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ABSTRACT

The varve data-set from a freeze-core taken in the deepest part of Baldeggersee was subjected to
different multivariate statistical analyses in order to estimate the amount of variance in the varve
thickness measures explicable by past climate and by the trophic state of the lake. A comparison
of two different time-periods (1902 to 1992 versus 1920 to 1980) revealed that the lake restoration
programme since 1982 has had a significant impact on the formation of the seasonal layers. Results
of the partitioning of the variance in the varve thickness measures showed that about two thirds of
the variance are unexplained by a climate and trophic state model and that trophic state explains
6% , whereas climate accounts for about 28 % of the variance before the effect of lake restoration
had a strong impact on the varves. Among the climate parameters the amount of annual precipi-
tation is a strong predictor for explaining the thickness of both dark layer and total couplet thick-
ness, whereas summer precipitation is important for the thickness of the light layer.

Introduction

Lake sediments store a variety of different environmental signals. Annually lami-
nated sediments, so-called varves, provide an unique environmental archive as they
permit the highest time-resolution in sediment studies; they even allow a distinction
between the sediment deposited during the warm and the cold season of a year.
Furthermore, varves provide an exact chronology in sidereal years, independent of
radiometric methods such as '3’Cs, 2!1%Pb, or “C-dating.

Seasonal cycles in sedimentation are a basic prerequisite for the formation of
varves. Varve preservation may depend on different factors such as a high sediment-
accumulation rate or the lack of bioturbation that leads to an averaging of the
environmental signal in the sediment by an unknown and often varying factor
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(Davis, 1974). Depending on the location as well as on the geology and geomor-
phology of the hydrological catchment of a lake, different types of varves may be
formed (see, e.g., Sturm, 1979; O’Sullivan, 1983; Sturm and Lotter, 1995).

Studies in connection with glacial-fed lake systems suggest a positive correlation
between summer temperatures and thickness of clastic varves (e.g. Perkins and
Sims, 1983; Leonard, 1986; Wolfe and Teller, 1993; Desloges, 1994; Leemann and
Niessen, 1994; Hardy et al., 1996). In biochemically controlled aquatic systems,
however, the relationship between climate and varve formation is more complex.
The summer layer of a varve may provide an indirect measure of climate. In the
marine environment, for example, climatically controlled varve formation in relation
to El Nifio Southern Oscillation events has been observed (e.g. Schimmelmann et
al., 1990). In lakes, several studies have suggested some relationship between cli-
mate and varve formation (Renberg et al., 1984; Goslar, 1989; Boryczka et al., 1989;
Zolitschka, 1992, 1996; Itkonen and Salonen, 1994). Given a precise chronology, a
direct comparison of instrumental meteorological time-series and varve features
may yield information about the climatic parameters influencing varve formation.
A better understanding of the modern processes that lead to distinctive varve fea-
tures can help to decipher long varve chronologies in terms of past climate. Never-
theless, it has to be borne in mind that the available instrumental records cover the
time during which significant anthropogenic eutrophication of lakes has also taken
place. Many lakes have developed varved sediments as a result of considerable
increases in nutrient loadings during the last 50—-100 years. Therefore, it is important
to try to disentangle the trophic signal from the climatic signal in varved sediments.

Our study at Baldeggersee was undertaken to estimate the influence of the
climatic signal on modern bio-chemical varve formation, to consider the influence
of nutrient loadings on varve formation, and to quantify the relative roles of
climate and nutrients on varve thickness.

Site and methods

Baldeggersee is situated on the central Swiss Plateau at 463 m a.s.l. (47° 10'N, 8° 17
E, see Fig. 1). The lake has a volume of 0.173 km® and a surface of 5.2 km?. Its
catchment includes 73 km?, 77 % of which consists of intensively used agricultural
land, 12 % forest, 5% urban areas, and 6 % lake surface (Stadelmann et al., 1994).
Maximum and mean depths are 66 m and 33 m, respectively. The mean residence
time of the water is 4.3 years. The sediment in the deepest part of the basin is
annually laminated back to 1885 A.D., indicating hypolimnetic anoxia since the
last century (see also Wehrli et al., 1997). Each varve consists of a light diatom and
calcite spring/summer layer followed by a dark organic autumn/winter layer (see
Lotter et al., 1997a).

