After excluding the fi ve deepest lakes from the 
data set (STM-21, POS-25, SIL-28, CHS-29, and CHN-
30), the explanatory power of lake depth decreased con-
siderably and explained only 5.4 % (statistically not sig-
nifi cant) of the variance (Table 2). Based on the partial 
CCA, the set of environmental variables was reduced, by 
selecting for each parameter the numerical treatment 
(untransformed/log-transformed, 1 m measurement/WA 
of measurements) which explained the highest amount of 
variance in the diatom data set (Table 2).

The relationship between the reduced set of environ-
mental variables and the diatom distribution was assessed 
by means of CCA. Lake depth was the strongest environ-
mental variable associated with CCA-axis 1 (eigenvalue 
λ = 0.45) (Fig. 7A), which was negatively correlated with 
LOI of surface sediment and the silica content of lake-
water (Fig. 7A). The second axis (λ = 0.17) is mainly 
related to water chemistry variables, such as conductivity, 
alkalinity, lake-water pH, and TP. The CCA biplot illus-
trates the secondary gradient within the diatom data set, 
and suggests that both physical (e.g., lake depth, climate, 
LOI) and chemical (e.g., alkalinity, conductivity, pH, TP) 
variables have a strong infl uence on diatom distribution 
patterns.

The diatom classifi cation based on TWINSPAN separat-
ed at the fi rst level the fi ve deep lower-elevation lakes 
(STM-21, POS-25, SIL-28, CHS-29, CHN-30) from the 
other samples, mainly because these deep lakes all con-
tained the planktonic diatom species Cyclostephanos in-
visitatus (Fig. 7A). At the second level of separation, the 
remaining 25 lake-set was split based on water chemistry 
conditions. One group contained four lakes with rela-
tively low lake-water pH (NIR-4, PIT-5, PRÜ-22, PIN-
27), where the diatom species Achnanthes scotica and 
Achnanthes subatomoides were found. In the large re-
maining lake-subset (n = 21), relatively high pH values 
were recorded, and diatom assemblages contained spe-
cies such as Amphora libyca, Cymbella minuta, Den-
ticula tenuis and Cyclotella comensis. The second divi-
sion within the fi ve deep lakes grouped the two samples 
from the interconnected lake-basins of Lej da Champfèr 
(CHN-29, CHS-30) together, based on the occurrence of 
Fragilaria robusta. Overall, the TWINSPAN classifi cation 
supported the results obtained by ordination methods. 
Lake depth seems to be the major environmental gradient 
explaining variations in the diatom fl ora. The secondary 
gradient seems to be related mainly to water chemistry 
(pH) and climate (July T).

Chironomids
A total of 62 different chironomid taxa were identifi ed in 
the surfi cial sediments of the sampled lakes. The chirono-
mid assemblages show distinct changes with elevation 
(Fig. 4). Taxa such as Eukiefferiella/Tvetenia, Microten-

Figure 6. Detrended Correspondence Analysis (DCA) plot includ-
ing site scores for (A) diatoms, (B) chironomids and (C) Cladocera. 
Seven lakes in panel (C) have identical scores due to a uniform 
fauna.

dipes, and Thienemannimyia-type are found predomi-
nantly in lakes below 2000 m a.s.l. A strong shift in assem-
blage composition is apparent at ca. 2300 m a.s.l. A 
number of common chironomid taxa such as Micropsectra 
insignilobus-type, Psectrocladius (s. str.), and Procladius 
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are largely restricted to lakes below this elevation, and are 
replaced by taxa such as Paracladius, Pseudodiamesa, and 
Micropsectra radialis-type in high-altitude lakes. Only a 
few chironomid taxa occur over the entire altitudinal gra-
dient, e.g. Corynoneura scutellata-type, Heterotrissocla-
dius marcidus-type or Tanytarsus lugens-type. 

A DCA of the chironomid assemblages indicates a 
gradient length of 4.14 SD units along the fi rst axis (Fig. 
6B), therefore indicating that unimodal based numerical 
methods are appropriate. The fi rst axis separates high-
altitude lakes such as PRÜ-22, ALV-17 and PIN 27 from 
lakes at lower elevations (e.g. STA-1, NAR-11, MAR-
19) and is signifi cantly stronger than the second DCA-
axis (λ1 = 0.62, λ2 = 0.22). The second axis seems to be 
largely separating deep lakes (e.g. STM-21, SIL-28, 
POS-25) from the remainder.

Partial CCAs of the full 30-lake data set using a single 
constraining variable indicate that DOC is the strongest 
environmental variable explaining 18.2 % of the total 
variance in the chironomid assemblages (Table 2), close-
ly followed by July air temperature (15.1 %) and water 
temperature (14.2 %). Additional statistically signifi cant 
variables were maximum water depth (12.2 %), LOI 
(10.9 %), and conductivity (8.0 %). If the fi ve deep, low-
elevation lakes were excluded from the analysis all these 
parameters explained a distinctly higher proportion of 
variance in the chironomid assemblages, and the silica 
concentration became a statistically signifi cant variable 
(Table 2). 

The number of environmental parameters was re-
duced by selecting the weighting scheme for the water 
samples and the transformation that explained the most 
variance in the partial CCAs (Table 2). A CCA calculated 
using this reduced environmental data set and the chi-
ronomid assemblages of all 30 lakes resulted in a fi rst 
CCA axis (λ1 = 0.54) separating high altitude lakes from 
lakes at lower elevation (Fig. 7B) and hence also closely 
related to water temperature, July air temperature and 
DOC. The second axis (λ2 = 0.36) separates the deep, 
low-altitude lakes from the remaining samples.

At the fi rst level of division, TWINSPAN of the chirono-
mid assemblages splits the 30-lake dataset into two 
groups of similar size. The fi rst group is characterized by 
the presence of Micropsectra radialis-type and at least 
moderate abundances (>2 %) of Paracladius, and con-
tains 12 high-altitude lakes (2450–2815 m a.s.l.) with 
very low DOC concentrations (0.4–0.9 mg C L–1). The 
second group of 18 lakes is typically characterized by 
Micropsectra insignilobus-type and includes lakes at 
lower altitudes (960–2310 m a.s.l.) with higher DOC lev-
els (0.55–4.61 mg C L–1). At the second level of division 
the high altitude lakes are split into a group of seven lakes 
characterized by the presence of Corynoneura scutellata-
type and a group of fi ve lakes characterized by high 
abundances (>5 %) of Pseudodiamesa, with no clear dif-

Figure 7. Canonical Correspondence Analysis (CCA) ordination 
biplot with site scores and major environmental variables (see Table 
2) for (A) diatoms (B) chironomids and (C) Cladocera. Lake sym-
bols are chosen according to TWINSPAN divisions. The fi rst division 
separated open from full symbols, the second divisions separated 
circles from squares.
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ferentiation of the two groups in relation to the measured 
environmental variables. The second division of the 
lower altitude lakes results in a group of deeper (13–85 m 
maximum depth), colder lakes (7–15 °C surface water 
temperature) with lower DOC concentrations (0.6–1.9 mg 
C L–1) and a group of shallower (4–11 m), warmer lakes 
(12–23 °C water temperature) with somewhat elevated 
DOC concentrations (1.1–4.6 mg C L–1). The group of 
deeper lakes is characterized by abundances >2 % of Or-
thocladius-type and the shallower lakes by the presence 
of Procladius. TWINSPAN confi rms the results of the CCA 
by indicating that the chironomid assemblages have the 
strongest relationship with parameters refl ecting climate 
and elevation (July air temperature, altitude, DOC), 
whereas a clear relationship between chironomid assem-
blages and lake depth is apparent in lower altitude lakes.

