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General introduction and synopsis

Aims
In the past decades neo- and palaeolimnological studies have provided
major advancements in assessing and understanding different processes that
operate in lakes (e.g. Wetzel, 2001; Talling, 2008). Significant progress has been
made in understanding some of the main vulnerabilities of freshwater systems
and the factors that cause harmful events affecting them (e.g. Smol, 2008). In
particular, many freshwater ecosystems are suffering from severe alterations
driven by processes such as human-induced eutrophication, acidification,
pollution, and climate change (e.g. Mason, 1994; Scheffer, 2004). The changing
freshwater quality and quantity in the past century due to climate change was
acknowledged by the Intergovernmental Panel on Climate Change (IPCC 2008;
Bates et al., 2008). According to European legislation (EWFD, 2000) and the IPCC
(2008), eutrophication has become one of the most important socio-economical
and environmental problems and its effects will most likely increase in the near
future.
Despite key actions undertaken to reduce nutrient input into lakes, water
quality has, in many cases, not substantially improved (e.g. Søndergaard et al.,
2007; Duarte et al., 2008). One of the main goals of this thesis was to study the
past dynamics of nutrient enrichment in northwest European lakes and to better
understand their effects on lake ecosystems.
To achieve this aim fossil diatom assemblages were studied to reconstruct
the trophic history of eight lowland lakes created between A.D. 1941 and more
than 13,000 years ago in the Netherlands and in northeastern Germany. The
following main questions guided this research: Which information can diatom
ecological studies provide on the trophic history of lakes that are presently
eutrophic? To what extent can detailed reconstructions provide information on
past annual and seasonal trophic fluctuations in lakes? Understanding natural
background nutrient levels and nutrient sources is an important part of solving
eutrophication issues in lakes. The mechanisms of nutrient input into lakes and
the part played by anthropogenic activities are, therefore, important issues.
Moreover, the way a lake has been formed may also play a significant role with
regard to its trophic state. Therefore, a further question addressed in this thesis is
whether a lake’s origin is affecting nutrient concentration. Many floodplain lakes
suffer from periodic flooding and their water regime is often, particularly in
densely populated regions such as the Netherlands, strongly regulated by man.
Understanding the role of flooding and human impact with regard to lake trophic
history is hence important to better manage such floodplain lakes. Finally, the
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influence of cultural and climate-induced nutrient input on the total phosphorus
concentrations (TP) in northwest European lakes was studied on a millennial time
scale. As outlined above, the water quality in respect to eutrophication has not
always improved even when legal remediation measures were undertaken.
Therefore, the final theme discussed in this thesis is the applicability of the
European water protection legislation for European lowland lakes in the light of
their nutrient history.

Eutrophication
Generally, eutrophication is a natural process reflecting nutrient increase
in lakes and rivers (Wetzel, 2001). Some lakes are naturally nutrient rich due to
the local geological setting or due to erosion or weathering (e.g. Engstrom et al.,
2000). On the other hand, excessive nutrient input into freshwaters by human
activity may cause harmful algal blooms, extensive episodes of oxygen depletion,
massive fish kills, loss of biodiversity, and recreational issues (e.g. Reynolds, 1991;
Dokulil & Teubner, 2000). Eutrophication in lakes results from high concentration
of nitrogen and phosphorus. However, in most lakes the demand of phosphorus
by the primary producers is high relative to its availability in the water. Therefore
phosphorus limits the productivity of most aquatic ecosystems. Increased
anthropogenic nutrient input into lakes may originate from point sources (e.g.
sewage) as well as diffuse sources (e.g. runoff from agricultural areas) (Carpenter,
2005). In addition, under anoxic conditions, lake sediments which usually act as
phosphorus sinks can become a phosphorus source for the lake water (e.g. Spears
et al., 2008).
The IPCC (2008) report documented the influence of global warming on
water quality. It suggested that the increase of summer temperatures may lead to
extended anoxic conditions in the hypolimnion of stratified lakes causing internal
loading and thereby reducing water quality, especially in already eutrophied lakes
(Bates et al., 2008).

The European Water Framework Directive
The European Water Framework Directive (EWFD, 2000) requires that by
2015 all water bodies in Europe must have a ‘good’ ecological status. However,
the answer to the key question, to what trophic level an aquatic system must be
restored to reach such a good ecological status, remains often unanswered. With
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regard to the EWFD, palaeolimnological studies can help to elucidate the longterm development of aquatic ecosystems and define natural baseline conditions
(e.g. Bennion & Battarbee, 2007). When defining restoration targets for nutrientenriched lakes, the lack of pristine contemporary reference sites coupled with the
limited availability of high-quality and long-term monitoring data are a major
concern (Lotter & Psenner, 2004; Moss, 2008). Where available, monitoring
programs are usually initiated only after the signs of disturbance have become
evident. In order to assess how and when the ecological state of a lake changed,
understanding the lake’s nutrient history is, therefore, a prerequisite. This is
especially important if legislation demands restoration measures based on
undisturbed reference conditions, as they are, for instance, defined in the EWFD
(2000).

Diatoms in palaeolimnology
Currently, the most commonly used proxies in palaeolimnology for
quantifying past nutrient concentrations are diatoms. These algae are unicellular,
eukaryotic microorganisms that belong to the Heterokontophyta:
Bacillariophyceae (Fig. 1). They can be photosynthetic or in exceptional cases
heterotrophic (Round et al., 1990). They play a prominent role as primary
producers in rivers, lakes, and oceans, and their contribution to the global net
primary production amounts to about 25%. The most particular feature of
diatoms is their cell wall, which is made of silica (SiO2. nH2O). Due to their silica
cell wall their preservation in sediments is usually excellent. In many
palaeoecological studies diatoms have been shown to be highly sensitive to
changes in lake water pH and nutrient concentrations (e.g. Bennion et al., 2000;
Battarbee et al., 2001, 2005). The strong empirical relationship between nutrients
and diatom assemblages (e.g. Hall & Smol, 1999; Bradshaw et al., 2005) has been
successfully used to infer past epilimnetic TP concentrations (e.g. Lotter, 1998;
Brüchmann & Negendank, 2004).

