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Abstract. Here we present the chemical trends of seven high altitude lakes, analysed within the
AL:PE and MOLAR Projects of the EU (1999) and selected on the basis of the availability of
complete and reliable data for the period 1984–1999. The lakes are representative of the Scand-
inavian Alps, the Cairngorm Mountains in Scotland, the Alps and the Pyrenees. Significant trends
were identified for some indicators of acidification, for instance pH and alkalinity, but not all lakes
reacted similarly to decreasing depositions of sulphate and base cations. Differences in lake response
are discussed in relation to recent variations of atmospheric deposition chemistry and associated
changes in climatic conditions. Beside individual variations of the studied lakes, depending, among
other things, on altitude and morphology, catchment characteristics and climate trends play a major
role for the reaction of high altitude lakes on changes in atmospheric depositions.
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1. Introduction

Scientific studies within the MOLAR project (Measuring and modelling the dy-
namic response of remote mountain lake ecosystems to environmental change: A
programme of Mountain Lake Research – MOLAR), were carried out between
February 1996 and February 1999, and were funded within the EU Environmental
and Climate Programme with assistance from INCO. Around 23 co-operative part-
ners were involved in research at some of the most remote and least disturbed
freshwater ecosystems in Europe, mainly located in the Alpine and Arctic re-
gions. Although far from local sources of pollution, the ecology of these lakes is
strongly influenced by the atmospheric deposition of pollutants (acidity and toxic
air pollutants) and by climate change. Because of their sensitivity to anthropogenic
influences, they are also excellent sensors of change and can be used to infer the
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speed, direction and biological impact of changing air quality and climate (Patrick
et al., 1998).

Details of site descriptions, chemical methods and a summary of chemical res-
ults are given in a previous synthesis paper (The MOLAR Water Chemistry Group,
1999).

In this article we evaluate trends in the chemical composition of seven MOLAR
lakes in relation to changes which occurred in atmospheric deposition chemistry
and climatic variations during the period 1984–1999. These lake ecosystems are
representative of different European areas (Figure 1), from the Scandinavian Alps
(Stavsvatn) to the Cairngorm Mountains in Scotland (Lochnagar), to the Alps
(Paione Superiore, Laghetto Inferiore, Lago di Latte, Schwarzsee ob Sölden) and
the Pyrenees (Redó). Atmospheric deposition was collected at five different sites
(Figure 1): the Norwegian sampling station of Mosvatn and the alpine stations of
Reutte, Ritten, Domodossola and Piotta. Data collected at the Domodossola rain
site were used in the case of Lake Paione, in spite of the difference in altitude
between the sampling station and the studied lake (Table I), to provide a long data
series. The validity of this selection was checked by comparing the chemistry of
deposition collected at Domodossola with that collected at a site close to the lake
over a short timescale. The results revealed only small differences in the values of
the main chemical variables, so that data from the Domodossola station could be
used to detect trends (Mosello et al., 1999).

2. Results

2.1. LAKE WATER AND ATMOSPHERIC DEPOSITION CHEMISTRY

The main physical characteristics of the selected lakes and of the corresponding
deposition sampling stations are shown in Table I. Sampling frequencies varied
according to the accessibility of the lakes, from 1–2 to 12 or more samplings per
year. Lake samples were considered to be representative of surface water (0–1 m).
The hydrology of the lakes is strongly influenced by the long period of ice cover
during the winter, with the period of maximum hydrological activity during the
snowmelt, from April to July. Most of the watersheds of the lakes are formed of
gneiss or granite, while two of them also contain small amounts of calcite and
carbonate (Redó, Laghetto Inferiore). Bare rocks, moraine and debris are the main
components of the drainage basin while soils are thin and constitute only a fraction
of the whole watershed. The vegetation mostly consists of alpine meadows, but in
a few cases a sparse cover of trees is present (Table I). Atmospheric precipitation
was sampled weekly, and mean monthly and yearly averages of major ions con-
centrations were obtained by volume weighting. Mean pH values were calculated
from the mean volume weighted H+ concentration.