Cladocera
A total of 22 cladoceran taxa were identifi ed in the sam-
pled lakes. As in the other two indicator groups the ana-
lysed subfossil assemblages show a distinct change and 
decrease with altitude (Fig. 5). High-elevation lakes typi-
cally feature a high abundance of Chydorus sphaericus 
remains in their surface sediments and a very low diver-
sity of cladoceran assemblages. Lakes below ca. 2500 m 
a.s.l. are characterized by more diverse cladoceran assem-
blages including taxa typical for littoral habitats, such as 
the chydorids Alona quadrangularis, Alona affi nis, and 
planktonic taxa such as Bosmina longispina and Daphnia 
longispina-group. Of the identifi ed cladocerans only a 
few are restricted to lakes at lower elevations and of these 
only Alonella nana occurs in more than one lake. A dis-
tinctly lower cladoceran concentration was found in high 
altitude lakes dominated by chydorids (Fig. 5).

A DCA with the 30-lake dataset reveals a fi rst axis 
with a gradient length of 2.62 standard deviation units, 
indicating that unimodal-based numerical methods are 
appropriate for further analysis. The eigenvalue of the 
fi rst DCA axis (λ1 = 0.55) is more than three times higher 
than for the second (λ2 = 0.17). The fi rst DCA axis sepa-
rates high-altitude lakes with a high proportion of Chy-
dorus sphaericus from the remaining samples, whereas 
the second axis largely separates samples based on the 
proportion of the planktonic taxa Daphnia longispina-gr. 
and Bosmina longispina. 

Partial CCAs of the full 30-lake data set indicate that 
DOC explains the highest amount of variance in the 
cladoceran assemblages (17.4 %), closely followed by 
altitude (15.9 %), July T (15.5 %), water T (12.9 %) and 
LOI (12.7 %) (Table 2). All of these environmental vari-
ables are signifi cant if assessed by a Monte Carlo permu-
tation test. If the deep, low-elevation lakes are eliminated 
from the analyses the explanatory power of all of these 
parameters except lake depth shows a distinct increase 
(Table 2).

A CCA calculated with a reduced environmental da-
taset (i.e. with a single value per environmental variable) 
produces a fi rst CCA axis (λ1 = 0.46) strongly related to 
July T, water T, and partially to DOC (Fig. 7C). This axis 
separates high altitude C. sphaericus-dominated lakes 
from others. The second axis (λ2 = 0.34) is strongly re-
lated to maximum water depth and LOI, partially related 
to DOC, and separates the deep, low-elevation lakes and 
TSP-7 from the remaining lower altitude sites.

The fi rst division of a TWINSPAN classifi cation of 
cladoceran assemblages separates 10 high-elevation 
lakes (>2484 m a.s.l.) from the remaining samples. These 
lakes are characterized by a high relative abundances 
(>40 %) of C. sphaericus and low DOC concentrations 
(0.4–0.8 mg C L–1). A single lake (ALV-17) is separated 
from this group at the second level of division based on 
the presence of Simocephulus vetulus. The second fi rst 
division group encompasses lakes over a range of alti-
tudes (962–2616 m a.s.l.) with higher DOC concentra-
tions (0.6–5.5 mg C L–1). At the second-level of TWINSPAN 
division this group is split into eight comparatively 
deeper lakes (max. lake depth 11–85 m) and 12 compara-
tively shallower lakes (3.5–20 m) based on the occur-
rence of high abundances of B. longispina (>20 %) in the 
deeper lakes and of the presence of Allonella excisa in 
the shallower lakes.

Discussion

Biological subfossils in lake sediments contain valuable 
information about climatic and environmental conditions 
prevailing during the lifetime of those organisms. How-
ever, to interpret subfossil diatom, chironomid and 
cladoceran assemblages, detailed ecological knowledge 
about distribution, optima and tolerance of these biota is 
required. Unfortunately, such information is still frag-
mentary (Lotter et al., 1997) and often restricted to local 
calibration data sets encompassing lakes from a limited 
geographical area. In the Alps, calibration sets are avail-
able for diatoms from the northern and southern Swiss 
Alps (Lotter et al., 1997; Lotter et al., 1998), the Austrian 
Alps (Wunsam et al., 1995; Schmidt et al., 2004) and the 
Italian Alps (Marchetto and Schmidt, 1993). For chirono-
mids and cladocerans a surface sediment data set from 
the northern and southern Swiss Alps has been developed 
(Lotter et al., 1997; Lotter et al., 1998; Heiri et al., 2003). 
However, information on the distribution of subfossil di-
atoms, chironomids and cladocerans in the surface sedi-
ments of lakes from the Central Swiss Alps is still lack-
ing. Due to bedrock geology of the catchment of these 
lakes, the buffering capacity of their waters tends to be 
low. Consequently, different water chemistry conditions 
(with respect to, e.g., pH, conductivity, DOC) than in the 
northern and southern Alps can be expected. Therefore, it 
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is questionable whether aquatic biota show the same dis-
tribution patterns in relation to morphometric, physical 
and chemical parameters in central Alpine lakes as in 
hardwater lakes on calcareous bedrock.

The lakes in the Engadine area have been selected to 
encompass a large altitudinal gradient and include those 
from high alpine vegetation zones, across the treeline 
ecotone, to subalpine coniferous forests. In our study 
lakes, the distribution of diatom, chironomid and 
cladoceran taxa with respect to elevation is similar to that 
of the northern and southern Swiss Alps (Lotter et al., 
1997; Heiri, 2001). High-elevation diatom assemblages 
are dominated by species previously reported from alpine 
lakes in the Alps, such as small Fragilaria taxa (e.g., F. 
pinnata, F. pseudoconstruens, F. brevistriata) and 
Achnanthes minutissima (Fig. 3). At lower altitudes these 
species are replaced by planktonic taxa more typical of 
deep lakes, such as Cyclotella cyclopuncta, Asterionella 
formosa, and Tabellaria fl occulosa. Chironomid assem-
blages at high altitudes are dominated by cold steno-
thermous taxa, e.g., Micropsectra radialis-type and 
Pseudodiamesa (Fig. 4). These taxa are replaced in 
warmer, lower elevation lakes by chironomids with a 
broader altitudinal distribution in the Alps, such as Tany-
tarsus lugens-type and Psectrocladius sordidellus-type, 
or in the warmest lakes by taxa such as Micropsectra in-
signilobus-type, Dicrotendipes, Ablabesmyia, Procladius 
and Cladopelma. Similar to the northern and southern 
Alps, high altitude cladoceran assemblages show a very 
low diversity and often contain Chydorus sphaericus as 
the only cladoceran species (Fig. 5). At elevations below 
ca. 2500 m a.s.l. other chydorids become more abundant 
and planktonic cladocerans such as Bosmina longispina 
and Daphnia longispina-group can form a large propor-
tion of the cladoceran assemblages in the sediments.