Figure 1. Scanning electron microscope
photograph of Stephanodiscus parvus,
the dominant diatom in the eutrophic to
hypertrophic lakes studied in this thesis.
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In the past decades, interest in the use of diatoms as indicators of water
quality has grown. The determination of the seasonal variability of different
abiotic factors in lakes and the response of diatoms to these changes gives
essential information for the interpretation of palaeolimnological studies and
about the role of direct (e.g. nutrients and pH) versus indirect effects (e.g.
temperature and stratification) on the composition of diatom assemblages.
Sediment trap studies can provide modern autecological information on diatoms
and hence permit more reliable interpretations of sedimentary diatom
assemblages. In Chapter 1 the diatom assemblages in Sacrower See (Germany), a
lake located close to the city of Berlin, were studied in sediment traps exposed
between October 2003 and October 2005. The aim of this project was to
determine the relationship between the interannual and interseasonal diatom
variability in relation to the fluctuations of physico-chemical conditions in the
water column. In addition, these observations may help to better understand the
factors that control the formation of annually laminated sediments (varves) in this
lake. The diatom assemblages from both sampling years showed a high annual
and interannual variability. We observed a distinct sequence of different
Stephanodiscus species which could be related to shifts in nutrient and biogenic
silica (BiSi) concentrations, temperature, light conditions, and mixing regimes. The
highest diatom accumulation rates were observed during both spring seasons. The
trapped diatom assemblages during these periods were dominated by
Stephanodiscus parvus, S. hantzschii, S. neoastraea, and S. alpinus and
corresponded with low BiSi and increased nutrient concentrations due to lake
turnover. In contrast, other species of the genera Stephanodiscus, Fragilaria, and
Nitzschia were the dominant diatoms during summer and autumn. In a Canonical
Correspondence Analysis, precipitation, air and water temperatures, epilimnetic
calcium, and TP concentrations together explained 70% of the variance in the
diatom data. The interannual variability in the diatom assemblages during the two
sampled years on the one hand mainly reflects changes in TP concentrations as
well as temperature and on the other hand a different timing of the onset of the
growing season and of stratification.
Palaeolimnological reconstructions based on lake sediments are valuable
sources for obtaining information on past natural and human-induced
disturbances in lakes and their associated catchments. Since in some special cases
sediments deposited during different parts of the annual cycle can be
distinguished by the color of the layers, such annually laminated (i.e. varved)
sediments can potentially provide records at an exceptionally high, seasonal timeresolution. In Chapter 2, 130 years of diatom deposition in the sediments of
Sacrower See are analyzed at a seasonal time-resolution in the annually laminated
sediments. The multi-decadal variability in diatom assemblages has been analyzed
16
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to detect changes in long-term trends and examine the trophic history of the lake
of the past century. Seasonal sampling also allowed analyzing the inter-annual
and inter-seasonal variability in the diatom assemblages to evaluate the
prospective of such analyses with regard to assessing possible driving factors for
shifts in diatom assemblages. Zonation of the annual diatom assemblages
revealed several distinct multi-decadal shifts: A.D. 1868-1875, 1876-1940, 19411978, and 1979-2000. The relative abundance of the major diatoms in the
seasonal layers (Aulacoseira islandica, Stephanodiscus parvus, S. hantzschii,
S. neoastraea, Fragilaria spp.) are similar, however, their accumulation rates
varied. Rates-of-change analyses showed higher seasonal than annual diatom
compositional changes. On the other hand, summer diatom rates of changes in
the period A.D. 1894-1960 are on average higher than the winter rates of change.
However, between the 1960s and the 1970s the winter rates of change become
higher than the summer ones. Redundancy Analyses showed that seasonal
temperatures and wind strength are significant explanatory variables for the
diatom assemblages in the annual and seasonal layers, reflecting the influence of
seasonal stratification on the diatom assemblages. A Principal Components
Analysis shows that there are no statistically significant correlations between the
diatom rates of change and the amplitude of inter-annual or inter-seasonal
climate change with the exception of the diatom rates of change for the springsummer layers for the period of A.D. 1963-2000. Overall, these results therefore
suggest that meteorological changes indirectly affect diatom assemblages via the
mixing behavior of the lake. The reconstructed DI-TP values of the annual layers
fluctuate around 65 μg l-1 with no clear trend. However, the DI- TP concentrations
in the dark layers tend to be slightly higher in the period A.D. 1894-1940. In
contrast, after the 1940s DI-TP from dark and light layers shifted with the light
layers showing higher values. This shift suggests slight changes in the seasonal TP
concentrations with higher phosphorus concentrations in the spring-summer
season after the 1940s.
In Chapter 3 the late-glacial and Holocene development of Sacrower See
is presented as a case-study of the long-term trophic history of this European
lowland lake. Using a weighted-averaging partial least squares regression model
based on diatom assemblages in 429 modern surface sediment samples we
reconstructed the epilimnetic TP concentrations of the past 13,000 years in the
lake. Fossil remains of chironomid larvae from the same sediment core gave
information on past hypolimnetic oxygen availability. Eutrophic conditions with
diatom-inferred TP of ~70 μg l-1 and anoxia in the lake’s bottom waters were
reconstructed for the Younger Dryas cold phase (ca. 12,800-11,600 years ago)
with diatom assemblages dominated by hypertrophic and eutrophic Fragilaria
spp. and Stephanodiscus spp. The conditions during the early and mid-Holocene
17
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were characterized by stable oligotrophic to mesotrophic conditions and diatominferred TP values between 10 and 30 μg l-1. During this period Cyclotella
cyclopuncta showed high relative abundances and oxygen was available at the
lake bottom, as reflected by the occurrence of profundal chironomids. Human
impact in the catchment is apparent in the sediments for the past 3000 years.
Consequently, diatoms show enhanced TP concentrations of 30 to 80 μg l-1, as
indicated by elevated relative abundances of Cyclotella comensis, Stephanodiscus
spp., and Aulacoseira islandica. As a result of strongly increased primary
production due to human impact in the lake’s watershed since the beginning of
the 19th century the hypolimnion of Sacrower See became anoxic again. Many
lake ecosystems have undergone dramatic changes in nutrient status since the
onset of industrialization. However, our results show distinctly elevated nutrient
concentrations in Sacrower See as early as the Younger Dryas cold phase, a period
unaffected by human influence. At Sacrower See, this was most likely a
consequence of the climatic conditions during this period and their effects on the
duration of the lake’s ice cover, leading to oxygen depletion and internal
phosphorus remobilization.
Due to increased anthropogenic impact, eutrophication has substantially
increased worldwide during the past century and has become a key concern for
water quality management. In European lowlands regions such as the Netherlands
it is commonly assumed that lakes have been subjected to increased
eutrophication, particularly since the 1950s, due to external input of nutrients. In
Chapter 4, we study the recent trophic history of six lowland lakes in the
Netherlands based on subfossil diatom assemblages in their sediments. The
records ranged in length from covering the past three decades to encompassing
the past century and provided the opportunity to check whether an increase in
eutrophication indeed happened since the 1950s. Detrended correspondence
analysis of diatom assemblages separated the lakes into three distinct groups. The
first group consists of dike-breach lakes which were in stable eutrophic to
hypertrophic conditions with TP concentrations of between 100 and 300 μg l-1.
The main driving factors for TP in the dike-breach lakes were likely river
management, ground water supply of riverine origin, and the catchment
agriculture. The second group consists of reservoir lakes with fluctuating
oligotrophic to mesotrophic conditions and TP concentrations of 10-30 μg l-1. Only
one of the reservoir lakes showed a TP increase due to changes in agricultural
practice in its catchment. The third group consisted of an artificial moat and
showed TP concentrations of 50-100 μg l-1, indicating eutrophic to hypertrophic
conditions. These results show that the nutrient concentrations in the studied
lakes depend strongly on the ontogeny of the aquatic ecosystems and that their

18

General introduction and synopsis

trophic history is very individual, reflecting changes in local hydrology and
nutrient point and diffuse sources rather than an overall regional pattern.
Nutrient enrichment and the ecology of surface waters have been
intensively studied in lowland regions. However, detailed palaeolimnological
reconstructions of the trophic and flooding history of floodplain lakes are still
scarce. In the Netherlands dike-breaches caused by major floods of the river Rhine
formed a new type of lake since the Middle Ages. These dike-breach lakes were
strongly impacted by the development of the channel systems in their catchment,
the catchment agriculture, and the flooding frequency. In Chapter 5 we present a
multiproxy palaeolimnological study of the dike-breach Lake De Waay that is
located on the floodplain of the Rhine-Meuse delta (The Netherlands). The lake
was created in AD 1496 as a result of damage done to a dike by floating ice and
the subsequent dike-breach due to a flooding event. A sediment core of 11.5 m
length was recovered from Lake De Waay and diatoms, Cladocera, and
geochemistry were analyzed. Since the beginning of the lake’s existence until the
end of the 18th century diatom-inferred TP concentrations were above
300 μg l-1, suggesting hypertrophic conditions. Cladoceran assemblages reflect the
lake’s pioneer stage and suggest a lack of rooted macrophytes resulting from low
water-transparency due to turbid waters. Until the late 18th century floods
occurred regularly in the area, as shown by elevated Ti values in the sediments,
indicative of high erosion from the floodplain and runoff from the surrounding
agricultural catchment. This caused the exceptionally high sedimentation rates
and elevated nutrient contents of the lake waters. Since the beginning of the 19th
century sewage input and flooding frequency were strongly reduced by the
construction of new ditches, canals, and dikes. The improved sewage and dike
systems are reflected by decreased diatom-inferred TP concentrations of
40-150 μg l-1. The increased stability of littoral habitats led to an increased
diversity in the Cladocera assemblages. The phase with the lowest inferred TP
concentrations lasted from the end of the 19th to the mid-20th century. During this
period direct nutrient sources were no longer connected to the lake and TP
concentrations consequently decreased to ~40 μg l-1. Dike construction was highly
developed and flooding events no longer affected this region. However, a
renewed eutrophication with TP values reaching ~100 μg l-1 was registered in the
sediment record since the mid-20th century. The increased TP concentrations are
attributed to increased agricultural activity in the vicinity of the lake.
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Conclusions
Many lake ecosystems in northwestern Europe experienced distinct
limnological changes not only since the onset of industrialization but also during
prehistoric times due to climate change and human activities. In this thesis, the
two year sediment-trap study showed that physical and chemical parameters and
diatom assemblages exhibit a distinct seasonal and interannual variability in the
examined lake. Such observations provide important basic data to help interpret
fossil diatom assemblages in the lake’s sediments, especially with respect to
changes in the onset and length of summer stratification, winter circulation, and
seasonal diatom productivity. At Sacrower See, diatom-based environmental
reconstruction based on the seasonally resolved varve record provided very
similar results as the reconstruction based on annual sampling. However, our
results show that ultra-highly resolved diatom records may not only be
characterized by a higher inter-seasonal variability but also show a higher
sensitivity to meteorological changes than annual records and may therefore
represent a potential for climate reconstructions based on varved sediment
records. The 13,000 years of Sacrower See’s history provide a clear example of
distinctly enhanced nutrient conditions in a lake during a period unaffected by
human influence. Moreover, in contrast to the ongoing discussion on the effects
of global warming on lake ecosystems, which suggest that climate warming will
lead to increased internal nutrient recycling in lakes, this study presents a rather
special example of enhanced internal nutrient loading triggered by climate
cooling. The definition of (near) pristine, undisturbed reference conditions with
regard to the ecological status of a lake should, therefore, take into account both
the potential effects of climate change and human influence on a lake ecosystem.
On shorter, decadal time-scales, most examined Dutch lakes showed little
nutrient change throughout the major part of their recent history and their
trophic state is determined mainly by the way they are fed (e.g. surface runoff,
groundwater, seepage) and managed. Results presented in this thesis indicate
that the lake ontogeny and the main water sources supplying a lake are factors
that should also be taken into account when defining restoration targets,
especially in regions containing lakes with a range of different origins. For
floodplain regions as the Netherlands, research on the dike-breach Lake De Waay
showed that such relatively young lakes can be eutrophic to hypertrophic during
much of their history. This lake was formed as a consequence of human activity
and never existed in an undisturbed state, thus causing problems if reference
conditions are defined based on undisturbed baseline condition, as is e.g. the
approach used in the European Water Framework Directive. Depending on the
time-scale considered, the lake’s present state can be viewed as nutrient-enriched
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with regard to the past 100 years or even as nutrient-depleted if compared with
its state during the 15-18th century. Hence, this thesis indicates that for relatively
young lakes formed due to human activity, such as dike-breach lakes or reservoirs,
detailed information on past land use and trophic state is of importance to define
appropriate reference conditions and restoration goals in the context of their
eutrophication history.
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Chapter 1
Seasonal and interannual dynamics of diatom assemblages in
Sacrower See (NE Germany): a sediment trap study

