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The spatial coherence of alpine lakes
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Introduction
Many environmental problems and processes are
regional, continental or global. Some of the most
important natural factors are year-to-year variations
in the weather, which follow a quasi-cycling pattern
(GEORGE & HARRIS 1985). In Europe, changes are
known to be largely associated with atmospheric circulation patterns across the North Atlantic (GEORGE
et al. 1998, DOKULIL 2000). Analysing the impact of
climatic change on European freshwater lakes poses
the problem of how to scale up from single-site studies to regional coverage. Based on the expectation
that neighbouring lakes within a lake district vary
synchronously over time, coherence between locations within a region can be used.

Materials and methods
Long-term data from six alpine lakes in the Austrian
‘Salzkammergut’ district (near 47° 45' N, 13° 35' E)
were analysed during an EC project on ‘The
Response of European Freshwater Lakes to Environmental and Climatic change’ (REFLECT). All lakes
were formed at the end of the last continental glaciation, about 10,000 years BP, and are embedded in
the limestone of the Central Alps. The lakes lie
within a circle of 35 km diameter, belong to two

catchments (Rivers Ager and Traun) and have
approximately the same ionic concentration, ca 300
µS cm–1. They differ greatly, however, in their geomorphologic position in the landscape, their morphometry, (Table 1) and consequently in their exposure to climatic factors. The ratio of surface area to
mean depth, a measure of exposure to climatic factors (MAGNUSON et al. 1990) ranges from 132 to 545
× 103 (Table 1). The lakes are exposed to the same
climate, largely influenced by the North Atlantic
Oscillation.
A set of variables common to all sites were
selected, including physical, chemical, nutrient and
biological parameters (Table 2). These data were
consistently available for all of the lakes for the
period from 1977 to the present. The sampling
interval, however, varied from biweekly to
bimonthly.
Pearson’s product-moment correlation of nontransformed variables between lake pairs was used as
a measure of coherence. Average coherence between
lakes pairs was calculated as the arithmetic mean of
all individual correlation coefficients. Similarly, average coherence for lakes within a watershed was calculated from all average coherence values of all possible
lake pairs.

Table 1. Characteristics of the six long-term research lakes in the Salzkammergut region, Austria.
Lake

Altitude Area Volume Mean depth z Max. depth Retention Catchment A’
(m) (km2) (106 m3)
(m)
zmax
(y)
(km2)
(m)

A/z

A/zmax

Irrsee

533

3.5

53.0

15.3

32.0

1.7

27.5

228,758 109,375

Mondsee

481

14.2

51.0

36.0

68.3

1.7

247.0

394,444 207,906

Attersee

469

45.9 3944.6

84.2

170.6

7.0

463.5

545,131 269,050

Hallstättersee

508

8.6

557.0

64.9

125.2

0.5

646.5

132,512 68,690

Wolfgangsee

538

12.8

667.1

52.0

113.1

3.9

124.8

246,154 113,174

Traunsee

422

25.6 2302.0

89.7

191.2

1.0

1417.0

285,396 134,031
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Table 2. List of variables and units.
Type

Variable

Physical

Temperature

°C

Secchi depth

m

Chemical

Unit

pH

Nutrients

Biological

Conductivity

µS cm–1

Oxygen

mg L–1

Nitrogen

mg L–1

Phosphorus

mol L–1

N:P

mol L–1

Silicate

mol L–1

Chlorophyll a

µg L–1

Results and discussion
The grand mean correlation for the 150 correlation coefficients for the ten variables and all
lake pairs was r = 0.47. Correlations for the

combination of individual lake pairs and variables ranged from –0.73 to +0.99.
Positive correlation values, indicating trends
in the same direction in all lake pairs, were
observed for the physical variables temperature
and Secchi depth, for ionic (conductivity), oxygen, nitrogen and silica concentrations (Fig. 1).
Correlation coefficients for all other variables
ranged from strongly positive to strongly negative, indicating a great deal of dissimilarity over
time among several lake pairs. Variability was
greatest for pH values, a reflection of individual
lake processes. Coherence between all of the
lake pairs was strongest for epilimnetic temperature, ranging from +0.95 to +0.99. Lake surface temperatures in the region are most
directly related to air temperatures across
Europe and the North Atlantic Oscillation
(NAO), as demonstrated by LIVINGSTONE &
DOKULIL (2001).
Average coherence between lake pairs
decreased along the lake chain in both catchments (Table 3). The greatest synchrony in the
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Fig. 1. Box-plot of coherence for individual variables indicated along the x-axis, and all lake pairs. Solid line
for median and dotted line for mean.
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Table 3. Statistics for all lake pairs and all variables
for the two catchments.
Catchment

Ager

Lake pair
Lake 1

Lake 2

Average
coherence

Irrsee

Mondsee

0.595

Mondsee

Attersee

0.397

Attersee

Irrsee

0.359

Average across catchment
Traun

Hallstättersee

0.450
Traunsee

0.658
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P < 0.05), similar to lakes in the English Lake
District but less pronounced (GEORGE et al.
2000). The weaker connection between size
and coherence in the alpine lakes may be partly
explained by the more rigid regional geomorphology (e.g. higher mountain ridges, deeper
valleys) and hence often localised weather
effects. The levels of coherence between lake
pairs was also weakly influenced by the relative
difference in their retention times (r = –0.56, P
< 0.10).

Hallstättersee Wolfgangsee

0.451

Conclusions

Wolfgangsee

0.364

A high degree of spatial coherence was observed
between alpine lakes in Austria, particularly for lake
pairs of higher lake order. Area and retention time
appeared to be the most influential variables, despite
the variable and often pronounced geomorphology
in the region. The highest coherence levels for individual variables ranked in the order of temperature >
conductivity > silica. Coherence levels between
groups of variables decreased sequentially from physical parameters > basic chemical > nutrients > biological.
Synchrony among lakes within a lake district will
enable a broader interpretation of climatic impacts,
e.g. by the North Atlantic Oscillation, on a regional
scale.

Average across catchment

Traunsee

0.491

Ager watershed was found for the Irrsee–Mondsee lake pair, two lakes of similar exposure and
landscape characteristics. The correlation coefficients for the other two lake pairs were lower,
due to sheltering by mountains and greater distance. The highest average coherence in the
region was observed for the Hallstättersee–Traunsee pair, two deep valley lakes connected by the dominating River Traun. Correlations of both lakes to Wolfgangsee, a lake in the
same watershed, were weaker because of its
position relative to Hallstättersee and Traunsee.
Although lying in a different catchment, Wolfgangsee is more synchronised with Mondsee
and Irrsee than with any lake of its own watershed, based on its position in the landscape and
the surrounding landform. The average coherences were +0.55 and +0.65, respectively. The
lowest coherence (+0.25) has been calculated
for Irrsee–Hallstättersee, the two most distant
lakes having the greatest morphometrical and
landform difference. The total mean correlation
for the two catchments, i.e. +0.45 and +0.49
(Table 3), was not significantly different.
Similarity in morphology, measured as the
relative difference in mean depth or ‘area/depth’
ratios, did not significantly correlate with
coherence, in contrast to findings elsewhere
(MAGNUSON et al. 1990, GEORGE et al. 2000).
Coherence decreased progressively with increasing size differences in the basins (r = –0.66,
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