Considering the large altitudinal range of our study 
lakes, it is not unexpected that altitude and correlated 
environmental parameters such as July T, water T, DOC, 
and LOI explained a high proportion of variance in the 
biological proxy data sets (Table 2). This fi nding is in 
agreement with previously published surface sediment 
data sets from the northern and southern Swiss Alps, 
where summer temperature explained 6.3 %, 6.3 %, 
21.4 % and 9.5 % of the variance in subfossil diatom, 
benthic cladoceran, planktonic cladoceran and chirono-
mid assemblages, respectively (Lotter et al., 1997). Simi-
larly, summer air or water temperature has been identi-
fi ed as important environmental factors in subarctic lakes 
of northern Europe for diatom (Weckström et al., 1997; 
Rosén et al., 2000; Bigler and Hall, 2002), cladoceran 
(Korhola et al., 2000) and chironomid assemblages 
(Olander et al., 1999; Korhola et al., 2000; Brooks and 
Birks, 2001; Larocque et al., 2001). Diatoms and 
cladocerans are not directly exposed to air temperatures 
during their life-cycle and chironomids only during their 

very short adult stage (days to several weeks at most, 
Oliver, 1971).

It may therefore seem unexpected that July air tem-
perature explains more variance in our subfossil assem-
blages than the water temperature measurements taken 
during fi eld work. However, since water temperature can 
fl uctuate signifi cantly both within the diurnal cycle as 
well as within a given month, single spot measurements 
provide only a poor approximation of monthly mean wa-
ter temperature values (Livingstone et al., 1999). This 
may explain the strong relationship between assemblages 
of all three organism-groups and mean July air tempera-
ture in our data set. 

The sampled lakes in the Engadine range from 3.5 to 
85 m in maximum depth. Water depth explains a signifi -
cant proportion of variance in subfossil assemblages of 
all three studied organism-groups (Table 2). It has been 
shown that the proportion of benthic and littoral diatom 
taxa in sediments from a large, deep lake (Lage Mag-
giore, N. Italy) in the southern Alps is low (Marchetto et 
al., 2004), and similarly, diatom assemblages in deep 
Engadine lakes (>30 m) consist predominantly of plank-
tonic taxa (Fig. 8A). Lake depth affects diatom assem-
blage composition mainly through habitat properties and 
substrate availability (Lotter et al., 2000). Therefore, lake 
depth is an important explanatory variable for diatom as-
semblages in surfi cial lake sediments from the northern 
and southern Swiss Alps (Lotter et al., 1997), Scandina-
via (Bigler et al., 2002) and Alaska (Gregory-Eaves et al., 
1999). 

Subfossil cladoceran assemblages include both 
planktonic and benthic taxa. True planktonic taxa in the 
studied Engadine lakes are Daphnia longispina-group, 
D. pulex-group, and Bosmina longispina. Chydorus 
sphaericus can become planktonic during phases of high 
productivity (Frey 1988). However, in the meso- and oli-
gotrophic lakes studied during this survey this species, 
like other chydorid species, most likely forms part of the 
meiobenthos. In the Engadine, B. longispina is common 
in lakes below ca. 2500 m a.s.l. and present in a single 
high altitude lake (TSP-07; Fig. 5). The abundance of this 
taxon shows no clear relationship with water depth. D. 
pulex-group remains have been found in a single high-
altitude lake (ALV-17). In contrast to B. longispina, the 
abundance of D. longispina-group remains shows a clear 
relationship with lake depth. With a single exception 
(ALV-17), high percentages (>18 %) of D. longispina-
group are restricted to lakes with a water depth of 36 m or 
more. The ratio between truly planktonic species and the 
remaining cladocerans is strongly related to water depth 
(Fig. 8C), with deeper lakes (>20 m depth) featuring very 
high percentages of planktonic cladocerans. In shallower 
lakes a clear relationship between the proportion of 
planktonic species and water depth is apparent in lakes 
where Daphnia or Bosmina are present. However, in a 
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number of shallow lakes true planktonic taxa are absent 
from the cladoceran assemblages. The distribution of 
planktonic cladocerans in surface sediments is in agree-
ment with other studies which indicate a strong relation-
ship between the proportion of planktonic cladocerans in 
fossil assemblages and lake depth (e.g., Frey, 1988; Ko-
rhola et al., 2000; Jeppesen et al., 2001). Planktonic 
cladocerans in alpine lakes are also strongly affected by 
the presence of fi sh. For example, Manca and Armiraglio 
(2002) report that Daphnia remains are largely absent in 
alpine lakes in northern Italy where fi sh had been regu-
larly introduced. Comprehensive data on the presence of 
fi sh are not available for lakes in the Engadine region, but 
introduction of salmonids is common practice in lakes in 
the Swiss Alps (e.g., Barbieri et al., 1999). Therefore, the 
absence of planktonic cladocerans in many of the shal-
lower lakes in our data set may be related to fi sh preda-
tion. 

In contrast to cladocerans and diatoms, chironomids 
do not include true planktonic taxa, although the fi rst in-
star larvae of some lacustrine species temporarily enter 
the water column for dispersal. Nevertheless, a statisti-
cally signifi cant relationship between chironomid assem-
blages and water depth has been observed in the Enga-
dine lakes (Table 2). Studies of the distribution of living 
chironomid larvae indicate that a number of species show 
a preference for either deep lakes and hypolimnetic envi-
ronments, or shallower lakes and littoral environments 
(e.g., Brundin, 1949; Gerstmeier, 1989; Rieradevall et al., 
1999). Surprisingly, subfossil chironomid assemblages in 
the deepest lakes in our data set show an increased rela-
tive abundance of taxa typical of stream habitats rather 
than of taxa typical for deep lakes. The percentage of 
chironomids typical of running water ranges between 6 
and 27 % in lakes shallower than 6 m but rises to 14 to 
85 % in lakes deeper than 15 m (Fig. 8B). Furthermore, 
deeper lakes such as STM-21, SIL-28, CHN-30, CAV-9 
and PAL-16 contain a high proportion of subfossils be-
longing to Simuliidae and Thaumaleidae, aquatic insects 
restricted to running water habitats (Currie and Walker 
1992; Wagner 1997) (Fig. 4). In general, the chironomid 
assemblages in the deepest parts of lake basins are com-
posed of species living in the lake center, and those trans-
ported into deeper parts originating from the margins of 
the lake and its tributaries (Hofmann, 1971; Frey, 1988; 
Heiri, 2004). Furthermore, low oxygen conditions in the 
bottom waters, as reported from at least one lake in our 
data set (STM-21, Züllig, 1995), and food limitation in 
the hypolimnion can become an important factor restrict-
ing the occurrence of benthic animals (Wetzel, 2001). 
Thus, the high proportion of running water chironomid 
remains in the deepest study lakes could be explained by 
a reduced abundance of chironomid larvae living in the 
hypolimnion in combination with a preferential deposi-
tion of running water chironomid remains. Available evi-

Figure 8. Percentages of planktonic diatoms (A), running water 
chironomids (B) and planktonic cladocerans (C) in subfossil assem-
blages in the surface sediments of the 30 study lakes.
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dence therefore indicates that the strong relationship be-
tween lake depth and chironomid assemblages in our 
data set is infl uenced to a large extent by taphonomic 
processes (i.e. transport of chironomid remains from 
stream habitats to the lake center).