Abstract
Diatom assemblages from sediment trap samples collected during ten intervals
between October 2003 and October 2005 in Sacrower See (NE Germany) were
related to limnological and meteorological data. The main objective of this
research is to determine the relationships between the annual and seasonal
diatom variability and the fluctuations of physico-chemical conditions in the
lake. Sacrower See is a dimictic, 38 m deep, hypertrophic lowland lake (29.5 m
a.s.l.). We identified distinct seasonal and interannual changes of diatom
assemblages for the studied period. Diatoms showed a typical seasonal
succession for temperate, dimictic, and eutrophic lakes. Stephanodiscus parvus,
S. hantzschii, S. neoastraea, and S. alpinus had high accumulation rates during
winter and spring, whereas species of the genera Stephanodiscus, Fragilaria, and
Nitzschia were the predominant diatoms during summer and autumn. In a
Canonical Correspondence Analysis, precipitation, air and water temperatures,
epilimnetic calcium, pH, and total phosphorus concentrations together
explained 70 % of the variance of the diatom data. Interannual variability in the
diatom assemblages during the two sampled years mainly seems to reflect
changes in the total phosphorus concentration and temperature and secondarily
the onset of the growing season and of stratification.

Chapter 1
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Introduction
Diatoms are excellent indicator organisms for assessing the state of lake
ecosystems. Since their valves preserve well in sediments, they are useful proxies
for reconstructing past changes in lake water chemistry. Diatoms are sensitive to
lake water pH, nutrient concentrations, and salinity (Stoermer & Smol, 1999;
Battarbee et al., 2001, and references therein). Different phases of the annual
cycle in a lake are characterized by diatoms preserved in sediments and fossil
diatom assemblages thus reflect seasonal changes in sedimentation (Sommer,
1986; Stoermer, 1993). Hence, diatoms in lake sediments can not only be used to
reconstruct past water column characteristics but they may also provide
important information about the formation of seasonal sediment layers, which
themselves can play a key role for dating lacustrine sediments (Lotter & Birks,
1997; Zolitschka, 2003).
In the past decades, interest in the use of diatoms as indicators of water
quality has grown (e.g. Hall et al., 1999; Birks et al., 2004; Clarke et al., 2005; Blass
et al., 2007; Bennion & Battarbee, 2007). A controversial aspect in this discussion
is the role of direct and indirect effects of environmental and climatic changes on
diatoms. The determination of the seasonal variability of different abiotic factors
in lakes and the response of diatoms to these changes gives essential information
for the interpretation of palaeoecological reconstructions (Kilham et al., 1996;
Hausmann & Pienitz, 2007) and about the role of direct versus indirect effects on
diatom assemblages (Anderson, 2000).
Sediment trap studies provide modern autecological information on
diatoms and hence permit more reliable interpretations of sedimentary diatom
assemblages (Battarbee et al., 2005). Seasonal changes in the composition of
diatom communities have been studied in mountain or arctic lakes where the
duration of ice cover may play an important role for the development of the
diatom flora (Lotter & Bigler, 2000). Hausmann & Pienitz (2007) show a strong
impact of spring and summer conditions on diatom assemblages collected in
sediment traps from various Canadian lakes. This suggests that on short time
scales the response of diatom communities to seasonal temperature variations
may be more prominent than the forcing by mean annual temperatures. Other
studies focused on the annual succession of diatoms in dimictic lowland lakes
(Raubitschek et al., 1999; Schönfelder et al., 2002; Köster & Pienitz, 2006). These
studies demonstrate that the seasonal succession of diatoms differs among lakes
depending on factors such as stratification, temperature, nutrients, pH, oxygen
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saturation, dissolved iron and calcium, maximum water depth, and dissolved
organic carbon.
We studied the interannual and seasonal variability of diatom
accumulation rates and their relationship to physico-chemical conditions in
Sacrower See, northeastern Germany. The two year period of investigation
covered the major fluctuations in the physico-chemical parameters and diatom
assemblages in this hypertrophic, deep lake. The goal of this study is to compile
information on the phenology of different diatoms in relation to limnological and
meteorological parameters as well as to provide a sound basis for the
interpretation of the lake’s sedimentary diatom record.

Study site
Sacrower See (13.06 °E, 52.27 °N) is a lowland lake located at an elevation
of 29.5 m a.s.l. between Berlin and Potsdam, northeastern Germany (Fig. 1). The
2.7 km long lake is subdivided into three basins that are separated by shallow sills.
Sacrower See is connected with Groß Glienicker See in the northeast and with the
River Havel in the south. It is a hypertrophic hardwater lake with a maximum
water depth of 38 m. The catchment area of 35.3 km2 is mainly covered by
deciduous and coniferous forests.

Figure 1. Location and bathymetry of
Sacrower See (northeastern Germany).
Position of the mooring in the northern
lake basin is indicated.
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Detailed hydrological, geochemical, sedimentological, and geographical
characteristics of Sacrower See are presented by Lüder et al. (2006) and Bluszcz et
al. (2008).

Methods
A mooring with different sediment traps and temperature sensors was
deployed between October 2003 and October 2005 (Fig. 1). The sediment traps
are integrating traps, each made of two parallel transparent, 650 mm long PVC
tubes with total active area of 57 cm2. The sediment traps were moored at the
deepest part of the northern basin at water depths of 5, 13, 20, 25, 30, and 33 m.
The exposure time of the traps was between 47 and 131 days. Sampling intervals
were irregular due to logistic reasons. A description of the sediment trap setup
and the hydrochemical results is provided by Bluszcz et al. (2008). For this study
we analyzed the diatom assemblages at 33 m water depth, because this depth
represents the most integrated assemblages from the littoral and the pelagic part
of the lake.
Furthermore, the deepest trap provides the most useful information
about diatom assemblages deposited in the sediments. Monthly water chemistry
and physical data were obtained from the Landesumweltamt Brandenburg (Table
1). Measurements include dissolved calcium, potassium, iron, silica, alkalinity,
oxygen, total phosphorus (TP), total nitrogen, ortho-phosphate (PO43-),
transparency, pH, biochemical oxygen demand (BOD), total organic carbon (TOC),
water temperature, and redox potential.
All parameters were measured according to the corresponding DIN
(Deutsche Industrie Norm) standard. Data on precipitation (PP), air temperature,
and sunshine duration were obtained from the meteorological station Potsdam.
Detailed water chemistry data were available for eleven dates per year. In
order to allow a comparison with the time intervals covered by the sediment
traps, the water chemistry data for each individual day of the campaign were
interpolated between the eleven measured water chemistry sampling dates.
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Table 1. Summary of major physico-chemical variables of Sacrower See (Lüder et al., 2006;
Bluszcz et al., 2008).
Parameter

Value

Altitude

29.5 m a.s.l.

Catchment area

35.3 km

2

Surface area

1.07 km

2

6

Volume

19.3*10 m

Maximum depth

38 m

Mean depth

18 m

Minimum width

250 m

Maximum width

500 m

3

Typical epilimnion depth

7m

Water residence time

12-15 years

Typical stratification period

Apr-Nov

Annual precipitation

603 mm

Summer Twater down to 5m

15-20 °C

Winter Twater down to 5m

1-2 °C

pH
Epilimnetic (annual mean) PO

7-9
34

0.01-0.9 mg l

34

Hypolimnetic (annual mean) PO
-

Epilimnetic (annual mean) NO3

0.6-4.6 mg l

0.01-0.7 mg l
3

-1

-1
-1

-1

Hypolimnetic (annual mean) NO

30 mg l

Total phosphorus

0.02-0.16 mg l

-1

Annual mean SiO2

0.05-0.42 mg l

-1

The water chemistry value for a given sediment trap interval was then
considered to be equivalent to the mean of these calculated values averaged over
all study days encompassed in the interval (Fig. 2). TP concentrations were not
recorded for the period May 26 to July 15, 2004. However, an estimate of TP for
this period was calculated based on the strong linear relationship between PO43and TP in the remaining water chemistry measurements (TP = 1.37 x 0.22 (PO43-) +
0.017; r2 = 0.79). For the comparison between limnological and diatom data only
the average water chemistry data of the measurements obtained between 0 and
5 m water depth were used since these were considered to be most
representative for the photic zone.
Relationships between relative diatom abundance and environmental
factors were assessed using multivariate statistical methods as implemented in
the software CANOCO 4.51 (ter Braak & Smilauer, 1998). Detrended
correspondence analysis (DCA) showed a gradient length of 2.5 standard
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deviation units (SD) in the diatom assemblages. Therefore, the relationship
between the diatoms in the sediment traps and the environmental factors was
assessed using canonical correspondence analysis (CCA) which is based on a
unimodal species response model. The percentage of variance explained by each
of the included environmental parameters was individually calculated by a CCA
with the respective parameter as the only environmental variable included in the
analysis. Principal component analysis (PCA) was used to asses the relationship
among different environmental parameters.
Samples from the sediment traps were treated with hydrogen peroxide in
order to dissolve all organic matter. Diatom slides were prepared with the
sedimentation tray method (Battarbee, 1973) and Naphrax® was used as
mounting medium. Between 300 and 500 valves were counted on random
transects at 1000× magnification using an Olympus BX51 microscope equipped
with an oil immersion objective and differential interference contrast.
Additionally, scanning electron microscopy (Philips XL30S FEG) was performed to
confirm the identity of taxonomically problematic diatoms. Diatom identification
follows Krammer & Lange-Bertalot (1991, 1999a, 1999b, 2000), Håkansson (2002),
and, for the new genera of the genus Fragilaria, Compère (2001), and Round et al.
(1990).

