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Abstract: Diatom analyses with an annual resolution were carried out on varves of the hypertrophic Baldeg-
gersee (Central Swiss Plateau) for the timespanad 1885 to 1993. They reveal seven major changes in the
dominant planktonic diatoms. As a result of progressive nutrient enrichment, Baldeggersee changed in the
1910s from aCyclotella to a Tabellaria fenestratadominated assemblage, and eventually in the 1950s to a
Stephanodiscus parvusdominated diatom assemblage. The timing and direction of diatom-assemblage changes
in the varved sediment compare well with sedimentological and limnological observations. Partitioning of the
variance in the diatom data revealed that TP is a stronger explanatory variable than temperature for these
changes. A diatom-inferred total phosphorus (TP) reconstruction indicates three major steps in eutrophication,
occurring at 1909, the mid-1950s and the mid-1970s. Comparison with TP measurements in the water column
demonstrates that the diatom-TP inference model used is able to hindcast past TP concentrations reliably. The
major steps in eutrophication led to decreases in diatom diversity and also resulted in a progressive increase
of calcite grain-size. The lake restoration programme established since 1982 shows no direct impact on the
composition of the diatom assemblages. However, the decrease in phosphorus loads since the mid-1970s is
reflected in the diatom assemblages and in decreasing diatom-inferred TP concentrations.

Key words: Varves, laminated sediments, lacustrine sediments, lake eutrophication, human impact, diatom-
inferred total phosphorus, diversity, Baldeggersee, Switzerland.

Introduction

Anthropogenically induced nutrient enrichment has become one
of the major problems for aquatic ecosystems. Baldeggersee is a
typical example of a Swiss Plateau lake that has undergone strong
cultural eutrophication during this century. For water protection
legislation and lake restoration purposes it is essential to have
knowledge about the background values for important limnolog-
ical variables and about their natural variability (Ga¨chter and
Imboden, 1985). Very few long observations on lakes exist that
follow the development and the interannual variability of a limnic
system over more than one or two decades (e.g. Maberlyet al.,
1994; Bürgi, 1994). To assess the dynamic nature of lake develop-
ment these time-series are often too short and their onset usually
does not include pre-eutrophic conditions. Manipulation of whole
lakes can provide insights into the mechanisms and dynamics of
aquatic responses to nutrient enrichment (e.g. Schindler, 1985),
but only palaeolimnological sediment studies are able to provide
long time-series that help to assess the natural variability in
aquatic systems (Anderson and Battarbee, 1994) as well as past
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trophic states (Anderson, 1995). High-resolution analyses (e.g.
Klee and Schmidt, 1987; Simolaet al., 1990; Leavittet al., 1993;
Alefs et al., 1996) of recent sediments provide a link between
palaeo- and neolimnology. With its varved sediments (Lotteret
al., 1997c), Baldeggersee provides a unique opportunity to inves-
tigate its eutrophication history on a precise and high-resolution
timescale that would allow an assessment of the timing and the
rates of nutrient enrichment (see Wehrliet al., 1997).

The aims of the present study are as follows. First, to investi-
gate the dynamics and interannual variability of the diatom com-
position in the varved sediment of Baldeggersee on an annual
basis and to compare it with historical phytoplankton data.
Second, to compare diatom-inferred total phosphorus (TP) con-
centrations with measured TP values as a means of evaluating
independently a phosphorus transfer function for the Alps (Lotter
et al., 1998). Third, to use the diatom-inferred TP reconstruction
to reveal dates of phosphorus enrichment, and details of the
eutrophication process in Baldeggersee over the last 110 years.
Finally, to perform a quantitative assessment of the effects of
nutrient loadings and of climate on the diatom assemblages as a
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means of exploring the relative influence of these two factors on
the composition of recent diatom assemblages in Baldeggersee.

Site

Baldeggersee (47°109N, 8°179E) is located at an elevation of
464 m a.s.l. on the central Swiss Plateau, to the north of Lucerne
(Figure 1). The lake has a simple basin with a maximum depth
of 66 m and is of glacial origin. It has a surface area of 5.2 km2,
a volume of 0.173 km3, and a water renewal time of 5.6 years.
Its hydrological catchment is 67.8 km2, of which 77% consists
of intensively used agricultural land. The lake is protected from
prevailing westerly winds by high hills (up to 400 m) to the east
and west, thus inhibiting wind-induced mixing.