As early as the 1920s Nipkow (1927) discovered and sampled the laminated
sediments in Baldeggersee. In an unsuccessful attempt he tried to correlate
meteorological features such as precipitation or freezing of the lake with the
abundance of planktonic organisms. Niessen and Sturm (1987) mapped the occur-
rence of laminated sediments within Baldeggersee. They suggested a relationship
between increasing PO, concentrations in the water and increasing grain size of the
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Figure 1. Map of Switzerland indicating the location of Baldeggersee (arrow) and the location of
the climate stations Luzern (temperature) and Beromiinster (precipitation)

calcite crystals since the beginning of this century, a hypothesis that has been
supported by modern varve studies (Lotter et al., 1997a).

Since approximately 1940 the water column below 40 m has shown summer
anoxia and during the peak of eutrophication, at the beginning of the 1970s, the
water below 10 m was anoxic (see Wehrli et al., 1997). As a result of this pollution,
the lake has been subjected to a lake restoration programme since 1982: during the
summer oxygen and during the winter air is pumped to 3 locations in the deepest
part of the basin to enhance water circulation and to fulfil the Swiss quality standard
of a minimum of 4 mg O, I"" for natural lakes. As a result, oxygen conditions in the
water column have improved (Wehrli et al., 1997). Nevertheless, the water/sedi-
ment interface in the deepest part is still anoxic, and the varves have been pre-
served.

The topmost 70 cm of sediment were sampled in autumn 1993 with a freeze corer
(see Lotter et al., 1997b). The varves were identified on sediment thin-sections. The
thickness of the dark and light layers were measured repeatedly for the varves
deposited between 1885 to 1993 on two different cores (see Lotter et al., 1997 a). For
the statistical analyses we have utilized the mean layer thickness (light, dark, and
total couplet) of two measurements in core BA93-C. Moreover, the thickness of the
topmost seven unconsolidated layers (1986 —-1992) has been detrended according to
their water content to allow a better comparison with the underlying, consolidated
layers. Because of the availability of the meteorological data, only the period
between 1902 and 1992 has been used in the statistical analyses. We have used the
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monthly precipitation values of Beromiinster (640 m a.s.l., 47°12'N, 8°12’E) and
the monthly mean air temperatures for Luzern (498 m a.s.l., 47°04’N, 8°19’E) for
the period of 1902 to 1992. Both data-sets have been kindly provided by the Swiss
Meteorological Institute.

For the statistical analyes the meteorological time-series have been modified so
that each year runs from March to February. This modification seemed appropriate
as the varves in Baldeggersee reflect hydrological rather than calendar years: their
onset has been defined as the onset of calcite precipitation, occurring between the
months of March and May (Sturm and Friedl, pers. comm.).

Phosphorus concentrations in Baldeggersee during spring overturn are available
back to the 1950s (see Wehrli et al., 1997 and Fig. 4). For the periods when no water
chemistry measurements are available diatom-inferred P reconstructions have been
used (Lotter, in press). The process of lake restoration has been modelled as a
binary variable, with 1 for samples from the period between 1982 and 1992 and O for
samples from the period 1902 -1981.

As the detrending of the topmost seven layers as well as the lake restoration
since 1982 might limit a direct comparison with the rest of the varve time-series and
as the standard deviations of varve measurements below 1920 are higher (see Lotter
etal., 1997 a) the same statistical analyses were repeated for the time-series between
1920 to 1980.