Results and discussion
Environmental parameters
Air and water temperatures at Sacrower See show a distinct annual cycle
(Fig. 2) and are highly correlated, as expected for mid-latitude lowland lakes
(e.g. Livingstone & Lotter, 1998). The lowest air and water temperature, pH, and
precipitation values were recorded between December 2003 and April 2004, as
well as between November 2004 and April 2005. In contrast, TP concentration
was highest during the winter months. Ca concentrations exhibit maximum values
from April to May 2004 and from November 2004 to April 2005 (Fig. 2).
The stratification period of Sacrower See lasted from mid-April to midOctober in both 2004 and 2005 with a thermocline located between 6 and 8 m
water depth. The growing season (the period when daily air temperatures
continually exceeded 5 °C, see e.g. Menzel et al., 2003) started in April 2004 and
in March 2005.
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A PCA was used to summarize relationships among the different
measured environmental parameters (Fig. 3). As expected over the course of two
seasonal cycles, most environmental parameters were strongly correlated with
climatic parameters. TOC and pH show a strong positive correlation with
temperature, whereas parameters such as TP, TN, PO43-, SiO2, water transparency,
and alkalinity are negatively correlated. Only parameters such as Ca, BOD, O2, and
Fe show a relatively weak relationship with climatic parameters.

Diatom assemblages
Diatoms identified in the sediment traps are typical for eutrophic and
hypertrophic lakes and include species such as Stephanodiscus parvus,
S. neoastraea, S. hantzschii, S. alpinus, Ulnaria ulna, Fragilaria delicatissima,
F. crotonensis, F. capucina, and Epithemia sorex. Diatom accumulation rates (AR)
varied considerably during the study period (Fig. 4). The highest AR were
registered in spring, when species of Stephanodiscus dominated assemblages.
During the rest of the year AR were lower and assemblages showed a higher
proportion of benthic and tychoplanktic diatoms.
To assess the strength of the relationship of the environmental
parameters with the diatom assemblages we calculated a series of CCAs with only
a single environmental parameter included. Of these analyses the CCAs with Ca,
alkalinity, and K as sole explanatory variables had p-values of 0.1 (Table 2), which
is the minimum value that can be obtained with permutations tests based on our
10 samples. Similarly, the calculated p-values of the remaining parameters
(0.26-0.90) were not significant.
This absence of significant relationships is due to the low number of
analyzed samples rather than to a lack of relationships between environmental
parameters and diatom assemblages. The parameters individually explained
between 6.9 and 16.9% of the variance in the diatom assemblages (Table 2), with
Ca, alkalinity, and K explaining the highest amount of the observed variance (16.216.9%).
The PCA indicates that parameters that explained a high proportion of
variance in the diatom data were closely correlated (Fig. 3). Air and water
temperatures were positively correlated to light intensity (sun), pH, TOC, and PP
and negatively correlated to PO43-, TP, K, and alkalinity.
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Figure 2. Selected environmental parameters in the euphotic zone (0-5 m) of Sacrower See
(A-D) interpolated for the sediment trap intervals (solid lines; for details see text) and as
measured during the sampling campaign (dotted lines). Meteorological data (E, F) were
recorded at the meteorological station Potsdam. The high resolution data of air
temperatures presented in F are 7-day running means of daily temperature readings. See
Table 2 for abbreviations used for the environmental parameters.
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Figure 3. PCA analysis of environmental parameters measured at Sacrower See. See Table
2 for abbreviations used for the environmental parameters.

We selected the water chemistry variables pH, Ca, and TP to be further
used in a CCA of the diatom assemblages with several environmental parameters
included simultaneously. Ca explains the highest proportion of variance if used as
a single explanatory variable (Table 2). pH and TP have been reported to exhibit a
strong influence on diatom assemblages and are of interest for the reconstruction
of past pH and TP changes based on fossil diatom assemblages.
Furthermore, we also included Tair, Twater, and PP in the analysis.
Temperature is an important determinant for seasonal changes in lake
ecosystems, influencing physiological factors, such as growth rates of organisms,
and seasonal stratification of the water column. PP is a second environmental
parameter reflecting seasonal climatic change and can have a strong influence on
sedimentary processes in hardwater lakes (Lotter & Birks, 1997). Furthermore,
catchment runoff during high PP events is a potential mechanism for transporting
nutrients to the lake during the summer stratification period. Si, an important
nutrient for diatom growth, was not included in the CCA, since this parameter was
strongly correlated with TP (Fig. 3) but explained considerably less variance in the
diatom assemblages (Table 2).
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Figure 4. Accumulation rates (AR) of the most frequent diatom taxa recorded in the
sediment traps between October 2003 and October 2005.
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Table 2. Explained variance (%) and significance of analyzed environmental parameters
from Sacrower See. Variance and significance are calculated by CCAs with a single
explanatory variable and by Monte Carlo permutation tests (999 restricted permutations).
Name
-1

Dissolved calcium (mg l )
-1

Alkalinity (mmol l )
-1

Dissolved potassium (mg l )
-1

Oxygen (mg l )

Parameter

p-value

Ca

0.10

% variance explained
16.9

alkal

0.10

16.3

K

0.10

16.2
14.6

O2

0.26

Precipitation (mm d )

PP

0.35

13.9

Sunshine duration (h)

Sun

0.55

13.4

Mean air temperature (°C)

Tair

0.60

13.3

Fe

0.35

13.2

T water

0.55

12.6

redox

0.45

12.6

TP

0.65

12.4

TOC

0.70

12.1

TN

0.60

11.4

phae A

-1

-1

Iron (mg l )
Water temperature (°C)
Redox potential (mV)
-1

Total phosphorus (mg l )
-1

Total organic carbon (mg l )
-1

Total nitrogen (mg l )
-1

Phaeopigment a 665 nm (μg l )

0.60

10.3

Ortho-phosphate (mg l )

PO4

0.65

10.7

Transparency (m)

transp

0.85

10.0

pH

0.80

9.4

BOD

0.61

8.7

Si

0.80

8.5

chl A

0.90

6.9

-1

3-

pH
-1

Biochemical oxygen demand (mg l )
-1

Silica (mg l )
-1

Chlorophyll a 665 nm (μg l )

These environmental data together explained 70% of the total variance in
the seasonal distribution of diatoms in the sediment trap samples. The CCA
revealed a typical seasonal succession of diatoms during the two years of
sedimentation captured by the sediment traps (Fig. 5). Diatom assemblages
deposited during winter and springs showed negative scores on the first CCA axis
and were dominated by Stephanodiscus spp. Environmental conditions during
these seasons were characterized by relatively low air and water temperatures,
low precipitation, and high TP concentration. During the summer months diatom
assemblages generally had high scores on the first CCA axis and were dominated
by Fragilaria crotonensis, Epithemia sorex, and F. tenera.
Environmental conditions in summer were characterized by high
temperatures, precipitation, and pH and low TP concentrations. In late summer
and autumn Nitzschia paleacea, N. dissipata, F. capucina, and F. delicatissima
dominated the assemblages. In contrast to assemblages deposited in early
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summer, these late summer and autumn assemblages were characterized by
negative scores on the second CCA axis.