In the 1920s Nipkow (1927) discovered light and dark laminae
in the topmost sediments of Baldeggersee and investigated the
cyclicity of auxospore formation of different diatoms using these
annual layers. He dated the onset of the uninterrupted annual lami-
nation to the year 1885. Using modern sampling methods and
thin-section analyses, Lotteret al. (1997c) verified the varved nat-
ure of the sediment and Nipkow’s chronology.

Owing to strong anthropogenically nutrient enrichment, Bal-
deggersee has become hypertrophic in the course of this century
and distinct blooms ofOscillatoria rubescenshave been repeat-
edly reported (Adam and Birrer, 1943). Sedimentary fossil carot-
enoid analyses revealed changes in phytoplankton composition
and abundance in historical time (Zu¨llig, 1982). The increasing
nutrient enrichment of Baldeggersee is also well documented by
a drastic reduction in the Secchi disc depth, from an average of
4.9 m in 1910/11 to 2.5 m in 1938/39, and eventually to 1.6 m in
1957–59 (Zu¨llig, 1982).

At the beginning of this century complete oxygen depletion was
observed at water depths.60 m. In 1940 the water/sediment
interface below 40 m, and in 1975 below 10 m, was anoxic
(Niessen and Sturm, 1987). Since 1967 and 1975 sewage treat-
ment plants have operated in the catchment. However, the lake
receives its major phosphorus load of 10–18 tons P yr−1 (Wehrli
and Wüest, 1996) from intensive agriculture in the catchment.
Moreover, substantial P release from the sediment occurs
(Gächter, 1987). Since 1982 a lake restoration programme has
been established (Stadelmann, 1984). In order to enhance mixing
of the water column and to fulfil the Swiss quality standard of
4 g O2m−3 for natural lakes, oxygen (4.5 tons O2 d−1) during sum-
mer and air during winter are pumped into the deepest part of the
lake. Since 1982 bioturbation has prevented varve formation
above 55 m of water depth due to the better oxygen regimes at
the water/sediment interface. Below this water depth mineraliz-
ation of organic carbon is still causing oxygen depletion that

Figure 1 Location of Baldeggersee within Switzerland (marked by arrow) and bathymetric map indicating the location of the coring site (star).

allows the formation and preservation of varves. The algal
biomass is dominated by cyanophytes and has even increased
since the onset of restoration (Bu¨rgi, 1994) due to enhanced nutri-
ent circulation.

Geochemical studies on the Baldeggersee varves showed a
close correlation between Mn and oxygen availability. High
values of Cr/Mg, Mo and Cr/V indicate periods of stable anoxic
conditions (Schaller,1996). Stratigraphical analyses (Lotteret al.,
1997c) have shown that before 1885 there are packets of 5–10
varves interrupted by massive, homogeneous marl beds (Figure 2;
see also Zu¨llig, 1982), indicating oscilllating hypolimnetic oxygen
levels, whereas in 1885 the bottom water definitely became
anoxic. Between 1885 and 1905 varves are thin, with a low
organic carbon content, whereas between 1905 and 1910 the varve
thickness increased. At the onset of the 1960s, during the time
of highest phosphorus concentrations in Baldeggersee, the total
phosphorus concentrations in the sediments, as well as the varve
thickness and the total accumulation rates, increased (Lotteret al.,
1997c). Statistical analyses of the Baldeggersee varves (Lotter and
Birks, 1997) indicate that the lake restoration programme installed
in 1982 had a significant impact on the formation of the seasonal
layers. Furthermore, variance partitioning revealed that trophic
state explains onlyc. 5%, whereas climate accounts for about 28%
of the variance in the varve thickness data between 1920 and
1981, before lake restoration had a strong impact on the varve
formation. Annual precipitation was found to be a strong predictor
of the thickness of both the dark layer and the total couplet thick-
ness, whereas summer precipitation was important for the thick-
ness of the light layer (Lotter and Birks, 1997).