Diatom assemblages in our data set show a signifi cant 
relationship with lake-water pH, alkalinity and silica. 
Again, these chemical variables have previously been 
reported as infl uencing subfossil assemblage composi-
tion, for example in the northern and southern Swiss Alps 
(Lotter et al., 1997; Lotter et al., 1998), the Austrian Alps 
(Wunsam et al., 1995; Schmidt et al., 2004), or in Scan-
dinavia (Weckström et al., 1997; Rosén et al., 2000; 
Bigler et al., 2002). Even though lake-water pH (and al-
kalinity) is probably the strongest variable controlling 
diatom assemblage composition by affecting many 
chemical and biochemical processes, there is still no de-
tailed physiological understanding on how pH infl uences 
competition between diatom taxa (Battarbee et al., 2001). 
Silica is important both in regulating the size of phyto-
plankton crop and the species composition, but usually 
phosphorus and nitrogen are the most important nutrients 
regulating diatom assemblage composition (Battarbee et 
al., 2001). In our data set, the phosphorus gradient is 
rather short and nitrogen concentrations are (except in 
CAV-09) below detection limit, thus giving silica a more 
important role in explaining the diatom assemblage com-
position in the numerical analysis.

For chironomids and cladocerans in the Alpine re-
gion, the high explanatory power of DOC is, in contrast 
to temperature or lake depth, unexpected. In Scandinavi-
an humic lakes, where the concentration of DOC is often 
related to altitude (Karlsson et al., 2001; Larocque et al., 
2001), DOC has been reported as a major environmental 
variable infl uencing chironomid assemblage composi-
tion. However, in the Alpine region DOC concentrations 
are generally substantially lower than in Scandinavian 
brownwater lakes. Furthermore, chironomid assemblages 
in our data set are not dominated by taxa typical for hu-
mic lakes such as Zalutschia zalutschicola, or Heterot-
anytarsus apicalis. The zooplankton of humic lakes typi-
cally features a high abundance of Chaoborus fl avicans 
(Diptera: Chaoboridae). However, only a single C. fl avi-
cans-type mandible was found in one of the Engadine 
lakes with comparatively high DOC concentrations 
(NAR-11; Fig. 4). In lakes in the northern and southern 
Swiss Alps, DOC concentrations explain only 4.8 %, 
15.6 % and 6.9 % of the variance in subfossil benthic 
cladoceran, planktonic cladoceran and chironomid as-
semblages, respectively (Lotter et al., 1997). This con-
trasts with 17.4–22.4 % of the total variance explained by 
DOC in the cladoceran and chironomid assemblages ana-
lysed in the Engadine area (Table 2). In our study lakes 
DOC is highly negatively correlated with altitude (r = –
0.69) in lakes higher than 1400 m a.s.l. This relationship 

is stronger than the correlation between DOC and alti-
tude in lakes in the northern and southern Alps in a simi-
lar altitudinal range (r = –0.38) (Lotter et al., 1998). It is 
therefore possible that the strong relationship between 
chironomid and cladoceran assemblages and DOC in the 
Engadine lakes is actually a consequence of the strong 
infl uence of temperature on the studied lake ecosystems 
rather than an effect of the different DOC concentrations. 
However, lakes in the Engadine feature distinctly higher 
DOC values at the lower end of this altitudinal range than 
lakes on calcareous bedrock in the northern and southern 
Alps (Fig. 9). A number of key parameters for lake eco-
systems such as light penetration and oxygen concentra-
tions can be strongly infl uenced by DOC concentrations, 
leading to distinct zoobenthos and zooplankton assem-
blages in humic lakes (e.g., Brundin, 1949; Nyman et al., 
2005). It may therefore also be possible that the elevated 
DOC concentrations in some of the studied lakes in the 
Engadine area had a distinct infl uence on chironomid and 
cladocerans assemblages independent of temperature.

LOI also explains a signifi cant proportion of the vari-
ance in the chironomid and cladoceran assemblages (Ta-
ble 2). The organic matter content of sediments, usually 
assessed as LOI, has been reported as a strong explana-
tory variable in surface sediment cladoceran and chirono-
mid assemblages in Fennoscandia (Korhola et al., 2000; 
Larocque et al. 2001). However, in these data sets, as in 
the Engadine lakes, LOI is correlated with summer tem-
perature. Next to the correlation with summer tempera-
ture (r = 0.35) LOI also shows a negative correlation with 
water depth in our study lakes (r = –0.39), with the 
coolest and deepest lakes containing sediments with a 
very low organic matter content and warm, shallow lakes 
featuring a wide range of LOI values (Table 1). Further-
more, LOI is highly correlated with DOC (r = 0.77). 
Since at least chironomid larvae can inhabit lake sedi-
ments themselves and a number of chironomids and 
cladocerans are detritus feeders (Pinder, 1986; Korhola et 
al., 2001) the organic matter content of lake sediments 
may have a distinct impact on chironomid and cladoceran 
populations. However, for both organism-groups summer 
temperature, DOC, and water depth explain a higher pro-
portion of the variance. Therefore, the apparent relation-
ship between chironomid and cladoceran assemblages 
and LOI may be infl uenced to a considerable extent by 
the effects of temperature, DOC, and water depth.

In contrast to a number of studies relating the distri-
bution of surface sediment assemblages of diatoms, chi-
ronomids, and cladocerans to lake nutrient conditions 
(e.g., Bennion et al., 1996; Brodersen et al., 1998; Lotter 
et al., 1998; Brooks et al., 2001), TP values in the studied 
lakes did not explain a signifi cant proportion of variance 
for any of the studied organisms. This is likely a conse-
quence of the comparatively short phosphorus gradient 
encompassed by our study lakes, which do not include 
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strongly eutrophic and hypertrophic lakes. Furthermore, 
the strong gradients in elevation and lake depth may have 
further obscured any relationship between the fossil as-
semblages and lake nutrient conditions. 