Seasonal diatom variability
The two autumn periods, October 15 - December 18 2003 and August 31 November 24 2004, were characterized by intermediate values of TP
(0.04-0.06 mg l-1), pH (8.0-8.2) and temperatures (Tair 4-10 °C; Twater 8-14 °C).
Nitzschia spp., Fragilaria spp., and Stephanodiscus spp. all showed relatively low
AR and represented a typical diatom community for these periods (Fig. 4). The
relatively low AR of these taxa are likely due to the decreased nutrient
concentration and light intensity.
The winter periods, December 18 - April 1 2004 and November 25 April 6 2005, were characterized by high TP (0.10-0.14 mg l-1) and Ca (54-55 mg l-1)
concentrations but low PP (1.3-1.4 mm d-1), pH (7.3-7.6) and temperatures
(Tair<2 °C and Twater 3-4 °C). During winter, the AR of the cold-water and eutrophic
Stephanodiscus species increased, with Nitzschia spp. and Fragilaria spp. also
being present. In Sacrower See, high AR of S. hantzschii was concurrent with TP
concentrations of ~0.14 mg l-1 and temperatures of ~3 °C. During this period the
lake was inversely stratified. Observations of Håkansson & Stoermer (1984), who
found S. hantzschii blooming in spring at temperatures between 4 and 10 °C and
at increased nutrient concentrations, are in agreement with our data. The cooccurrence of S. hantzschii with other species of this genus that are typical for
winter and spring conditions can also be seen in the CCA (Fig. 5).
Stephanodiscus spp. showed maximum AR during the two spring periods,
April 1 -May 26 2004 and April 6 - June 8 2005, which were characterized by
relatively high TP(0.08-0.1 mg l-1), high pH (8.5-9), and Ca (54-58 mg l-1) and
intermediate temperatures(Tair 11-13 °C, Twater 11-12 °C). In April and May 2004,
S. parvus, S. neoastraea, and S. alpinus had AR of 32, 6, and 20 x106 valves m-2d-1,
respectively. During spring 2005 the dominant diatom was S. parvus which was
accompanied by high AR of S. neoastraea, thus showing the same signature as in
the previous spring. Fragilaria spp. and Nitzschia spp. had reduced AR (Fig. 4).
In early spring temperatures begin to increase, whereas nutrient
concentrations are still high as a consequence of the winter circulation period.
These conditions seem to have led to blooms of Stephanodiscus spp. in Sacrower
See. Similar observations have been made by Håkansson & Kling (1989) and Hickel
& Håkansson (1993), who report Stephanodiscus spp. mainly blooming in winter
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and spring due to lake-water mixing, high nutrient concentrations, and increasing
insolation.
Four sediment trap intervals represented the summer periods in our data
set: May 26 -July 15 2004, July 15 - August 31 2004, June 9 - July 27 2005, and July
28- October 17 2005. The summer periods were characterized by low TP (0.010.05 mg l-1) and Ca (48-59 mg l-1). In contrast, pH (8.5-8.7), precipitation
(2.6-2.8 mm d-1), and temperatures (Tair 19-20 °C; Twater 17-18 °C) were high.
Stephanodiscus alpinus had the highest AR (35 x106 valves m-2d-1) from the end of
May until mid-July 2004. After this period, AR of Stephanodiscus spp. decreased
but Nitzschia spp., Fragilaria spp., and E. sorex increased in both numbers and
diversity. The last Stephanodiscus occurring in Sacrower See in spring and early
summer is Stephanodiscus medius. The increased AR of S. medius may be
interpreted as being indicative of increased temperatures (Kienel et al., 2005).
This is supported by the CCA which places S. medius into the group of diatoms
characteristic for the summer periods (Fig. 5).
During spring and summer the primary production increases, causing
reduced concentrations of dissolved CO2 and, consequently, increased pH values.
Together with low concentration of phosphates in the water, this triggers calcite
precipitation in hardwater lakes, usually in late spring as soon as PO43concentrations decrease. This calcite precipitation is indicated in Sacrower See by
decreased concentrations of dissolved Ca (Fig. 2). CCA and PCA showed that Ca
concentration was not strongly correlated to seasonal changes in pH. It is known
from other studies that calcite formation is not only dependent on pH but also on
the occurrence of algae such as Stephanodiscus spp., Asterionella formosa,
F. crotonensis, Phacotus lenticularis, which form heterogeneous nuclei for calcite
precipitation (e.g. Stabel, 1986). These algae were also found in the summer
sediment traps of Sacrower See.
During summer 2004, high water temperatures of ~18 °C and reduced
TP concentrations ofч Ϭ͘Ϭϭ ŵŐ ů -1 most likely initiated the dominance of
F. crotonensis and the occurrence of A. formosa. A similar diatom composition is
observed in the summer plankton of the shallow, polymictic Grimnitzsee,
Germany (Gervais et al., 1999). According to Kilham (1986) the dominance of
these two diatom species requires a low concentration of nutrients and a
stratified water column. Moreover, the observed high accumulation rates indicate
that F. crotonensis might not have been influenced by grazing, which affects
mainly smaller diatoms and green algae (Sommer, 1986). The dominance of
F. crotonensis coincides with reduced pH values and nutrient depletion of the
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water column. The highest concentration of this species appeared together with
the highest recorded temperature (18.2 °C) for the summer of 2004.

Interannual diatom variability
Tair, Twater, TP, and pH showed distinct differences between the two
observed seasonal cycles. TP was ~0.06 mg l-1 in autumn 2003 compared to ~0.03
mg l-1 in autumn 2004 and both water and air temperatures in autumn 2003 (Twater
9.4 °C and Tair 4.3 °C) were lower than in autumn 2004 (Twater 13.1 °C and Tair
10.1 °C) (Fig. 2). Increased AR and numbers of species were mainly recorded in the
periphyton and tychoplankton (Fragilaria spp. and Nitzschia spp.) in autumn 2004.
In addition, more Stephanodiscus spp. occurred in autumn 2004 in comparison to
2003 when only S. hantzschii and S. alpinus had reasonably high AR. Higher
temperatures in autumn 2004 could be a reason for the increased diversity of
benthic diatoms.
Mean TP concentrations were higher in winter 2003/2004 (~0.14 mg l-1)
than in winter 2004/2005 (~0.1 mg l-1), whereas the other water chemistry and
climate parameters had similar values. Hence, TP was possibly a controlling factor
for diatom assemblages. Higher concentrations of TP in winter 2004 may have led
to a more intense growth of Stephanodiscus spp. and especially tychoplankton
(e.g. Fragilaria spp. and Nitzschia spp.).
The timing of the peak occurrence of S. alpinus differed in the two study
years, with maximum values observed between May and July in 2004 and
between November 2004 and April in 2005 (Fig. 4). Although there were some
differences in the exposure dates of the sediment traps between the two study
years, traps were changed at almost the identical date during early spring (April 1,
2004 and April 6, 2005). Possibly, the difference in maximum growth of S. alpinus
is related to the earlier onset of the growing season in 2005 compared with 2004.
Air temperatures increased at a similar date in 2004 and 2005 (mid-March; Fig. 2).
However, in 2004 this initial increase in temperature was followed by a period of
cooler temperatures in the second half of March and early April. This probably
affected the spring water temperatures as well, although water temperature data
are not available at a high enough temporal resolution to confirm this. In Plußsee
(Germany), S. alpinus appeared at water temperatures between 1.9 and 9.6 °C
(Hickel & Håkansson, 1993). It has also been reported to occur during summer at
water temperatures of 14-15 °C and water transparency of up to 8 m (Genkal,
1993).
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Figure 5. Tri-plot of a CCA of diatom assemblages in the sediment traps, and of selected
environmental parameters. Water and air temperature (Tair, Twater), precipitation (PP), pH,
dissolved calcium (Ca) and total phosphorus (TP) were included in the CCA. See Fig. 2 for
interannual and seasonal variability of these parameters.
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TP concentrations were also higher in spring 2004 (~0.1 mg l-1) in
comparison to 2005 (~0.07 mg l-1). In contrast, mean pH exhibited higher values in
2005. As a consequence, thermal stratification of the water column may have
been less stable early in the spring of 2004 than in 2005. In Lake Constance the
phytoplankton is highly dependant on slight temperature changes during the
onset of stratification, as well as on the transition from strong mixing in the cold
seasons to the weak mixing in lake waters in spring (Peeters et al., 2007a, b).
Differences in the onset of summer stratification in 2004 and 2005 may have
influenced the diatom assemblages at Sacrower See as well, and together with
higher TP concentrations in spring 2004 this may have led to higher diversity and
AR of Stephanodiscus spp.
In addition, there was a shift of the starting date for the increase in pH
during spring and summer in 2005 compared with 2004. In spring 2004 this
increase started in April, whereas in 2005 the first increase in pH occurred already
in March (Fig. 2). High primary productivity leads to increased pH values in the
epilimnion (Wetzel, 2001). Therefore, the difference in the starting date of the pH
increase in Sacrower See is indicative of an earlier onset of the spring
phytoplankton bloom in 2005 compared to 2004. Hausmann & Pienitz (2007)
point out that a short-term pH shift could also be a consequence of increased
primary production in response to favorable hydrological conditions.
The differences in the onset of the spring temperature rise and summer
stratification are also visible in the CCA (Fig. 5), where the diatom sample of the
spring 2005 period is not grouped with the species generally found in cold periods
of the year. In contrast, the diatom assemblages of spring and early summer 2004
are grouped with assemblages deposited in late autumn and winter. A
relationship of diatom assemblages with stratification dynamics was also found in
sediment trap samples of Bates Pond, Connecticut (USA) (Köster & Pienitz, 2006).
Higher TP concentrations (~0.05 mg l-1) were measured in summer 2005
than in summer 2004 (~0.03 mg l-1). Furthermore, the diatom growing season was
also longer in 2005, due to the longer duration of high temperatures, hence many
periphytic diatoms showed increased diversity and AR. Also, at the end of summer
2005 pH and temperatures were higher and Ca lower than in 2004, which could
explain the higher diversity and AR of periphytic and tychoplanktonic diatoms. TP
concentrations were still relatively high in late summer 2005 (Fig. 2). The relatively
high pH values during this period suggest that as a consequence primary
production may have been higher in late summer 2005 than in 2004. Warmer
temperatures may extend summer stratification and benthic diatom blooms may
thus last longer (Round, 1981). Model results of Peeters et al. (2007a) for Lake
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Constance showed that an increase in air temperature during the late summer
leads to a reduced duration of homothermy and thus to an increase in the
duration of the stratification period. Our results showed that in Sacrower See
benthic diatoms reacted strongly to increased water temperatures in late summer
2005 by increased AR. In comparison, during the same period of the first year of
sampling, air and water temperature, pH and TP had lower values and the AR of
benthic diatoms were low with many benthic species found in 2005 not being
present at all.