Methods

In summer 1993 three freeze-cores were taken in the deepest part
of the basin with a special freeze-corer (Lotteret al., 1997b). A
varve chronology was established on the basis of thin-section
analyses and successfully cross-checked by137Cs and210Pb dating
of annual layers (Lotteret al., 1997c). In core BA93-C each single
annual layer between 1993 and 1885 was scratched off the frozen
sediment slab (Lotteret al., 1997b; 1997c). The freeze-dried sedi-
ment of these 109 layers was then used for a variety of biological
and geochemical analyses (see Wehrliet al., 1997). An annual
cycle in this varve chronology corresponds to a hydrological year
rather than to a calendar year. Stratigraphically, the annual cycle
starts with the spring calcite precipitation and ends at the top of
the winter organic layer, before the next calcite precipitation
occurs (see Lotter, 1989a; Lotteret al., 1997c).

For diatom analysisc. 0.5 g of freeze-dried sediment was
treated with hot 10% HCl and 30% H2O2 before mounting on
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Figure 2 Freeze-core taken in the deepest part of Baldeggersee at 66 m of water depth. The water/sediment interface represents autumn 1993.

slides with Naphrax. A minimum of 250 valves was counted
for each annual sample using a Leitz DM microscope with a mag-
nification of 1250× and phase contrast. Diatom taxonomy follows
Krammer and Lange-Bertalot (1986–1991).

Zonation of the diatom stratigraphical data was carried out on
percentage data, using ZONE (Lotter and Juggins, 1991) which
implements a variety of different numerical zonation methods
(see, e.g., Birks and Gordon, 1985; Birks, 1986). The significant
number of diatom assemblage zones (DAZ) was assessed by a
broken stick model according to Bennett (1996). Rarefaction
analysis (Hecket al., 1975) was carried out using the program
RAREPOLL (Birks and Line, 1992). Biostratigraphic rate-of-
change analysis relied on the program RATEPOL (J.M. Line and
H.J.B. Birks, unpublished program) with chord distance between
adjacent samples used as the dissimilarity measure. Diatom-
inferred TP values and sample-specific error estimates (500
simulations) were assessed using weighted-averaging partial least

squares (WA-PLS) calibration methods implemented by the pro-
gram WAPLS (ter Braak and Juggins, 1993). Modern diatom
assemblage analogue matching was carried out by the program
MAT (S. Juggins, unpublished program). Squared chord distance
was used as the dissimilarity coefficient (Overpecket al., 1985).

Because the floristic gradient in the diatom data (as assessed in
a DCCA with sample age as the sole constraining variable) is
greater than 2 SD, unimodal methods were used as recommended
by ter Braak and Prentice (1988) and Birks (1995). For the vari-
ance partitioning analysis a series of partial Canonical Correspon-
dence Analyses (CCA) were carried out using the program CAN-
OCO 3.12 (ter Braak, 1987–1992) on square-root transformed
percentage data of all taxa with a minimum number of four occur-
rences and an abundance of at least 1%. For CCA averaged
monthly mean air temperatures (1885–1993) of the climate sta-
tions Zürich, Bern and Basel were used. Lake restoration was
modelled as a binary variable, with a value of 1 designating
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samples from the period between 1993 and 1982, and the value
0 being used for samples older than 1982. To model nutrients,
measured mean spring circulation TP concentrations for the
uppermost 15 m of the water column (seven measurements) back
to 1958 were used. For the period before 1958 the TP concen-
trations have been assumed to decrease linearly by 2mg l−1 yr−1

back to 1885.

Results and discussion

Diatom stratigraphy
Diatom analysis of the 109 annual layers from Baldeggersee
(Figure 3) reveals a distinct succession, with sharp transitions
between intervals characterized by specific dominant diatom taxa.
As could be expected from a core taken in the deepest part of
Baldeggersee the assemblages are dominated by planktonic taxa.
The diagram was subdivided into seven statistically significant
diatom assemblage zones (DAZ; Table 1). Their statistical sig-
nificance was assessed by use of a broken-stick model (Bennett,
1996).