Conclusions

We studied the relationship between subfossil diatom, 
chironomid, and cladoceran assemblages in the surface 
sediments of 30 lakes in the Engadine area, SE Switzer-
land, and major physical and chemical parameters. Our 
aim was to identify relevant environmental parameters 
for biota in these lakes in order to compare them with 
existing calibration data sets on different bedrock or in 
different geographical regions. Strong, statistically sig-
nifi cant relationships have been identifi ed between dia-
tom assemblages and water depth, pH, and the silica 
content of lake water, whereas weaker relationships were 
observed between diatoms and alkalinity, July air tem-
perature, and the organic content of lake sediments. Chi-
ronomid and cladoceran assemblages show a strong rela-
tionship with parameters correlated with altitude in the 
Engadine lakes such as the DOC content of lake water, 
July air temperature, water temperature, and the organic 
content of lake sediments. Furthermore a strong relation-
ship exists with water depth for both organism-groups.

The distribution of diatom, chironomid, and cladocer-
an assemblages with altitude is similar in the Engadine 
region as in the northern and southern Alps, although in 
the poorly buffered waters of south-eastern Switzerland 
this relationship may be reinforced by the strong correla-
tion between the DOC content of the lakes and elevation. 
Increasing lake depth is refl ected in diatom and cladocer-
an assemblages by a higher proportion of remains origi-

nating from planktonic taxa. In contrast, chironomid as-
semblages in the deep Engadine lakes were characterized 
by high abundances of running water taxa.

The strength of the relationship between the different 
environmental parameters and the subfossil assemblages 
indicate that parameters related with altitude and temper-
ature exert the strongest infl uence on the composition of 
subfossil chironomid and cladoceran assemblages in the 
Engadine area. This suggests that, as in alpine lakes on 
calcareous bedrock (Lotter et al., 1997; Heiri and Lotter 
2005), fossil assemblages of these organisms have con-
siderable potential as palaeotemperature indicators. In 
contrast, the relationship of diatoms to elevation is con-
siderably weaker in the Engadine, and assemblages are 
also strongly infl uenced by water depth and water chem-
istry variables such as pH and silica concentrations.

Acknowledgments

We cordially thank P. Bluszcz, C. Casty, U. Heusi, I. Hof-
mann, W. Hofmann, M. Langmeier, F. Oberli, C. Ohlen-
dorf, V. Korinek, T. Kulbe, K. Sarmaja-Korjonen, M. 
Wehrli, and A. Zwyssig for assistance during fi eldwork, 
sample preparation, and analysis. The Youth Hostels in 
St. Moritz and Pontresina, the municipality of Stampa, 
and the Air Grischa supported us with logistics, trans-
ports and sample storage. Meteorological data (Climate 
Normals 1961–1990) were provided by MeteoSwiss and 
kindly prepared by D. Steiner. This project was supported 
by the Swiss National Science Foundation through the 
NCCR Climate program, and the EU Project EMERGE. 
OH has been supported by the Nederlandse Organisatie 
voor Wetenschappelijk Onderzoek (NWO)/Aard – en 
Levenswetenschappen (ALW) project Holocene winter 
precipitation and summer temperatures in the Central 
Alps: reconstructing long-term NAO indices (Grant Nr. 
813.02.006). This is Netherlands Research School of 
Sedimentary Geology (NSG) publication no 20060201. 

References

Anderson, N. J. and R. W. Battarbee, 1994. Aquatic community 
persistence and variability. A palaeolimnological perspective. 
In: P. S. Giller, A. G. Hildrew and D. Raffaelli (eds.), Aquatic 
ecology: scale, patterns and processes, Blackwell Scientifi c 
Publications, London, pp. 233–259.

Ariztegui, D. and J. Dobson, 1996. Magnetic investigations of fram-
boidal greigite formation: A record of anthropogenic environ-
mental changes in eutrophic Lake St Moritz, Switzerland. The 
Holocene 6: 235–241.

Ariztegui, D., P. Farrimond and J. A. McKenzie, 1996. Composi-
tional variations in sedimentary lacustrine organic matter and 
their implications for high alpine holocene environmental 
changes: Lake St Moritz, Switzerland. Organic Geochemistry 
24: 453–461.

Barbieri, A., M. Veronesi, M. Simona, S. Malusardi and V. 
Straškrabová, 1999. Limnological survey in eight high moun-

Figure 9. DOC concentrations in lakes in the Engadine region (solid 
squares) and in the northern and southern Swiss Alps (open squares; 
Lotter et al., 1998) plotted versus altitude. Only lakes above 1400 m 
a.s.l. are shown.



Aquat. Sci. Vol. 68, 2006 Research Article 169

tain lakes located in Lago Maggiore watershed (Switzerland). 
Journal of Limnology 58: 179–192.

Battarbee, R. W., 1986. Diatom analysis. In: B. E. Berglund (ed.), 
Handbook of Holocene Palaeoecology and Palaeohydrology, 
John Wiley & Sons Ltd, Chichester, pp. 527–570.

Battarbee, R. W., V. J. Jones, R. J. Flower, N. G. Cameron, H. Ben-
nion, L. Carvalho and S. Juggins, 2001. Diatoms. In: W. M. 
Last and J. P. Smol (eds.), Tracking environmental change us-
ing lake sediments, Volume 3: Terrestrial, algal and siliceous 
indicators, Kluwer Academic Publishers, Dordrecht, pp. 155–
202.

Battarbee, R. W., R. Thompson, J. Catalan, J. A. Grytnes and H. J. 
B. Birks, 2002. Climate variability and ecosystem dynamics of 
remote alpine and arctic lakes: the MOLAR project. Journal of 
Paleolimnology 28: 1–6.

Bennion, H., S. Juggins and N. J. Anderson, 1996. Predicting 
epilimnetic phosphorus concentrations using an improved dia-
tom-based transfer function and its application to lake eutrophi-
cation management. Environmental Science and Technology 
30: 2004–2007.

Bigler, C. and R. I. Hall, 2002. Diatoms as indicators of climatic and 
limnological change in Swedish Lapland: a 100-lake calibration 
set and its validation for paleoecological reconstructions. Jour-
nal of Paleolimnology 27: 97–115.

Bigler, C., I. Larocque, S. M. Peglar, H. J. B. Birks and R. I. Hall, 
2002. Quantitative multiproxy assessment of long-term patterns 
of Holocene environmental change from a small lake near 
Abisko, northern Sweden. The Holocene 12: 481–496.

Birks, H. J. B., 1995. Quantitative palaeoenvironmental reconstruc-
tions. In: D. Maddy and J. S. Brew (eds.), Statistical Modelling 
of Quaternary Science Data, Quaternary Research Association 
XII, Cambridge, pp. 161–254.

Brodersen, K. P., M. C. Whiteside and C. Lindegaard, 1998. Recon-
struction of trophic state in Danish lakes using subfossil chy-
dorid (Cladocera) assemblages. Canadian Journal of Fisheries 
and Aquatic Sciences 55: 1093–1103.

Brooks, S. J., 2003. Chironomidae (Insecta: Diptera). In: A. 
MacKay, R. W. Battarbee and H. J. B. Birks (eds.), Global 
change in the Holocene, Arnold, London, pp. 328–341.