Conclusions
Physical and chemical parameters and diatom assemblages showed a
distinct seasonal variability in Sacrower See. The autumn and summer diatom
assemblages were characterized by Nitzschia spp., Stephanodiscus spp., and
Fragilaria spp., whereas the winter and spring assemblages were represented by
planktonic diatoms mainly of the genus Stephanodiscus.
This study indicates that in Sacrower See the interannual diatom
variability may be affected by comparatively small changes in TP concentrations
and water temperature. During autumn, winter, and spring the diatom flora in
Sacrower See seems to be controlled mainly by the availability of nutrients, the
onset of the growing season, and lake water stratification. During summer and
early autumn, the sedimentation and diversity of benthic diatoms seems to be
influenced by the length of stratification, nutrient concentrations and water
temperature during the stratification period.
The results provide detailed information on the succession of diatoms in
Sacrower See during the seasonal cycle and on the effects of temperature,
nutrients, and growing season length on the lake’s diatom assemblages. These
observations therefore provide important baseline data to interpret fossil diatom
assemblages in the lake’s sediments, especially in respect to changes in the onset
and length of summer stratification and winter circulation, and to past diatom
productivity during these periods.
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Dynamics in diatom assemblages as revealed by ultra highresolution analyses in varved sediments of Sacrower See

Abstract
Sacrower See is a lowland lake located in northeast Germany; it is eutrophic
with annually laminated sediments. Zonation of the diatom assemblages in the
annual layers revealed several distinct multi-decadal diatom shifts: A.D. 18681875, 1876-1940, 1941-1978, and 1979-2000. Sample scores of the first
Detrended Correspondence Analysis axes performed on the individual seasonal
layers showed decadal-scale patterns of turnover in the diatom flora. The
spring-summer layer showed generally high sample scores until the early 1960s
after which the differences became much smaller. Rates-of-change analyses
revealed that seasonal variability in diatom assemblages are higher than annual
changes. Summer diatom rates of changes over the period A.D. 1894-1960 are
on average higher than the winter rates of change, whereas between the 1960s
and 1970s the winter rates of change become higher than the summer ones. The
results suggest that meteorological changes indirectly affected diatom
assemblages via the mixing behavior of the lake. Redundancy Analyses showed
that seasonal temperatures and wind strength are significant explanatory
variables for the diatom assemblages in the annual and seasonal layers. A
comparison of the diatom rates of change with the amplitude of inter-annual
climate change shows a statistically significant correlation for the springsummer layers in the period of A.D. 1963-2000. Our results show that the
sensitivity of diatom assemblages to meteorological changes has clearly varied
over the past century, with a stronger effect on diatoms registered during the
past ca. 40 years. At Sacrower See diatom-based total phosphorus
reconstructions on the seasonally resolved varve record provided very similar
results as the reconstruction based on annual sampling. However, our study
suggests that ultra-highly resolved diatom records may be characterized by a
higher sensitivity to meteorological changes than annual records and have
therefore a potential for climate reconstructions based on seasonally-resolved
varved sediment records.
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Introduction
Palaeolimnological analyses of lake sediments provide valuable
information on the long-term development of aquatic ecosystems and allow
assessment of the effects of past natural or human-induced events on lakes and
their catchments (e.g. Anderson, 1993; Teranes et al., 1999; Bradbury et al.,
2002). Fossil remains of a range of organisms are preserved in the sediment
record and several organism-groups are known to be sensitive bioindicators that
can be used to reconstruct past environmental conditions. Diatoms are one of the
few algal groups that preserve well in lake sediments and they have been used
extensively in palaeolimnology to track changes in water quality related to
changes in pH or total phosphorus (TP) (e.g. Hall & Smol, 1999; Battarbee et al.,
2001). Conventional palaeolimnological studies tend to concentrate on millennial,
centennial, or decadal-scale variability of aquatic ecosystems. Besides providing a
precise chronological framework, annually laminated (i.e. varved) sediments allow
studies at annual resolution. In contrast to physico-chemical approaches such as
for instance XRF scanning (e.g. Brauer et al., 2008), however, high-resolution
palaeolimnological studies based on biotic proxies are scarce, mainly due to the
extremely labor-intensive analyses (e.g. Peglar & Birks, 1993; Lotter, 1989, 1998;
Alefs & Müller, 1999). Since sediments deposited during different parts of the
annual cycle are characterized by layers of different color, texture, and
composition, such varved sediments can potentially provide records at an even
higher, seasonal resolution (Lotter et al., 1997a; Bluszc et al., submitted). For
instance, Lotter et al. (1997b) sampled light and dark layers in a freeze-core from
Baldeggersee, Central Switzerland, which allowed the separate analysis of
parameters such as total organic and total inorganic carbon in samples
representing spring/early summer and late summer/autumn, respectively.
Similarly, Lotter & Birks (1997) examined the thickness of the light and dark layers
in the same sequence and explored the effects of regional climatic parameters on
seasonal sedimentation. Bluszcz et al. (submitted) discussed calcite precipitation
since the 18thcentury in Sacrower See based on geochemical parameters and
stable isotopes as well as element ratios of authigenic calcites obtained by
sampling of seasonal layers. Based on their results they could assess the
relationship between stratification, calcite precipitation, isotopic composition of
the carbonates, and the impact of the North Atlantic Oscillation on sediment
accumulation rates and isotopic compositions of the calcite in the subannual
layers of the varved sediment record of Sacrower See.
The present study analyzes diatom assemblages at seasonal time-resolution
in a lake with varved sediments. We present results of an ultra-high resolution
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study of 13 decades of diatom deposition in the sediments of Sacrower See,
northeastern Germany. Earlier studies examining millennial to centennial-scale
changes of diatom and chironomid assemblages and geochemical proxies
demonstrated that this lake is a sensitive ecosystem influenced by both climateinduced and anthropogenic trophic changes during the past 13,000 years (Kirilova
et al., 2009; Enters et al, in press).
In this study we discuss the variability in diatom assemblages in the
youngest, annually laminated section of the Sacrower See record from A.D. 1868
to 2000. First, we examined the multi-decadal variability in diatom assemblages to
detect changes in long-term trends in the assemblages and examine the trophic
history of the lake. Then, we analyzed the inter-annual and inter-seasonal
variability in the diatom assemblages at an ultra-high resolution to assess the
potential of such analyses with regard to detecting possible forcing factors for
diatom assemblage change.

Study site
Sacrower See was formed at the end of the Weichselian glaciation more
than 13,000 years ago and is situated at an elevation of 29.1 m in Brandenburg,
northeastern Germany (Fig. 1). The lake is dimictic, has a maximum depth of 38 m,
a catchment area of 35.3 km2, and a surface area of 1.07 km2. The lake’s mean
water residence time is between 12 and 15 years and the thermocline is usually
located between 6 and 8 m water depth (Bluszcz et al., 2008). Sacrower See has
two inlets connecting it with Groß Glienicker See in the North and with the River
Havel in the South. In 1986 the connection with the River Havel was obstructed
and between 1992 and 1996 the hypolimnion of the lake was artificially aerated.
Both actions were aimed at reducing the lake’s nutrient load. The eutrophication
history of the past century of Sacrower See was reconstructed on an annual
timescale based on geochemical parameters (Lüder et al., 2006). Extensive
sediment trap studies on the seasonality of modern sedimentation of abiotic and
biotic components in Sacrower See have also been conducted (Bluscz et al., 2008;
Kirilova et al., 2008).
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Figure 1. Location of Sacrower See in
northeastern Germany and bathymetric
map of the lake basin indicating the
coring location.

Methods
A 91 cm long sediment core was recovered from the deepest part of the
lake (Fig. 1) using a 1 m long Niederreiter freeze corer. Only the upper 44 cm of
the freeze core were annually laminated and suitable for high resolution sampling.
The varved sediments of Sacrower See are macroscopically divided into couplets
of light and dark layers. The dark layers consist of fine organic matter deposited
during late summer, autumn and winter, whereas the light layer is composed of
planktonic diatoms and calcite crystals precipitated during spring and early
summer (Lüder et al., 2006; Bluszcz et al., submitted). This annual cycle in
sedimentation has been confirmed by a sediment trap study (Bluszcz et al., 2008;
Kirilova et al., 2008).
The chronology of the sediment core is based on varve counts that were
crosschecked by 137Cs and 210Pb dating (Lüder et al., 2006). A comprehensive
description of the sampling, dating method, and varve counting is given by Bluszcz
et al. (submitted). Though included in the chronology, data of ten specific years
(1999, 1998, 1961, 1958, 1941, 1942, 1892, 1893, 1898, and 1883) were not
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included in the diatom analyses because these years could either not been
distinguished during sampling or a seasonal sampling was not possible.
Quantitative diatom analysis was conducted for each light and dark layer
separately for the period between 1868 and 2000 and the diatom data are
expressed as percentages and diatom accumulation rates (AR). The seasonal
sediment layers were digested by 10% H2O2 and microscope slides were made
using the sedimentation tray method (Battarbee, 1973). The diatoms were
identified following Krammer & Lange-Bertalot (1986, 1988, 1991a, 1999b),
Håkansson (2002), Round et al. (1990), and Compère (2001). Diatom assemblage
zones were defined based on percentage data by optimal sum of squares
partitioning (Birks & Gordon, 1985) using the program ZONE (Lotter & Juggins,
1991). The statistically significant number of zones was assessed by the broken
stick model (Bennett, 1996).
Diatom-inferred total phosphorus (DI-TP) concentrations are based on
weighted averaging partial least squares (WA-PLS) regression and calibration (ter
Braak et al. 1993; ter Braak & Juggins, 1993) of square-root transformed diatom
percentages and log transformed TP data and were calculated using the program
C2 (version 1.5, Juggins, 2007). The DI-TP model was developed from a combined
European diatom data-base (EDDI, http://craticula.ncl.ac.uk/Eddi/jsp/) and
Mecklenburg-Vorpommern calibration dataset (Adler & Hübener, 2007) which
consists of 429 sites and 577 diatom taxa. The modern TP concentrations range
between 2 and 1189 μg l-1, with an average TP of 100 μg l-1. The cross-validated
2-component WA-PLS inference model has a root mean square error of prediction
of 0.28 log TP units and an r2 of 0.73.
Detrended correspondence analyses (DCA), principal component analysis
(PCA), and redundancy analysis (RDA) was carried out with the software CANOCO
4.51 (ter Braak & Šmilauer, 1998). Biostratigraphic rates-of-change analyses used
chord distance as a dissimilarity measure between adjacent diatom samples (see
e.g. Lotter, 1998).