The stratigraphical grouping of taxa shows a succession found
in many anthropogenically eutrophied hardwater lakes (e.g.
Lotter, 1989b; Alefset al., 1996). After a long dominance of
mesotrophicCyclotella species (DAZ BA-1, but see also data
from Züllig, 1982, going back to the fifteenth century), taxa with
a high Si:P preference (van Donk and Kilham, 1990; Rosen, 1981)
such asFragilaria crotonensis, Asterionella formosa, andTabel-
laria fenestrata(DAZ BA-2) become more important, indicating
a first step in eutrophication around 1910. A marked increase in
the percentages ofStephanodiscus minutulusand, to a minor
extent, of S. parvusbetween the late 1920s and the mid-1940s
(DAZ BA-3) was observed.S. minutulushas a very low Si:P opti-
mum and this dominance change in the diatom assemblage may
reflect further phosphorus enrichment.

Between 1945 and 1955F. crotonensisand F. ulna var. acus
become more important again (DAZ BA-4).F. ulna var. acus
(Synedra ulna) is known to be Si-limited (Kilham, 1986; Kilham
et al., 1986). It temporarily disappeared from the record between
1960 and the early 1980s.

A final step in eutrophication can be inferred by the rapid
expansion and dominance of the hypertrophicS. parvus(Kilham
et al., 1986; Anderson, 1990) between the mid-1950s and 1970s
(BA-5). The appearance ofAulacoseira granulata, a species with
high Si and P requirements (Kilham and Kilham, 1975; Rosen,
1981; Tilmanet al., 1982; van Donk and Kilham, 1990) in the
1970s (BA-6) coincided with the highest measured TP values in
the water column (Wehrliet al., 1997; see also Figure 5).

Since 1980 the diatom assemblages were again dominated by
S. parvus(BA-7) and towards the top of the coreCyclotellaspec-
ies appear again in low percentages. As the onset of the lake resto-
ration programme changed the circulation pattern in the lake sub-
stantially, changes in the diatom assemblages could be expected.
Due to enhanced turbulent mixing (Lund, 1971), heavily silicified
taxa, such asA. granulata, could be expected to stay longer in the
water column and thus become more important in the assem-
blages. This is, however, not the case in the fossil record. The
assemblages do not show a direct effect of the restoration pro-
gramme. The decrease in phosphorus loading (Figure 5) may be
inferred from gradual changes (e.g. decreases inS. parvusand
A. formosa), with simultaneous increases inF. crotonensisand
Cyclotellaspecies.

These biostratigraphical results compare well with phytoplank-
ton analyses carried out sporadically in Baldeggersee (Adam and
Birrer, 1943; Bachofen, 1960; Durrer, cited in Zu¨llig, 1982). Nip-
kow (1927) described the expansion ofTabellaria fenestrataand
the major decline in abundance ofCyclotella spp. occurring in

1909. Besides the confirmation of the diatom stratigraphy, this
agreement provides further evidence for the reliability of the varve
chronology for core BA93-C. Sediment investigations by Zu¨llig
(1982) show a major change from centric to pennate diatoms
occurring around 1910. This was accompanied by the first sub-
stantial increase in diatom accumulation rates, especially of pen-
nate diatoms. Around 1965 he reported another strong increase in
diatom accumulation rates, this time of both centric and pennate
taxa, with maximum accumulation rates in 1977/78 (i.e. the years
of highest TP concentrations, see Wehrliet al., 1997).

Variance partitioning
Lotter and Birks (1997) were able to show that climatic variables
(annual precipitation and summer temperature) as well as lake
restoration accounted for most of the explained variance in the
varve thickness in Baldeggersee. Using a similar approach, I have
estimated the amount of variance in the diatom data explained
independently by trophic state and climate. This provides infor-
mation on the relative magnitude of factors controlling the recent
diatom assemblage composition in Baldeggersee.

The variables used in the partial CCAs were measured (1958–
1993; Figure 5) and extrapolated TP concentration (1885–1957)
during spring circulation, presence (1982–1993) or absence of
lake restoration (1885–1981), and yearly (1885–1993) values of
mean spring air temperatures (March, April, May). An interaction
term between TP concentrations and lake restoration was intro-
duced because the changed mixing regime is thought to have had
an influence on the nutrient cycling in the water column. Mean
spring air temperatures were used because only spring temperature
accounts for a statistically significant amount of the total variance
(1.7%, p= 0.04 as assessed by 999 unrestricted Monte Carlo
permutations) in CCAs with seasonal temperatures as the sole
constraining variables.