Procedures and methods employed for chemical analyses and quality assurance
and quality control are described in Mosello and Wathne (1997). Mean concen-
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Figure 1. Lakes and atmospheric deposition sampling sites. NIVA: Norwegian Institute for Water
Research, Oslo. FFL: Freshwater Fisheries Laboratory, Pitlochry. LSA: Laboratorio Studi Ambient-
ali, Lugano. UIBK: University of Innsbruck. LBP: Laboratorio Biologico Provinciale, Laives. CNR:
Istituto Italiano di Idrobiologia, Verbania Pallanza. UB: University of Barcelona. See Table I for the
other acronyms.
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trations of major ions in surface water and atmospheric deposition are shown in
Table II. The total ionic content of the lakes varies between 146 and 348 µeq
L−1; the highest value is that of Lochnagar, which has the greatest contribution
from marine sources. The lowest alkalinity concentrations correspond to the lakes
with pH below 6.0. The unusually high sulphate concentration at Schwarzsee ob
Sölden indicates a large contribution from catchment weathering in addition to
the atmospherically derived sources (Koinig et al., 1997). Nitrate concentrations
are very low (below 10 µeq L−1) in the northernmost lake in Norway and in the
Austrian lake, while the highest values (16–26 µeq L−1) are found in the lakes in
the Alps (Table II).

The wet deposition chemistry is quite similar at the four stations, with mean pH
values ranging between pH 4.69 and 5.23, corresponding to an H+ concentration
ranging between 7 µeq L−1 (Reutte) and 20 µeq L−1 (Domodossola). The least
polluted rain in terms of sulphate and nitrogen compound concentrations was col-
lected at Reutte and Mosvatn, while the other sites were relatively similar, although
Domodossola was the most polluted of the three (Table II).

2.2. LONG-TERM TRENDS

Statistical analysis to detect long-term trends was applied to the available chemical
data of lake water and atmospheric deposition (Table III). The Kendall test was
used in the former case because seasonality could not be considered, owing to the
random sampling frequency (samples were taken in most cases during summer and
with a different sampling frequency in the different years). The seasonal Kendall
test (SKT) was used in the case of atmospheric deposition data, using the methods
described by Hirsch et al. (1992) and Hirsch and Slack (1984).

Long-term trends in annual means of the main chemical variables in atmo-
spheric deposition are shown in Figure 2. At all sites, pH increased significantly
and sulphate decreased in the 1990s, as a consequence of reduced atmospheric
emissions of sulphur compounds throughout Europe. Total inorganic nitrogen (NH+

4
+ NO−

3 ) remained fairly constant or declined slightly at Ritten (Eastern Alps). Base
cations declined significantly at the Domodossola, Piotta and Reutte sites (Figure 2,
Table III).

Turning to the lake sites (Figures 3 and 4), the pH trend in three of the seven
lakes (Laghetto Inferiore, Schwarzsee ob Sölden, Paione Superiore) showed a sig-
nificant increase, but was in decline in Redó after 1986. Alkalinity increased in
Stavsvatn, Lago di Latte and Paione Superiore with a high level of significance;
the increase was less marked in Laghetto Inferiore and Redó. Interestingly, no
significant alkalinity trend was found in Schwarzsee ob Sölden and Lochnagar;
even though there was an increase in pH at the former site (Figure 3). Sulphate
concentrations declined in all the lakes, with the exception of Lago di Latte and
Schwarzsee ob Sölden. At the latter site sulphate concentrations increased sharply
from 1992 (Figure 4). By comparison, nitrate concentrations do not show any
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Figure 4. Long-term trends of sulphate, nitrate and base cations (Ca2+ + Mg2+ + Na+ + K+) in lake
water.
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Figure 4. (Continued).
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Figure 5. Long-term variations of aluminium concentrations in lakes Stavsvatn and Paione Superiore.

consistent trends: they increased significantly in Stavsvatn, Lochnagar and Paione
Superiore, and decreased in Schwarzsee ob Sölden, Lago di Latte and Redó, while
the trend is not statistically significant in the case of Laghetto Inferiore (Figure 4,
Table III). Trend analysis of base cations was performed for six of the lakes: Loch-
nagar and Schwarzsee ob Sölden showed an increasing trend of base cations, while
in the other lakes the trends were not significant. For Lake Redó only calcium
and sodium concentrations were available: the trend analysis performed on cal-
cium data showed a significant increase (Table III). The fact that base cations have
generally decreased in precipitation seems to indicate that in the lakes where their
concentrations have not changed or have slightly increased, weathering rates are
higher, possibly as a consequence of warmer temperatures.

Figure 5 shows the long-term trend of declining aluminium in Stavsvatn and
Paione Superiore based on annual average values; this indicates a steady recovery
from acidification allied with increasing pH and alkalinity and declining sulphate
concentration.

3. Discussion and Conclusion

The data from the precipitation network indicate a general decline in acidity, sulph-
ate and base cations over most of Europe, which is corroborated by data from other
precipitation networks (Schaug et al., 1997; Barrett et al., 2000). However, the
response of high mountain lakes is rather variable and, in some cases, quite the
opposite of the deposition trends. Results of the analysis of long-term trends of
mountain lake chemistry show marked dissimilarities in the responses of lakes to
the changes occurring in atmospheric deposition.