Results and Discussion
Multi-decadal diatom variability
Diatom assemblages in the varved section of Sacrower See show a
dominance of diatoms typical for eutrophic lakes (e.g. Lotter et al., 1998;
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Bradbury et al., 2002; Hausmann & Kienast, 2006) (Fig. 2). Numerical zonation of
the diatom assemblages divides the record into four statistically significant
periods indicating a clear multi-decadal variability: A.D. 1868-1875, 1876-1940,
1941-1978, and 1979-2000 (see Fig. 2). Stephanodiscus parvus, a diatom with
hypertrophic affinities, was recorded in high relative abundances throughout the
whole record. However, from A.D. 1868 to 1875 (D1) S. parvus was accompanied
by Cyclotella comensis, a diatom with mesotrophic affinities that was present in
higher abundances in Sacrower See throughout large parts of the Holocene (see
Chapter 3). From A.D. 1876 to the 1940s (D2) the main diatoms were
Stephanodiscus spp. (S. parvus, S. alpinus, and S. neoastraea). Aulacoseira
islandica was abundant before A.D. 1905, recorded at lower abundances until ca.
A.D. 1930 and largely absent from the sediments thereafter. In the period A.D.
1940-1978 (D3), Stephanodiscus alpinus decreased in abundance. At the same
time Cyclostephanos dubius increased, suggesting a slight decrease in nutrient
concentrations (Anderson, 1990). From A.D. 1979 to 2000 the assemblages were
dominated by S. parvus. Aulacoseira subarctica appeared for the first time in
higher abundances around A.D. 1980 together with increased values of
Asterionella formosa.
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Figure 2. Annually resolved record of diatom assemblages (expressed as percentages of
total diatoms) and diatom-inferred total phosphorus in Sacrower See between 1868 and
2000. Only selected diatoms are shown.
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Figure 3. Diatom accumulation rates (valves*105 cm-2 a-1) separately analyzed in the dark
(autumn-winter) and light (spring-summer) layers of the varved sediments of Sacrower
See. The grey lines indicate the dark layers in the varved sediments. Only selected diatoms
are shown.
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Inter-annual and inter-seasonal diatom variability
The diatom assemblages (Fig. 2) in the varved section of the Sacrower See
sediments indicate decadal-scale stability of the assemblages as often observed in
palaeolimnological studies but they also show clear dynamic fluctuations in the
diatom flora on shorter time scales. Such short-term fluctuations as recorded in
the annual and seasonal layers of Sacrower See allow an examination of
assemblage dynamics and a comparison with meteorological data at the temporal
resolution of sediment traps (see Chapter 1) or even at the resolution of
limnological monitoring data (e.g. Lotter & Psenner, 2004). Due to the lack of
regional meteorological data before A.D. 1894 the numerical analyses of the
dynamics of diatom changes and their relationship with environmental factors at
inter-annual and inter-seasonal resolution was restricted to the time span
A.D. 1894-2000.
Percentages are closed compositional data in which the abundances of
individual taxa in a sample are affected by the abundance of the remaining
diatoms as well. To eliminate this effect of closure on the data we expressed the
results as diatom accumulation rates (AR, i.e. number of valves cm-2 a-1) as well.
Figure 3 shows the diatom AR for the period A.D. 1894-2000 at a seasonal
resolution, i.e. each light (spring-summer) and dark (autumn-winter) layer has
been analyzed separately. The succession of diatoms at seasonal resolution (Fig.
3) is comparable to the record presented at annual resolution (Fig. 2). Interannual differences in diatom productivity are, however, more striking than in the
percentage data. Overall, S. parvus is clearly the most productive diatom with
regard to the AR. Astonishingly, there is no clear pattern of seasonal differences in
diatom accumulation between the seasonal layers (see Figs. 3 and 4), neither in
the early-blooming diatoms (e.g. S. parvus), nor in the summer bloomers (e.g.
Fragilaria crotonensis, Ulnaria ulna). Yet, the spring-summer (light) layers
generally show slightly higher overall AR (Fig. 4), as could be expected, because
they are representing the diatom productivity during the growing season of
planktonic taxa.
In an attempt to study the floristic turnover in the diatom dataset and to
examine whether diatoms deposited in spring/summer (light layer) and
autumn/winter (dark layer) record comparable assemblage changes we applied a
series of DCA ordinations to the square-root transformed diatom percentages
from the light and the dark layers separately. The sample scores on the first axis of
the two DCA (gradient lengths: light layer 1.6; dark layer 1.5 SD) recorded very
similar trends in the data (Fig. 5).
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Figure 4. Accumulation rates (valves*105 m-2 a-1) of planktonic and periphytic diatoms in
the the light (spring-summer) and dark (autumn-winter) varve layers of Sacrower See
between A.D. 1894 and 2000.
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Figure 5. Sample scores of axis 1 (in standard deviation units) of Detrended
Correspondence Analyses (DCA) of diatom assemblages calculated separately for light and
dark seasonal layers in the Sacrower See varve record. Sample scores are plotted versus
age.
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Samples from A.D. 1894 to the 1930s are characterized by high, samples
deposited between the 1930s and the 1980s by lower, and samples since the
1990s again by increased DCA scores (Fig. 5). In general, the DCA axis 1 sample
scores of both types of layers show a similar pattern on the decadal time-scale
(Fig. 5). However, there are some differences such as the generally higher samples
scores of the light layers until the early 1960s or individual years in which light and
dark layers register opposing trends in DCA axis 1 scores (e.g. A.D. 1938, 1982).
Since the 1960s, however, the differences between the sample scores of the two
seasonal layers are much smaller than in earlier samples and the curves generally
run parallel (Fig. 5).
The rates-of-change analyses between diatom assemblages in the annual
as well as the ones in the seasonal layers indicate that the variability between the
seasons (i.e. between the diatoms in the light and dark layers) is generally slightly
higher than the inter-annual variability (Fig. 6a). This higher between-season
variability can be explained by the typical seasonal succession in the diatom flora
as also evidenced by sediment trap studies in Sacrower See (Kirilova et al., 2008),
whereas the lower inter-annual variability is mainly due to the overprinting
dominance of S. parvus over the whole period (see Fig. 2).
If we analyze the rates of change between subsequent light or dark layers
(Fig. 6b) to assess inter-seasonal (i.e. spring-summer versus spring-summer or
autumn-winter versus autumn-winter) variability the rates of change are generally
comparable, pointing to similar diatom response in the different seasons as
already seen in the seasonal AR (Fig. 3). However, the summer diatom rates of
changes in the period A.D. 1894-1960 are on average higher than the winter rates
of change, whereas between the 1960s and 1970s the winter rates of change
become higher than the summer ones (Fig. 6).
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Figure 6. Rates-of-change analyses of diatom assemblages as expressed by the chord
distance between layers.
A. Annual (i.e. between varves) and seasonal (i.e. between consecutive light and dark
layers) rates of change.
B. Winter (i.e. between consecutive dark layers) and summer (i.e. between consecutive
light layers) rates of change.
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Diatom dynamics in relation to climate
The taxonomic composition and the amount of diatoms during the
seasonal cycle in lakes are generally dependent on factors such as the availability
of nutrients such as silica and phosphorus, the stratification of the water column
as well as light and temperature (Kilham et al., 1996; Köster & Pienitz, 2006;
Kirilova et al., 2008). In an attempt to assess the factors that are driving the
annual and seasonal changes in the composition of the diatom assemblages in
Sacrower See we carried out a series of Redundancy Analyses (RDA) with forward
selection of climatic parameters as independent explanatory variables that
explained a statistically significant amount (P<0.05) of the variance in the diatom
data (Table 1).

Table 1. Direct gradient analysis (RDA) of diatom assemblages in the annual layers, light
(spring-summer) layers, and dark (autumn-winter) layers. Analysis of annual layers
included mean annual sunshine duration, temperature, precipitation, snow deposition and
wind strength as explanatory variables. The seasonal layers were analyzed with seasonal
means of temperature (Tmean), minimum temperature (Tmin), maximum temperature
(Tmax), daily sunshine duration (Sun), precipitation (PP), snow deposition, and wind
strength as environmental predictors. Light (spring-summer) layer diatoms were compared
with mean spring (MAM) and summer (JJA) values as well as environmental conditions
during the preceding winter (DJF), whereas dark (autumn-winter) layer diatoms were
compared with autumn (SON) and winter conditions as well as with parameters measured
during the preceding summer.