Brooks, S. J., H. Bennion and H. J. B. Birks, 2001. Tracing lake 
trophic history with a chironomid-total phosphorus inference 
model. Freshwater Biology 46: 513–533.

Brooks, S. J. and H. J. B. Birks, 2001. Chironomid-inferred air tem-
peratures from Lateglacial and Holocene sites in north-west 
Europe: progress and problems. Quaternary Science Reviews 
20: 1723–1741.

Brundin, L., 1949. Chironomiden und andere Bodentiere der süd-
schwedischen Urgebirgsseen. Institute of Freshwater Research 
Drottningholm Report 30: 1–914.

Camacho, A., W. A. Wurtsbaugh, M. R. Miracle, X. Armengol and 
E. Vicente, 2003. Nitrogen limitation of phytoplankton in a 
Spanish karst lake with a deep chlorophyll maximum: a nutrient 
enrichment bioassay approach. Journal of Plankton Research 
25: 397–404.

Currie, D. C. and I. R. Walker, 1992. Recognition and paleohydro-
logic signifi cance of fossil black fl y larvae, with a key to the 
Nearctic genera (Diptera: Simuliidae). Journal of Paleolimnol-
ogy 7: 37–54.

Dean, W. E., 1974. Determination of carbonate and organic matter 
in calcareous sediments and sedimentary rocks by loss on igni-
tion: comparison with other methods. Journal of Sedimentary 
Petrology 44: 242–248.

DEW, 1996. Deutsche Einheitsverfahren zur Wasseruntersuchung. 
VCH Weinheim, New York, Basel, Cambridge, Tokyo, Beuth 
Berlin, Wien, Zürich.

Douglas, M. S. V., J. P. Smol and W. Blake, 1994. Marked Post-18th 
Century Environmental Change in High-Arctic Ecosystems. 
Science 266: 416–419.

Flössner, D., 2000. Die Haplopoda und Cladocera (ohne Bosmini-
dae) Mitteleuropas. Backhuys Publishers, Leiden, 428 pp.

Frey, D. G., 1958. The late-glacial cladocera fauna of a small lake. 
Archiv für Hydrobiologie 54: 209–275.

Frey, D. G., 1959. The taxonomic and phylogenetic signifi cance of 
the head pores of the Chydoridae (Cladocera). Internationale 
Revue der Gesamten Hydrobiologie 44: 27–50.

Frey, D. G., 1986. Cladocera analysis. In: B. E. Berglund (ed.), 
Handbook of Holocene Palaeoecolgy and Palaeohydrology, 
Wiley, Chichester, pp. 667–692.

Frey, D. G., 1988. Littoral and offshore communities of diatoms, 
cladocerans, and dipterous larvae, and their interpretation in 
paleolimnology. Journal of Paleolimnology 1: 179–191.

Gerstmeier, R., 1989. Phenology and bathymetric distribution of the 
profundal chironomid fauna in Starnberger See (F.R. Germany). 
Hydrobiologia 184: 29–42.

Gobet, E., 2004. Landschafts- und Vegetationdynamik der letzten 
12’000 Jahre im Oberengadin. Institute of Plant Sciences, Uni-
versity of Bern, Bern.

Gobet, E., W. Tinner, P. A. Hochuli, J. F. N. van Leeuwen and B. 
Ammann, 2003. Middle to Late Holocene vegetation history of 
the Upper Engadine (Swiss Alps): the role of man and fi re. Veg-
etation History and Archaeobotany 12: 143–163.

Gregory-Eaves, I., J. P. Smol, B. F. Finney and M. E. Edwards, 
1999. Diatom-based Transfer Functions for Inferring Past Cli-
matic and Environmental Changes in Alaska, U.S.A. Arctic 
Antarctic and Alpine Research 31: 353–365.

Hausmann, S., A. F. Lotter, J. F. N. van Leeuwen, C. Ohlendorf, G. 
Lemcke, E. Gronlund and M. Strum, 2002. Interactions of cli-
mate and land use documented in the varved sediments of See-
bergsee in the Swiss Alps. The Holocene 12: 279–289.

Heiri, O., 2001. Holocene palaeolimnology of Swiss mountain lakes 
reconstructed using subfossil chironomid remains: past climates 
and prehistoric human impact on lake ecosystems. Institute of 
Plant Sciences, University of Bern, Bern, 103 pp.

Heiri, O., 2004. Within-lake variability of subfossil chironomid as-
semblages in shallow Norwegian lakes. Journal of Paleolimnol-
ogy 32: 67–84.

Heiri, O. and A. F. Lotter, 2003. 9000 years of chironomid assem-
blage dynamics in an Alpine lake: long-term trends, sensitivity 
to disturbance, and resilience of the fauna. Journal of Paleolim-
nology 30: 273–289.

Heiri, O. and A. F. Lotter, 2005. Holocene and Lateglacial summer 
temperature reconstruction in the Swiss Alps based on fossil 
assemblages of aquatic organisms: a review. Boreas 34: 506–
516.

Heiri, O., A. F. Lotter, S. Hausmann and F. Kienast, 2003. A chi-
ronomid-based Holocene summer air temperature reconstruc-
tion from the Swiss Alps. The Holocene 13: 477–484.

Heiri, O., A. F. Lotter and G. Lemcke, 2001. Loss on ignition as a 
method for estimating organic and carbonate content in sedi-
ments: reproducibility and comparability of results. Journal of 
Paleolimnology 25: 101–110.

Hill, M. O., 1979. TWINSPAN – a fortran program for arranging 
multivariate data in an ordered two way table by classifi cation 
of the individuals and the attributes. Dept. of Ecology and Sys-
tematics, Cornell University, Ithaca, New York.

Hill, M. O. and H. G. Gauch, 1980. Detrended correspondence 
analysis: an improved ordination technique. Vegetatio 42: 47–
58.

Hinder, B., M. Gabathuler, B. Steiner, K. Hanselmann and H. R. 
Preisig, 1999. Seasonal dynamics and phytoplankton diversity 
in high mountain lakes (Jöri lakes, Swiss Alps). Journal of Lim-
nology 59: 152–161.

Hofmann, W., 1971. Zur Taxonomie und Palökologie subfossiler 
Chironomiden (Dipt.) in Seesedimenten [On the taxonomy and 
paleoecology of subfossil chironomids (Dipt.) in lake sedi-
ments]. Archiv für Hydrobiologie Beihefte 6: 1–50.

IPCC, 2001. IPCC report 2001 – Summary for Policymakers. IPCC, 
Geneva, 20 pp.

Jeppesen, E., P. Leavitt, L. De Meester and J. P. Jensen, 2001. Func-
tional ecology and palaeolimnology: using cladoceran remains 



170 C. Bigler et al. Distribution of aquatic biota in Swiss mountain lakes

to reconstruct anthropogenic impact. Trends in Ecology & Evo-
lution 16: 191–198.

Karlsson, J., A. Jonsson and M. Jansson, 2001. Bacterioplankton 
production in lakes along an altitude gradient in the subarctic 
north of Sweden. Microbial Ecology 42: 372–382.