Statistical analyses were performed in an attempt to answer the following
questions: (1) which of the various climatic and limnological variables, considered
separately, explain, in a statistical sense, a significant amount of variation in the
three thickness measures considered together (light layer, dark layer, total couplet);
(2) which combination of variables best explains the variation in the thickness of the
layers when each thickness measure is considered separately; (3) which subset of
the climatic and limnological variables best explains the variation in the three thick-
ness measures when considered together; and (4) what proportions of the total
variance in the thickness measures are explained by climate, by nutrient status, and
by nutrient status covarying temporally with climate, and what proportion of the
variance is unexplained by these variables. These questions were asked of the two
time-series, 1902-1992 and 1920-1980.

In all the analyses the thickness measures are considered as response or depen-
dent variables, whereas the climatic (temperature, precipitation) and limnological
variables (phosphorus, lake-restoration) are treated as predictor or explanatory
variables. With only one response variable the statistical technique used is multiple
linear regression (question 2). When there are three response variables (questions
1, 3, 4), we used redundancy analysis (RDA, ter Braak, 1994), also known as least-
squares reduced-rank regression (ter Braak and Looman, 1994). These linear-based
techniques were used because of the limited range of variation in the response
variables and the linear, or at least monotonic, relationships between the response
and the predictor variables. Selection of predictor variables (questions 2 and 3) was
achieved by means of a forward-selection procedure (Escoufier and Robert, 1979;
ter Braak, 1990). At each step the predictor variable is selected that adds the most
to the explained variance of the response variables, and the statistical significance
of the variable to be added is assessed by means of a restricted Monte Carlo per-
mutation test (ter Braak, 1990). As the data show strong temporal autocorrelation,
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thereby rendering statistical assessment of relationships difficult and potentially
misleading, the time-series were detrended first by partialling out the age of each
layer as a covariable (ter Braak, 1990, 1994).

Partitioning of the variance in the varve-thickness data in terms of climate,
nutrient status, and the covariance between climate and nutrient status was done by
a series of RDAs and partial RDAs following the procedure of Borcard et al.
(1992). In these series the variance is partitioned into four components: (1) variance
due to the climatic variables independent of nutrient status and age; (2) variance
due to nutrient status independent of climate and age; (3) covariance between
climate and nutrient status independent of age; and (4) unexplained variance. Some
of these components can be negative (Whittaker, 1984), although with stratigraph-
ical palaeoecological data this rarely occurs. Roy et al. (1994) and Cattaneo et al.
(1993) provide recent examples of the use of the variance partitioning approach in
limnology.

All statistical analyses were carried out using the program CANOCO 3.12 (ter
Braak, 1987-1992).

Results and discussion

The formation of seasonal layers may be influenced by different climatic and lim-
nological factors. As there is a close relationship between air temperature and sur-
face-water temperature (Forester, 1987; Livingstone and Schanz, 1994; Livingstone
and Lotter, 1997) and as long water temperature time-series are not available we
have used air temperatures to characterize the thermic component of the climate.

The thicknesses of the light and dark layers show a low correlation between
themselves but a high positive correlation with the thickness of the total layer
(Table 1). The light calcite spring/summer layers are generally thicker than the dark
organic autumn/winter layers (Fig. 2).

Table 1. Correlation coefficients between the thickness of the light, dark, and total layers in core
BA93-C for the periods of 1902-1992 (detrended time-series) and 1920-1980

1992-1902: n=91 1980-1920: n=61

light dark total light dark total
light layer 1.0 0.286 0.785 1.0 0.224%* 0.779
dark layer - 1.0 0.818 - 1.0 0.786
total layer - - 1.0 - - 1.0

All correlations (Bonferroni-adjusted probabilities) significant at the 2.5 % level, except *.

To get an idea which environmental variables have an influence on the forma-
tion of the layers a series of exploratory RDAs were carried out for each predictor
variable separately (Table 2). For both periods of analysis annual precipitation
explains the highest statistically significant portions of the variance in the varve data
and in the longer series (1902-1992) followed by lake restoration. Summer tem-
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Figure 2. Time-series of mean summer temperatures, annual precipitation, undetrended thickness
of light, dark and total layers for the period of 1902 -1992. Thick horizontal line indicates the onset
of lake restoration in 1982; dotted horizontal lines mark the period of 1920-1980 used in the
statistical analyses

perature as well as precipitation during the months of May to July are also
important as explanatory variables.