The total variance of the diatom data was partitioned into four
components (Table 2): (i) variance due to lake trophic state only
(modelled by TP, lake restoration, and their interaction) inde-
pendent of climate; (ii) variance due to climate only (modelled
by mean spring air temperatures) independent of trophic state; (iii)
covariance between trophic state and climate; and (iv) variance
unexplained by this model.

Because of the strong temporal autocorrelation in the data, the
diatom time-series was detrended by partialling out sample age
as a covariable in all the analyses. Of the 14.2% (p= 0.01) of
total variance explained by trophic state and climate (Table 2), a
major but statistically insignificant part (12.6%, p= 0.06) is
explained by TP concentration, presence of the lake restoration
programme, and their interaction. Only a small, statistically insig-
nificant part (1.1%, p= 0.08) of the variance is explained by mean
spring air temperature.

Mean spring air temperatures may be used as a proxy for mean
spring water temperatures (Livingstone and Schanz, 1994; Liv-
ingstone and Lotter, 1998). Warmer springs affect water tempera-
tures and thus may allow an earlier diatom bloom which can have
implications on the species composition of the vernal diatom
bloom (Willén, 1991). Several studies indicate a close relationship
between climate and the composition of diatom assemblages
(Pienitzet al., 1995; Wunsamet al., 1995; McQuoid and Hobson,
1996; Lotteret al., 1997a). Recent studies by Andersonet al.
(1996) indicate a relationship between summer temperatures and
diatom diversity in varved sediments of a Swedish lake. However,
they observed a 20-year lag phase and therefore concluded that it
was mainly climatically induced changes in the catchment that
led to changes in the diatom assemblages. In Baldeggersee, how-
ever, the trophic signal seems to be the driving force for the
changes in diatom assemblages. It could be speculated that climate
may have a more significant influence on the composition of dia-
tom assemblages in oligotrophic and mesotrophic lakes with less
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Table 1 Diatom assemblage zones (DAZ; Figure 3) in relation to chronology and taxonomic composition. The number of statistically significant zones
has been assessed according to the broken-stick model (Bennett, 1996)

Zones Chronology Zone name (dominant taxa) Taxonomic composition

BA-1 1885–1908 Cyclotella distinguendavar. unipunctatazone withC. comensis, C. radiosa, C. pseudostelligera, C.
praetermissa/quadrijuncta, Thalassiosira pseudonana,
Stephanodiscus alpinus, Fragilaria ulna var. acus,
F. crotonensis, Asterionella formosa

BA-2 1909–1927 Tabellaria fenestrata-F. crotonensiszone withA. formosa, F. ulna var. acus, C. distinguendavar.
unipunctata, C. comensis

BA-3 1928–1944 Stephanodiscus minutuluszone withT. fenestrata, F. crotonensis, F. ulna var. acus, S. parvus,
A. formosa

BA-4 1945–1955 Fragilaria crotonensiszone withT. fenestrata, F. ulnaand var.acus, A. formosa, C.
krammeri, S. hantzschii, S. parvus

BA-5 1956–1971 Stephanodiscus parvuszone withF. crotonensis, A. formosa, Aulacoseira granulata, S.
minutulus, S. hantzschii, C. pseudostelligera, Cyclostephanos
invisitatus

BA-6 1972–1979 A. formosa-F. crotonensis-A. granulatazone withS. parvus, C. invisitatus, F. capucinavar. vaucheriae
BA-7 1980–1993 S. parvus-F. crotonensis-A. formosazone withC. praetermissa/quadrijuncta, F. ulna and var.acus, A.

granulata, Nitzschia recta, Diatoma tenuis

Table 2 (a) Partitioning of the variance in the diatom data of Baldeggersee core BA93-C