In agreement with the decreasing acidity of the atmospheric input, there are
clear signs of recovery from acidification in some of the lakes: the pH and alkalin-
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ity trends of Laghetto Inferiore and Paione Superiore show a significant increase,
although the relationship between these two variables does not match very well
in the other lakes. While the pH trend in Stavsvatn is not significant, the recovery
of the lake is evident in terms of increasing alkalinity and decreasing aluminium
concentrations; this is due to the reduction of atmospheric deposition of sulphur
over the whole region of South Norway (The Norwegian State Pollution Control
Authority, 1999).

There appears to be no relationship between atmospheric input and lake re-
sponse in the Austrian lake Schwarzsee ob Sölden, where sulphate concentration
increased, in sharp contrast with the decreasing sulphate concentration in the at-
mospheric deposition of the Reutte site (Puxbaum, 1998). This behaviour, which is
characteristic of a high number of mountain lakes in the Eastern Alps (Sommaruga-
Wögrath et al., 1997), can be explained by higher summer temperatures and con-
sequently more intense weathering related to climate change, in particular the
dissolution of easily soluble calcium and magnesium sulphate in the catchment.
As shown by Beniston et al. (1997) the average air temperature at altitude stations
in the Alps has increased by ca. 1 ◦C since 1985. Sommaruga-Wögrath et al.
(1997) argued that the disappearance of permanent snowfields in the catchment
of Schwarzsee ob Sölden – a typical feature of the 1970s, when also the lake itself
had a permanent ice cover during some years – has led to a tremendous increase
in the dissolution of minerals, indicated by a steady rise of silica concentrations
in lake water. Pyrite oxidation, which produces sulphuric acid and thus enhances
the weathering of silicate or carbonate minerals, could also account for the in-
creased concentrations of sulphate, base cations and silica without any change in
alkalinity (Wögrath and Psenner, 1995). Another striking case is that of Lago di
Latte, where the sulphate trend is not significant in spite of a diminishing content
in atmospheric deposition at Ritten. Enhanced weathering and increased biological
activity induced by climate warming may account for this result, and also for the
decrease in nitrate concentration, as in Schwarzsee ob Sölden, in agreement with
the increased levels of primary production (Tait and Thaler, 2000).

In Lake Redó, the year-to-year variability was high because some of the yearly
averaged data were biased by winter data, when the ice cover and melting snow
with distinct chemical characteristics had a major influence on the surface waters.
This uneven sampling frequency caused a departure from the general trend, which
might override the signal of the processes. Despite this fact, decreasing sulphate
concentration and pH, and increasing alkalinity trends were found to be statist-
ically significant. Thus, whereas alkalinity seemed to respond to lower sulphate
deposition as expected, pH had an opposite response. The apparent paradox of
the pH and alkalinity trends may be explained by the increased concentrations of
dissolved inorganic carbon measured in the lake water (Camarero, unpublished
data), resulting in higher values of dissolved CO2-carbonic acid. Since Redó acts
as an heterotrophic system (Camarero et al., 1999), higher respiration rates and,
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therefore, enhanced CO2 production in the lake related to warmer periods is a
possible explanation.

In other lakes, which are much more shallow than Redó, because of longer
exposure to the atmosphere (i.e. a reduction of ice cover duration and longer mix-
ing periods), the pH may become closer to the atmospheric equilibrium (i.e. it
will rise), while in deep lakes CO2 can accumulate at a faster pace when climatic
conditions become more favourable.

The decline in sulphate concentration in Lochnagar can also be associated to a
similar decline in atmospheric deposition, but for this lakes there were no trends in
either pH or alkalinity. Climate influences might offer an explanation: during the
past two decades, ice cover on the lake has declined, resulting in more frequent
mixing and less chemical variability. The increasing nitrate trend appears to be a
consequence of the warm dry summer of 1996, which mineralised soil nitrogen
and produced elevated nitrate concentrations for about two years. Associated with
this trend is an equivalent increase in ionic aluminium and base cations. Recently,
nitrate concentrations have declined to pre-1995 levels.

Altogether, the chemical signal from atmospheric deposition (especially sulph-
ate) appears generally to be detected in high mountain lakes. Some of them show
clear signs of recovery from acidification in terms of decreasing acidity and sulph-
ate, while others seem to stray from these trends. Altitude (and consequently tem-
perature and ice cover duration), trophic degree, morphometry (especially size and
depth) and catchment characteristics seem to play a dominant role for the observed
differences. In addition, climate variability appears to introduce a greater degree of
chemical variability (especially in nitrate, aluminium and base cations) which may
mask trends resulting from emission reduction programmes.
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