A comparison of correlation coefficients carried out between the layer mea-
surements and the average temperature and sum of precipitation for each month
(Fig. 3) indicates positive significant correlations at the 5% level between the
thickness of the light layer and the sum of precipitation during the months of
May to July for both investigated periods. This correlation can be explained by
input of additional nutrients and carbonate from the catchment thus allowing
further biogenic calcite precipitation pulses during summer. February and Novem-
ber temperature and precipitation correlate positively with the thickness of the dark
layer which is likely the effect of temperature-enhanced productivity during excep-
tionally warm winter months in connection with higher precipitation that brings
additional nutrients to the lake.

A multiple linear regression with forward selection of variables was carried out
for all three response variables (light, dark, and total layer thickness) separately.
The results (Table 3) suggest that summer and September precipitation explain over
20% of the variance in the thickness of the light layer, whereas the thickness of the
dark layer depends more on annual precipitation and on phosphorus concentration.
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Table 2. Results of partial redundancy analyses (RDA) using the thickness measurements of light,
dark, and total layers as response variables and age as a covariable

Predictor % variance explained after % variance explained after
age is fitted as a covariable age is fitted as a covariable
1902-1992 (detrended) 1920-1980
P concentration 0.8 5.1%*
Restoration 15.7% -
March Temp. 0.2 1.8
April Temp. 52 52
May Temp. 0.2 1.1
June Temp. 2.4 3.1
July Temp. 3.6% 4.7%
August Temp. 3.5 9.9*
September Temp. 1.8 42
October Temp. 0 1.6
November Temp. 1.0 1.7
December Temp. 0.1 4.4*
January Temp. 0 0.4
February Temp. 1.5 3.1
Spring Temp. 2.0 1.3
Summer Temp. 6.8% 10.3*
Autumn Temp. 0.2 1.3
Winter Temp. 0.8 1.8
Annual Temp. 32 4.7
March Prec. 4.6% 21
Avpril Prec. 0.8 2.6
May Prec. 54% 7.5%
June Prec. 4.4* 5.9%
July Prec. 5.0% 9.1%
August Prec. 0.3 4.9
September Prec. 0.9 32
October Prec. 1.2 1.7
November Prec. 22 31
December Prec. 2.1 0.3
January Prec. 0.1 0.3
February Prec. 1.2 3.7
Summer Prec. 10.8* 20.4*
Winter Prec. 6.5% 6.5%
Annual Prec. 16.9%* 23.6%

* significant at the 5% level.
Temp. = temperature, Prec. = precipitation.

Besides limnological variables (P concentration, restoration), the thickness of the
total layer is best modelled by annual precipitation and summer temperature.

A RDA with forward selection using all three varve response variables indicates
(Table 4) that annual precipitation, temperature during the growing season (sum-
mer and August temperatures), and limnological variables (restoration, P concen-
tration) explain more than one third of the variance in the thickness of the single
layers.
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Figure 3. Correlation coefficients for thickness of total, dark, and light layers compared to mean
monthly temperatures (Luzern) and sum of monthly precipitations (Beromiinster) for the two
investigated periods. Dashed horizontal lines indicate the 5% significance levels

Based on these results we have tried to partition the variance in the varve data-
set remaining after age is partialled out as a covariable (Table 5). The variables
Summer temperature and Annual precipitation, explaining the highest portion of
variance among the climate data (Table 2), were chosen to represent “climate”,
whereas P concentration and presence or absence of restoration are used to
characterize the “trophic state” of Baldeggersee. For both time periods the
variance unexplained by climate and trophic state accounts for about two thirds of
the total variance in the varve data after age is partialled out (see Table 5b). In the
time series of 1902-1992 the remaining one third of the variance is explained by
17.6% of climate independent of trophic state and time, by 17.6% of the trophic
state independent of climate and time, and by 1.3 % variance due to climate covary-
ing with trophic state. In the shorter data set of 1920-1980 climate independent of
trophic state explains 28.1 %, whereas trophic state (in this case only P concentra-
tion) accounts for 5.9% of the total variance after age is partialled out as a co-
variable.
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Table 3. Results of partial multiple linear regression analysis of single response variables in rela-
tion to predictor variables chosen by a forward-selection procedure

Time Variable Covariable Predictors r % variance after
age is fitted as
a covariable

1902-1992 light layer age Summer Prec. 0.492 24.2
Restoration
September Prec.