Korhola, A., H. Olander and T. Blom, 2000. Cladoceran and chi-
ronomid assemblages as quantitative indicators of water depth 
in subarctic Fennoscandian lakes. Journal of Paleolimnology 
24: 43–54.

Korhola, A. and M. Rautio, 2001. Cladocera and other branchiopod 
crustaceans. In: J. P. Smol, H. J. B. Birks and W. M. Last (eds.), 
Tracking environmental change using lake sediments, Volume 
4, Zoological Indicators, Kluwer Academic Publishers, Dor-
drecht, pp. 5–41.

Korinek, V., 1971. Comparative study of head pores in the genus 
Bosmina Baird (Crustacea, Cladocera). Vestnik Ceskoslovenske 
Spolecnosti Zoologicke 35: 275–295.

Krammer, K. and H. Lange-Bertalot, 1986–1991. Bacillariophyceae 
Vol. 2. Jena, Gustav Fischer.

Larocque, I., R. I. Hall and E. Grahn, 2001. Chironomids as indica-
tor of climate change: A 100-lake training set from a subarctic 
region of northern Sweden (Lapland). Journal of Paleolimnolo-
gy 26: 307–322.

Leemann, A. and F. Niessen, 1994. Holocene glacial activity and 
climatic variations in the Swiss Alps: reconstructing a continu-
ous record from proglacial lake sediments. The Holocene 4: 
259–268.

Livingstone, D. M., 1997. Break-up dates of alpine lakes as proxy 
data for local and regional mean surface air temperatures. Cli-
matic Change 37: 407–439.

Livingstone, D. M. and A. F. Lotter, 1998. The relationship between 
air and water temperatures in lakes of the Swiss Plateau: a case 
study with palaeolimnological implications. Journal of Pale-
olimnology 19: 181–198.

Livingstone, D. M., A. F. Lotter and I. R. Walker, 1999. The de-
crease in summer surface water temperature with altitude in 
Swiss alpine lakes: a comparison with air temperature lapse 
rates. Arctic Antarctic and Alpine Research 31: 341–352.

Livingstone, D. M., A. F. Lotter and I. R. Walker, 1999. The de-
crease in summer surface water temperature with altitude in 
Swiss alpine lakes: a comparison with air temperature lapse 
rates. Arctic, Antarctic and Alpine Research 31: 341–352.

Lotter, A. F., 1998. The recent eutrophication of Baldeggersee 
(Switzerland) as assessed by fossil diatom assemblages. The 
Holocene 8: 395–405.

Lotter, A. F., 2001. The effect of eutrophication on diatom diversity: 
examples from six Swiss lakes. In: R. Jahn, J. P. Kocioleck, A. 
Witkowski and P. Compère (eds.), Lange-Bertalot-Festschrift, 
Ruggel, Gantner, pp. 417–432.

Lotter, A. F., P. G. Appleby, R. Bindler, J. A. Dearing, J. A. 
Grytnes, W. Hofmann, C. Kamenik, A. Lami, D. M. Living-
stone, C. Ohlendorf, N. Rose and M. Sturm, 2002. The sedi-
ment record of the past 200 years in a Swiss high-alpine lake: 
Hagelseewli (2339 ma.s.l.). Journal of Paleolimnology 28: 
111–127.

Lotter, A. F. and C. Bigler, 2000. Do diatoms in the Swiss Alps re-
fl ect the length of ice-cover? Aquatic Sciences 62: 125–141.

Lotter, A. F., H. J. B. Birks, W. Hofmann and A. Marchetto, 1997. 
Modern diatom, cladocera, chironomid, and chrysophyte cyst 
assemblages as quantitative indicators for the reconstruction of 
past environmental conditions in the Alps. I. Climate. Journal of 
Paleolimnology 18: 395–420.

Lotter, A. F., H. J. B. Birks, W. Hofmann and A. Marchetto, 1998. 
Modern diatom, cladocera, chironomid, and chrysophyte cyst 
assemblages as quantitative indicators for the reconstruction of 
past environmental conditions in the Alps. II. Nutrients. Journal 
of Paleolimnology 19: 443–463.

Maberly, S. C., L. King, M. M. Dent, R. I. Jones and C. E. Gibson, 
2002. Nutrient limitation of phytoplankton and periphyton 
growth in upland lakes. Freshwater Biology 47: 2136–2152.

Maisch, M., A. Wipf, B. Denneler, J. Battaglia and C. Benz, 2000. 
Die Gletscher der Schweizer Alpen. VDF Hochschulverlag, 
Zürich.

Manca, M. and M. Armiraglio, 2002. Zooplankton of 15 lakes in the 
Southern Central Alps: comparison of recent and past (pre-ca 
1850 AD) communities. Journal of Limnology 61: 225–231.

Marchetto, A., 1998. The study of high mountain lakes in the activ-
ity of the Istituto Italiano di Idrobiologia. Memorie dell istituto 
italiano di idrobiologia 57: 1–10.

Marchetto, A., A. Lami, S. Musazzi, J. Massaferro, L. Langone and 
P. Guilizzoni, 2004. Lake Maggiore (N. Italy) trophic history: 
fossil diatom, plant pigments, and chironomids, and compari-
son with long-term limnological data. Quaternary International 
113: 97–110.

Marchetto, A. and R. Schmidt, 1993. A regional calibration data set 
to infer lake water pH from sediment diatom assemblages in 
alpine lakes. Memorie dell’Istituto Italiano di Idrobiologia 51: 
115–125.

Müller, B., A. F. Lotter, M. Sturm and A. Ammann, 1998. Infl uence 
of catchment quality and altitude on the water and sediment 
composition of 68 small lakes in Central Europe. Aquatic Sci-
ences 60: 316–337.

Nyman, M., A. Korhola and S. J. Brooks, 2005. The distribution and 
diversity of Chironomidae (Insecta : Diptera) in western Finnish 
Lapland, with special emphasis on shallow lakes. Global Ecol-
ogy and Biogeography 14: 137–153.

Ohlendorf, C., F. Niessen and H. Weissert, 1997. Glacial varve 
thickness and 127 years of instrumental climate data: A com-
parison. Climatic Change 36: 391–411.

Olander, H., H. J. B. Birks, A. Korhola and T. Blom, 1999. An ex-
panded calibration model for inferring lakewater and air tem-
peratures from fossil chironomid assemblages in northern Fen-
noscandia. The Holocene 9: 279–294.

Oliver, D. R., 1971. Life history of Chironomidae. Annual Review 
of Entomology 16: 211–230.

Pinder, L. C. V., 1986. Biology of Fresh-Water Chironomidae. An-
nual Review of Entomology 31: 1–23.

Prazakova, M. and J. Fott, 1994. Zooplankton decline in the Cerne 
Lake (Sumava Mountains, Bohemia) as refl ected in the stratifi -
cation of cladoceran remains in the sediment. Hydrobiologia 
274: 121–126.