Response variable Covariable(s) Explanatory variable(s) % variance explained p1

diatoms age TP 4.3 0.16
diatoms age Restoration 5.6 0.45
diatoms age TP*Restoration 4.0 0.46
diatoms age Spring temperature 1.7 0.04•

diatoms age TP+ Restoration+
Spring temperature+ 0.01•
TP*Restoration 14.2

diatoms age+ Spring temperature TP+ Restoration+
TP*Restoration 12.6 0.06

diatoms age+ TP + Restoration Spring temperature 1.1
+ TP*Restoration 0.08

1 exact Monte Carlo probability (999 permutations)
• significant at the 5% level

(b) Results of the variance partitioning of the diatom data in Baldeggersee core BA93-C using trophic state (TP, presence of
lake restoration, and their interaction) and mean spring air temperature as explanatory groups of variables

Unexplained variance 85.8%
Effects of trophic state independent of spring temperature 12.6%
Effects of climate independent of trophic state 1.1%
Interaction due to covariation of trophic state and climate with age 0.5%

available nutrients than at Baldeggersee. Nevertheless, factors
such as grazing, competition with other algae, mixing of the water
column, vegetation and land use in the catchment should not be
disregarded when assessing direct and indirect effects of climate
on aquatic ecosystems.

Rates of change
Rate-of-change measures in biostratigraphical data are commonly
expressed as dissimilarity measures between adjacent samples
divided by a standard time unit (Jacobson and Grimm, 1986). As
the yearly diatom stratigraphy from Baldeggersee represent an
exceptional case of evenly spaced samples from a chronological
viewpoint, the rate of change can be assessed by simple chord
distance measures between samples. Ambiguities caused by
chronological problems (e.g. Lotteret al., 1992) are thus avoided.

As a result of the inherent natural interannual variability in dia-

tom composition, the rate-of-change curve (Figure 4) of the Bald-
eggersee diatom stratigraphy is very spiky. The highest rates of
change occur between the following years: 1908/09, 1927/28,
1933/34, 1943/44, 1944/45, 1952/53, 1955/56, 1961/62, 1974/75
and 1978/79. Not surprisingly, most of these peaks coincide with
boundaries of the diatom zones (Table 1), as the major changes
in diatom assemblages take place at these levels. In contrast to
the geochemical composition of the varves (Schaller, 1996; Lotter
and Birks, 1997) the onset of restoration did not seem to directly
influence the composition of the diatom assemblages.

Phosphorus
The annual resolution of the subfossil diatom record from Baldeg-
gersee permits a comparison with the available water chemistry
data. TP measurements from the water column are available since
1957 (Wehrliet al., 1997) and, therefore, represent an excellent
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Figure 4 Diatom diversity as assessed by rarefaction analysis and rate of diatom assemblage change in the varved sediment of Baldeggersee between
1885 and 1993. The error bars in the rarefaction diagram represent the 95% confidence interval, whereas the dashed line in the rates of change diagram
indicates the approximate significance level (2.5th percentile). The line through the rarefaction estimates is based on a LOWESS smoother.

opportunity for a comparison with the diatom-inferred TP recon-
structions. Lotteret al. (1998) have developed a WA-PLS diatom-
TP calibration set for the Alps, covering a surface-water spring
TP gradient of 10–520mg l−1. This modern training set is charac-
terized by a jack-knifed r2 of 0.786 and a root-mean-squared-
error-of-prediction (RMSEP) of 0.19 log10 mg TP l−1 (for details
on numerical methods see ter Braak and Juggins, 1993; ter Braak
et al., 1993; Birks, 1995).

The trend of the diatom-inferred WA-PLS TP reconstruction
compares well with the measured spring TP concentrations
(Figure 5) for the period where lake water chemistry monitoring
data are available. The first major increase in inferred TP concen-
trations occurs in 1909 when the TP values shift from below
50 mg l−1 to over 100mg l−1. According to the classification of
OCDE (1982) this would signify a change from eutrophic to
hypertrophic conditions. The inferred TP values gradually
increase with some fluctuations to 150–200mg l−1 until the mid-
1950s. In 1956 another step in inferred TP concentrations takes
place, increasing to levels of 200–300mg l−1. The inferred TP
concentrations reach a maximum in 1977, coinciding with the
maximum measured TP values in the epilimnion, and sub-
sequently decrease again. However, the inferred values are con-
sistently lower than the measured ones during the years of highest
TP concentrations (Figure 5). The diatom-inferred TP values dis-
play a higher interannual variability than the measured spring
values. This may be attributed to the inherent interannual varia-