1920-1980 light layer age Summer Prec. 0.454 20.6
September Prec.

1902-1992 dark layer age Annual Prec. 0.588 34.6
Restoration
P concentration

1920-1980 dark layer age Annual Prec. 0.778 60.5
August Temp.
November Prec.
P concentration
February Temp.

1902-1992 total layer age Annual Prec. 0.635 40.2
Restoration
Summer Temp.

1920-1980 total layer age Annual Prec. 0.669 44.7
P concentration
December Temp.
August Temp.

Temp. = temperature, Prec. = precipitation, r = correlation between the predictor and the
response variables.

Table 4. Results of partial redundancy analyses (RDA) with forward selection of predictor varia-
bles, thickness measurements of light, dark, and total layer as response variables, and age as a
covariable

Time Variable Covariable Predictors r % variance after
age is fitted as
a covariable

1902-1992 light, dark, age Annual Prec. 0.640 33.9
total layer Restoration
Summer Temp.
1920-1980 light, dark,  age Annual Prec. 0.692 39.5
total layer P concentration
August Temp.

December Temp.

Temp. = temperature, Prec. = precipitation, r = correlation between the predictor and the
response variables.
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Table 5a. Partitioning of the variance in the varves of Baldeggersee core BA93-C

Time Response  Covariable Predictors % variance p after age

variable is fitted as
covariable

1902-1992  light, dark, age Restor 15.7 0.01*
total layer

1902-1992  light, dark, age Restor + P conc 18.9 0.01*
total layer

1902-1992  light, dark, age P conc 0.8 0.67
total layer

1920-1980  light, dark, age P conc 5.1 0.03*
total layer

1902-1992  light, dark, age SumT 6.8 0.01*
total layer

1920-1980  light, dark, age SumT 10.3 0.02*
total layer

1902-1992  light, dark, age AnnP 16.9 0.01*
total layer

1920-1980  light, dark, age AnnP 23.6 0.01*
total layer

1902-1992  light, dark, age SumT + AnnP 18.9 0.01*
total layer

1920-1980  light, dark, age SumT + AnnP 273 0.01*
total layer

1902-1992  light, dark, age + SumT + AnnP P conc + Restor 21.7 0.01*
total layer

1920-1980  light, dark, age+ SumT + AnnP P conc 8.1 0.01*
total layer

1902-1992  light, dark, age + P conc+ Restor =~ SumT + AnnP 21.7 0.01%*
total layer

1920-1980  light, dark, age + P conc SumT + AnnP 29.6 0.01*
total layer

1902-1992  light, dark, age P conc + Restor 36.6 0.01*
total layer +sumT + AnnP

1920-1980  light, dark, age P conc + sumT 332 0.01*
total layer + AnnP

* significant at the 5% level.
SumT = summer temperature; AnnP = annual precipitation; P conc = phosphorus concentration;
p = exact Monte Carlo probability.

Table 5b. Results of the variance partitioning in Baldeggersee core BA93-C using climate (sum-
mer temperature and annual precipitation) and trophic state (P concentration and restoration) as
models. This partitioning is of the residual variance remaining after age is fitted as a covariable

1992-1902 1980-1920

Total variance 140.26 70.03
Total residual variance after fitting age as a covariable 127.36 69.40
Unexplained variance 63.44% 66.81%
Climate effects independent of trophic state 17.62% 28.05%
Trophic state independent of climate effects 17.62% 5.85%

Covariance between the effect of climate and trophic state
after the effects of age have been partialled out as a covariable 1.32% -0.71%