Rautio, M., S. Sorvari and A. Korhola, 2000. Diatom and crustacean 
zooplankton communities, their seasonal variability and repre-
sentation in the sediments of subarctic Lake Saanajärvi. Journal 
of Limnology 59 (Suppl. 1): 81–96.

Renberg, I., 1991. The HON-Kajak sediment corer. Journal of Pale-
olimnology 6: 167–170.

Renberg, I., T. Korsman and H. J. B. Birks, 1993. Prehistoric in-
creases in the pH of acid-sensitive Swedish lakes caused by 
land-use changes. Nature 362: 824–826.

Rieradevall, M., N. Bonada and N. Prat, 1999. Substrate and depth 
preferences of macroinvertebrates along a transect in a Pyrene-
an high mountain lake (Lake Redò, NE Spain). Limnetica 17: 
127–134.

Rieradevall, M. and S. J. Brooks, 2001. An identifi cation guide to 
subfossil Tanypodinae larvae (Insecta : Diptera : Chironomidae) 
based on cephalic setation. Journal of Paleolimnology 25: 81–99.

Rosén, P., R. I. Hall, T. Korsman and I. Renberg, 2000. Diatom 
transfer-functions for quantifying past air temperature, pH and 
total organic carbon concentration from lakes in northern Swe-
den. Journal of Paleolimnology 24: 109–123.

Saros, J. E., S. J. Interlandi, A. P. Wolfe and D. R. Engstrom, 2003. 
Recent changes in the diatom community structure of lakes in 
the Beartooth Mountain Range, USA. Arctic Antarctic and Al-
pine Research 35: 18–23.

Schmid, P. E., 1993. A key to the larval Chironomidae and their in-
stars from Austrian danube region streams and rivers with par-
ticular reference to a numerical taxonomic approach. Part I. 
Diamesinae, Prodiamesinae and Orthocladiinae. Wasser und 
Abwasser Supplement 3: 1–514.



Aquat. Sci. Vol. 68, 2006 Research Article 171

Schmidt, R., C. Kamenik, C. Kaiblinger and M. Hetzel, 2004. 
Tracking Holocene environmental changes in an alpine lake 
sediment core: application of regional diatom calibration, geo-
chemistry, and pollen. Journal of Paleolimnology 32: 177–196.

Schär, C., T. D. Davies, C. Frei, H. Wanner, M. Widmann, M. Wild 
and H. C. Davies, 1998. Current Alpine climate. Views from the 
Alps. In: P. Cebon, U. Dahinden, H. C. Davies, D. Imboden and 
C. C. Jaeger (eds.), Regional perspectives on Climate Change, 
Massachusetts Institute of Technology Press, Cambridge, Mas-
sachusetts, pp. 21–72.

Smol, J. P., 2002. Pollution of lakes and rivers. A paleolimnological 
perspective. Arnold, London, 280 pp.

Smol, J. P., A. P. Wolfe, H. J. B. Birks, M. S. V. Douglas, V. J. Jones, 
A. Korhola, R. Pienitz, K. Rühland, S. Sorvari, D. Antoniades, 
S. J. Brooks, M. A. Fallu, M. Hughes, E. K. Bronwyn, T. E. La-
ing, N. Michelutti, L. Nazarova, M. Nyman, A. M. Paterson, B. 
Perren, R. Quinlan, M. Rautio, E. Saulnier-Talbot, S. Siitonen, 
N. Solovieva and J. Weckström, 2005. Climate-driven regime 
shifts in the biological communities of arctic lakes. Proceedings 
of the National Academy of Sciences of the United States of 
America 102: 4397–4402.

Sommaruga-Wögrath, S., K. A. Koinig, R. Schmidt, R. Sommaruga, 
R. Tessadri and R. Psenner, 1997. Temperature effects on the 
acidity of remote alpine lakes. Nature 387: 64–67.

Stoermer, E. F. and J. P. Smol (eds.), 1999. The diatoms: applica-
tions for the environmental and earth sciences. Cambridge 
University Press, Cambridge, 469 pp.

ter Braak, C. J. F., 1986. Canonical correspondence analysis: a new 
eigenvector technique for multivariate direct gradient analysis. 
Ecology 67: 1167–1179.

ter Braak, C. J. F., 1990. CANOCO: a FORTRAN program for ca-
nonical community ordination. Microcomputer Power, Ithaca, 
New York.

ter Braak, C. J. F. and I. C. Prentice, 1988. A theory of gradient 
analysis. Advances in Ecological Reserach 18: 271–317.

Urfer, C., G. Gensler, F. Ambrosetti and E. Zenone, 1979. Regionale 
Klimabeschreibungen, 2. Teil, Graubünden. In: Schweizerische 

Meteorologische Anstalt (ed.), Klimatologie der Schweiz, 
Zürich, pp. 323–372.

Uutula, A. J. and J. P. Smol, 1996. Paleolimnological reconstruc-
tions of long term changes in fi sheries status in the Sudbury area 
lakes. Canadian Journal of Fisheries and Aquatic Sciences 53: 
174–180.

Wagner, R., 1997. Diptera, Thaumaleidae. In: A. N. Nilsson (ed.), 
Aquatic Insects of Northern Europe – A taxonomic handbook, 
Apollo Books, Stenstrup DK, pp. 187–191.

Walker, I. R., 2001. Midges: Chironomidae and related Diptera. In: 
J. P. Smol, H. J. B. Birks and W. M. Last (eds.), Tracking Envi-
ronmental Change Using Lake Sediments, Volume 4, Zoologi-
cal Indicators, Kluwer Academic Publishers, Dordrecht, pp. 
43–66.

Weckström, J., A. Korhola and T. Blom, 1997. The Relationship 
between Diatoms and Water Temperature in Thirty Subarctic 
Fennoscandian Lakes. Arctic and Alpine Research 29: 75–92.

Wetzel, R. G., 2001. Limnology, Lake and River Ecosystems. Aca-
demic Press, Florida, 1006 pp.

Wiederholm, T., 1983. Chironomidae of the Holarctic Region, Keys 
and Diagnoses: Part 1 – Larvae. Entomologica scandinavica 
Supplement 19: 457 pp.

Wolfe, A. P., J. S. Baron and R. J. Cornett, 2001. Anthropogenic ni-
trogen deposition induces rapid ecological changes in alpine 
lakes of the Colorado Front Range (USA). Journal of Paleolim-
nology 25: 1–7.

Wunsam, S., R. Schmidt and R. Klee, 1995. Cyclotella-taxa (Bacil-
lariophyceae) in lakes of the Alpine region and their relation-
ship to environmental variables. Aquatic Sciences 57: 360–
386.

Züllig, H., 1982. Untersuchungen über die Stratigraphie von Caroti-
noiden im geschichteten Sediment von 10 Schweizer Seen zur 
Erkundung früherer Phytoplankton-Entfaltungen. Sch-
weizerische Zeitschrift für Hydrologie 44: 1–98.

Züllig, H., 1995. Die trophische Entwicklung des St. Moritzersees 
seit dem Spätglazial aus der Sicht der Sedimente. Limnolo-
gische Berichte Donau, pp. 45–70.