bility in the diatom data. Averaging several years, as suggested
by Bennionet al. (1995), would, in fact, smooth the inferred TP
curve and remove much of the scatter, but would not solve the
problem of underestimating the maximum TP concentrations. Sev-
eral studies have shown an overestimation of diatom-inferred TP
concentrations compared to measured data (e.g. Anderson and
Rippey, 1994; Bennionet al., 1995) at the lower end of the TP
gradient. Besides WA model-inherent problems, this has com-
monly been interpreted as a lack of suitable low TP sites in the
training sets (e.g. Anderson and Rippey, 1994). In the present
case, however, the modern training set with its median TP concen-
tration of 31mg l−1 (see Lotteret al., 1998) is likely to be biased
towards low and medium TP sites and the model thus generally
underestimates high TP values (Lotteret al., 1998). This is in
contrast to the study by Marchetto and Bettinetti (1995) on North-
ern Italian lakes, where their WA model overestimated the higher
end of TP concentrations. There is also considerable annual varia-
bility in epilimnetic TP (e.g. Gibsonet al., 1996). Considering
this, the diatom-inferred values are still well within the annual TP
range (Figure 5). Moreover, not all diatoms bloom during spring
(e.g. Alefset al., 1996). Taxa blooming in summer and autumn
(e.g. Fragilaria crotonensis) generally encounter lower TP con-
centrations during this season. In addition to TP, intra- and
interannual variability in climate (e.g. Kilhamet al., 1996; Liv-
ingstone and Lotter, 1997), nutrient ratios (e.g. Sommer, 1989),
grazing pressure (e.g. Bu¨rgi et al., 1985), light availability, and
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Figure 5 Measured total phosphorus (TP) during spring circulation compared to diatom-inferred TP values and median grain-size distribution in the
Baldeggersee annual layers (see Lotteret al., 1997c). The large filled circles show the measured spring circulation TP values for the uppermost 15 m,
whereas the horizontal lines represent the annual TP range in the uppermost 15 m of the water column. The dots on the right side of the graph represent
samples with close (filled dots; 2nd percentile) and good modern analoges (open dots; 5th percentile).

competition between algal groups (e.g. Tilman, 1977) may, among
others, all be important factors that control the qualitative and
quantitative composition of diatom assemblage.

Comparison of the Baldeggersee samples with the modern sur-
face-sediment samples in the calibration data-set (see Lotteret al.,
1998) was made to find the closest modern analogues and to
assess the reliability of the diatom-inferred TP reconstruction.
Close and good analogues were defined as core samples having
a squared chord distance of less than 0.586 and 0.688, respect-
ively, which represent the second and fifth percentile of the distri-
bution of the dissimilarities among the 77 samples in the modern
calibration set (Birkset al., 1990; Bartlein and Whitlock, 1993).
According to this procedure the samples representing the years
between 1993 and 1950 have close analogues, whereas there are
few good analogues for the older samples (years 1939, 1904,
1891, 1889; Figure 5). This mainly reflects the lack of assem-
blages with high amounts ofTabellaria fenestrataandFragilaria
crotonensisin the modern calibration data set, whereas modern
Stephanodiscus parvusassemblages are more common (Lotteret
al., 1998).

The reconstructed epilimnetic TP concentrations show an
increasing trend until 1977 with a subsequent decrease. Two inde-

pendent lines of stratigraphical evidence may be used to support
the TP reconstructions in Baldeggersee. First, results of Boucherle
and Züllig (1983) show a complete change in cladocera assem-
blages from Bosmina longispinato B. longirostris occurring
around 1910 in the sediment of Baldeggersee.B. longirostris,
commonly regarded as an indicator of eutrophic conditions
(Hofmann, 1987) subsequently reached up to 20 times higher
accumulation rates thanB. longispina. Increasing diatom and
carotenoid accumulation rates around 1910 (Zu¨llig, 1982) are also
indicative of a very dynamic step in nutrient enrichment.