372 Lotter and Birks

The differences in the results between the period including the effect of restora-
tion (1902-1992) and the pre-restoration time (1920-1988) as well as the signi-
ficance of the restoration variable in the 1902-1992 time-series suggest that lake
restoration has had an important effect on the thickness of the seasonal layers and
therefore also on the formation of the varves. The P concentration, on the other
hand, is an important explanatory variable for the dark layer. The sediments not
only change their visible appearance but the accumulation rates also changed. The
artificial mixing of Baldeggersee since 1982 may have led to an enhanced cycling of
nutrients within the water column which, in turn, augmented bioproductivity and
resulted in higher biomass accumulation (see Lotter et al., 1997 a).

Annual precipitation and summer temperatures have the highest explanatory
power for the variance in the thickness of the dark layer (see Tables 2 and 3). These
variables have thus been used to calculate 11-year running correlation coefficients
(Dean and Anderson, 1974). The correlation coefficients for the dark-layer thick-
ness in relation to summer temperature show a significant negative correlation
at the 5% level for the period between the mid-1950s and the mid-1970s (Fig. 4).
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Figure 4. Average total phosphorus concentration for Baldeggersee during spring circulation (dots
show measured values, stars indicate diatom-inferred reconstructions, see Lotter, in press); stan-
dardized smoothed (11-years running mean) values for summer temperature (Luzern) and annual
precipitation (Beromiinster); and 11-year running correlation coefficients between dark layers,
summer temperatures and annual precipitation. The dashed lines indicate the 5% significance
levels
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The relationship between the dark-layer thickness and annual precipitation shows
significant positive correlations from the early 1920s to the early 1930s as well as
between 1960 and the late 1970s (Fig. 4). Comparison of these running correlation
coefficients with 11-years running means for the standardized mean summer tem-
perature and the standardized sum of annual precipitation for the period of
1902-1992 (Fig. 4) shows no linear relationship. Wetter years such as between the
mid-1920s and 1940, on the one hand, produce a positive correlation between dark-
layer thickness and annual precipitation, which may be an effect of the input of
additional nutrients from the catchment. Drier years with colder summers, on the
other hand, such as between the late 1950s and the late 1960s show, as expected, a
negative correlation between dark layers and summer temperatures. Lower sum-
mer temperatures may reduce aquatic productivity which would result in a lower
organic deposition. The positive correlation between dark layers and annual pre-
cipitation, however, seems to be controlled by additional factors other than the
amount of precipitation. The increasing phosphorus concentrations (Fig.4) in
Baldeggersee during this time suggest that the nutrient loading in the lake was high
enough to be independent of additional nutrients via precipitation. Once the phos-
phorus concentration decreased, since the mid-1970s, the correlations of both
summer temperature and annual precipitation start to approach 0. The dry years
and warm summers between the 1940s and the mid-1950s led to a drastic change in
the relationship between dark layers and summer temperatures.

Conclusions

Based on the results of the different statistical analyses we conclude that the ex-
planatory variables used in this study only explain about a third of the variance in
the varve-thickness data. Other factors that were not included in the analyses such
as radiation, wind, mixing of the water column, phytoplankton biomass and resus-
pension of littoral sediment may also have strong influences on the formation and
thickness of varves.

The formation of the light calcite layers is influenced by summer precipitation,
whereas the sedimentation of the dark organic layers depends on annual precipitation
as well as on P concentration (see Lotter et al., 1997 a). Precipitation explains more of
the variance than temperature for both periods of analysis and for all types of layers.
Higher annual and summer precipitation will, on the one hand, wash additional
nutrients from the intensively used agricultural land into the lake which may, in turn,
augment the algal biomass. The dead biomass will then accumulate in the dark layers.
On the other hand, during summer, after the first biogenic calcite deposition, precipi-
tation may supply additional nutrients and calcium carbonate from the catchment
required for further pulses of biogenic calcite precipitation. Recent sediment trap
studies in Baldeggersee support this hypothesis (Sturm and Friedl, pers. comm.).
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