Second, Niessen and Sturm (1987) suggested a relationship
between PO4 concentrations in Baldeggersee and the size of cal-
cite crystals. New results (Lotteret al., 1997c) support this
hypothesis. Growth of calcite crystals is inhibited when PO4 is
present in the lake water (Kunz and Stumm, 1984; Dove and
Hochella, 1993). As PO4 concentration is greatest in spring and
as it inhibits carbonate precipitation, this leads to supersaturation
of carbonate in the water column. The first algal bloom reduces
nutrients in the water column substantially, which then permits
fast precipitation of large calcites. During summer, when PO4 con-
centrations decrease, precipitation of much smaller, microcrystal-
line calcites takes place (Kunz and Stumm, 1984). Grain-size
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analyses in annual layers of core BA93-C (Figure 5) show
increases in calcite size that parallel the increased diatom-inferred
TP concentrations beginning in 1909, continuing in the mid-1950s
and mid-1960s, and decreases in calcite size coincident with the
decrease in TP in the late 1970s.

Diversity
Rarefaction analysis was used to estimate the biostratigraphical
diversity of the diatom flora in Baldeggersee. As the sampling in
sediment depth as well as in time was contiguous, the counting
sums were kept lower than in traditional palaeolimnological inves-
tigations (e.g. Battarbee, 1986). Because of the relatively low
sums and the dominance of a few planktonic taxa (Cyclotella dis-
tinguendavar.unipunctata, Tabellaria fenestrata, Fragilaria ulna
var. acus, F. crotonensis, Stephanodiscus minutulus, S. parvus,
Asterionella formosa, Aulacoseira granulata), the number of taxa
inferred by rarefaction is low. Nevertheless, the results of the
rarefaction analysis (Figure 4) show distinct trends through time.
Around 1900 the diversity decreases rapidly and reaches a first
minimum in 1910. After a sharp increase, the diversity values
oscillate until, in the late 1940s, they show a decreasing trend
again. Minimum values are reached in the late 1960s before diver-
sity increases again with some fluctuations. The diatom diversity
closely mirrors the different phases of nutrient enrichment in Bal-
deggersee, with decreasing numbers of taxa during the eutrophic-
ation phases. After each eutrophication pulse the number of taxa
initially decreases, but the assemblage diversity recovers, at least
partially, following each pulse. These results compare well with
experimental evidence of algal species richness in relation to
nutrient enrichment (e.g. Proulxet al., 1996).

Conclusions

The high-resolution diatom stratigraphy of Baldeggersee high-
lights the potential of palaeolimnological methods in recon-
structing past environments. The use of annually laminated sedi-
ments allows a direct and precise comparison with time-series of
measured chemical and physical environmental data that are of
importance for aquatic ecosystems. This ‘modern’ palaeolimno-
logical case study covering the last 110 years allows several con-
clusions to be drawn.

1) Disentangling the effects of nutrients and climate on the com-
position and relative abundance of diatom assemblages is
important in all discussions about past diatom changes. For
Baldeggersee the influence of TP concentrations and the lake
restoration programme were more important for the changes
in the diatom assemblages than climatic variables such as
spring temperature.

2) A quantitative WA-PLS inference model compiled for central
Europe that relates diatom assemblages to epilimnetic TP con-
centrations may be reliably applied to subfossil diatom assem-
blages in Baldeggersee. Comparison of measured and hind-
casted TP concentrations are, within the errors of the model,
in good agreement.

3) Qualitative changes in the diatom assemblages as well as dia-
tom-inferred TP concentrations point to three major steps in
anthropogenic eutrophication during the last 110 years and one
decrease in trophic status after the installation of the lake resto-
ration programme in 1982 in Baldeggersee. Synchronous
increases and a recent decrease in calcite grain-size present
independent stratigraphical evidence for the changes in trophic
status and support the timing and direction of eutrophication.

4) Interannual variability in the taxonomic diatom composition
is rather low. The various significant changes in assemblage
composition took place within time spans of a single year. This

suggests that these changes have been triggered because cer-
tain threshold values with regard to phosphorus and/or silica
concentrations have been reached.

5) The pulses of eutrophication led to decreased diatom diversity.
After initial phases of low diversity the diatom diversity slowly
recovered but did generally not reach the original diversity
level again. The strong oscillations observed in diversity seem
to mirror the disturbance regime controlled by nutrient enrich-
ment and could indicate that not only the diatom coenoses but
also the whole aquatic food web has been in disequilibrium.
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