Annual
assemblages

Variance
explained by
forward selected
predictors
Forward selected
predictors

Spring/summer
assemblages

Autumn/winter
assemblages

1894-2000

1963-2000

1894-2000

1963-2000

1894-2000

4%

12.1%

27.8%

4.1%

Wind**

Tmean**

4.3%
Wind
MAM*

Tmin DJF**

Wind JJA*

Tmean*

Wind*

Tmin JJA*

Tmin JJA**

Tmin JJA*

1963-2000

6.3%
Sun JJA*

Wind MAM**
Tmax JJA*

* significant at the 0.05 level as assessed by 9999 Monte Carlo permutations
** significant at the 0.01 level as assessed by 9999 Monte Carlo permutations
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When analyzing the annual layers over the entire analyzed sediment section a
rather small amount of variance (4%, see Table 1) can be explained by mean
annual temperature and mean annual wind strength. Bluszcz et al. (submitted)
have shown a distinct change at the ɷ18O and ɷ13C of the calcites which were more
positive in the light spring/summer than in the dark autumn/winter layers after
the 1960s, suggesting a higher sensitivity of Sacrower See to meteorological
changes (NAO index). If we restrict the analysis to the time-span between
A.D. 1963-2000, during which we also observed changes in the patterns of floristic
turnover and rates of change (see Figs. 5 and 6), both climatic predictors explain
12.1% of the variance in the diatom assemblages (Table 1). The RDA with forward
selection for the light (spring-summer) layer shows that mean spring wind
strength and minimum summer temperatures are explaining a statistically
significant amount of the variance in the diatom data of the whole time-series. If
restricted to the period of A.D. 1963-2000 these variables together with additional
explanatory variables such as minimum temperatures of the preceding winter and
maximum summer temperatures explain 27.8% of the variance. The forward
selected parameters such as wind strength and summer/winter temperatures
have a strong effect on spring mixis and the stability of summer and winter
stratification of lakes. Our results therefore suggest that meteorological changes
indirectly affected diatom assemblages via the mixing behavior of the lake. The
RDA of the dark (autumn-winter) layers shows that mean wind strength during
summer as well as minimum summer temperatures explain a small part (4.1%,
Table 1) of the variance of the whole series, whereas summer sunshine duration is
explaining 6.3% in the shorter series.
The main factor controlling the spring diatom bloom is the onset of the
growing season, which for diatoms usually is the time of the spring mixing.
Peeters et al. (2007a, b) related earlier onset of lake stratification to warmer
climate and demonstrated that increased winter and spring air temperatures
resulted in an earlier onset of the spring phytoplankton bloom in Lake Constance.
Bluszcz et al. (submitted) suggest that the more positive NAO regime since the
1960s resulting in an earlier onset of wet and warm winters has influenced the
onset and duration of lake stratification in Sacrower See. Moreover, Peeters et al.
(2007a) showed that increased air temperature in the late summer reduced the
duration of homothermy in autumn and thus resulted in a longer stratification
period.
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Table 2. Correlation of rates-of-change in diatom assemblages with amplitudes of interannual and inter-seasonal changes in climatic conditions. Climatic changes have been
summarized by Principal Compenent Analysis (PCA) and amplitudes of climatic change
were expressed as variations in PCA axis 1 scores. The following climate variables were
used for
Annual rates of change: Sun h, Tmax, Tmean, Tmin, PP, Snow, Wind
Dark layer: SunDJF, SunSON, TmaxDJF, TmaxSON, TmeaDJF, TmeaSON, TminDJF,
TminSON, ppDJF, ppSON, SnowDJF, SnowSON, WindDJF, WindSON
Light layer: SunMAM, SunJJA, TmaxMAM, TmaxJJA, TmeaMAM, TmeaJJA,
TminMAM, TminJJA, ppMAM, ppJJA, SnowMAM, SnowJJA, WindMAM, WindJJA
PCA axis 1
r

P

n

1894-2000 AD

0.07

0.42

100

1963-2000 AD

0.13

0.30
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Year to year changes

Spring/summer to spring/summer changes
1894-2000 AD

0.04

0.70

94

1963-2000 AD

0.34

0.05*

34

1894-2000 AD

-0.12

0.24

94

1963-2000 AD

-0.22

0.24

34

Autumn/winter to autumn/winter changes

* significant at the 0.05 level

The different rates of change results (see Fig. 6) suggest that the dynamics
in the short-term diatom assemblage changes may have been influenced by the
amplitude of inter-annual climate change. To test this we carried out a Principal
Components Analysis (PCA) of selected climatic variables (see Table 2) and
calculated the difference between adjacent PCA samples scores (analogous to the
rates of change in the diatom data) to approximate the inter-annual or -seasonal
amplitude of climate change. Rates of changes between years and seasons were
then correlated with the diatom rates of change. This analysis was carried out for
the entire varves layers (inter-annual) as well as for the light and dark sublayers
separately, reflecting the changes between consecutive spring/summer or
autumn/winter periods (inter-seasonal). The results (see Table 2) show that there
are no statistically significant correlations between the diatom rates of change
and the amplitude of inter-annual or inter-seasonal climate change with the
exception of the diatom rates of change for the spring-summer layers for the
period of A.D. 1963-2000.
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Diatom-inferred TP reconstruction
Reconstructions of TP concentrations in Sacrower See based on diatoms
indicate a strong eutrophication from values around 60 μg l-1 in the early Middle
Ages to ~80 μg l-1 during the industrial period (Kirilova et al., 2009). In the varved
sediment section the DI-TP values of the annual layers are highly variable,
fluctuating between 40 and 80 μg l-1 with no clear trend (Fig. 2). If TP is
determined in the seasonal layers separately (Fig. 7) a number of features are
evident in both layers, e.g. the distinct minima in DI-TP at A.D. 1908-1910, 19311933, and 1938-1939 as well as the maximum values inferred in the mid-1960s.
Furthermore, the absolute DI-TP values of the two reconstructions are
very similar. This is unexpected considering that TP in Sacrower See shows distinct
annual changes, with maximum values recorded during the winter months
(January to March) of mixis and minima during summer stratification (June to
October) (Kirilova et al., 2008). As a consequence one would expect diatom
assemblages deposited during autumn and winter (dark layer) to infer higher
DI-TP in comparison to those deposited during the spring and summer (light
layer). Yet, given the relatively small difference in the diatom assemblages
encountered in the seasonal layers (Fig. 3) it is not astonishing that the DI-TP
values do not show major differences.
Looking in detail at the seasonal DI-TP reconstructions (Fig. 7), however,
the DI- TP concentrations in the autumn-winter (dark) layers tend to be slightly
higher in the period from A.D. 1894 to 1940. Since the 1940s, however, this
relationship between DI-TP inferred from dark and light layers has shifted with the
spring-summer layers generally showing higher values. Despite the fact that these
discrepancies lie well within the prediction errors of the applied transfer function
this overall shift suggests slight changes in the seasonal TP concentrations with a
higher availability of phosphorus in the spring-summer season after the 1940s
(Fig. 7).
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Figure 7. Diatom-inferred total phosphorus concentrations (TP) estimated separately for
the dark (autumn-winter) and the light (spring-summer) layers of the Sacrower See varves
between A.D. 1894 and 2000.
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Conclusions
Our ultra-high resolution study of diatom assemblages in Sacrower See
has demonstrated that diatoms deposited in spring-summer and autumn-winter
reflect very similar assemblage changes, especially on multi-annual to decadal
timescales. Separate analyses of the diatoms in the light and dark layers using
numerical methods produced very similar ordination results, and similar values in
DI-TP. Moreover, our results indicate that the influence of meteorological
parameters such as temperature and wind can be traced back in diatom studies of
varved sequences at a seasonal basis. In the case of Sacrower See our analysis
clearly indicate a stronger influence of meteorology on diatom assemblages
during spring/summer than during autumn/winter. Furthermore, the results
suggest that the sensitivity of diatom assemblages to meteorological changes has
varied over the past ca. 120 years, with a stronger effect on diatoms registered
during the past ca. 40 years. At Sacrower See diatom-based environmental
reconstruction based on the seasonally resolved varve record provided very
similar results as the reconstruction based on annual sampling. However, our
study presents first results suggesting that ultra-highly resolved diatom records
may be characterized by a higher sensitivity to meteorological changes than
annual records and may provide a promising avenue for future climate
reconstructions based on varved sediment records.
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Chapter 3
Climate-induced changes in the trophic status of a Central
European lake

Abstract
We present a case study of the development of Sacrower See, a stratified,
eutrophic lake in northeastern Germany, over the past 13,000 years. Total
epilimnetic phosphorus (TP) concentrations were reconstructed quantitatively
using a diatom-TP transfer function. Fossil chironomid assemblages were used
to support the trophic reconstruction and helped assessing past hypolimnetic
oxygen availability. The results indicate eutrophic and anoxic conditions during
the Younger Dryas cold period (~12,700-11,600 cal. BP) preceeding the present
interglacial. Throughout the early and mid-Holocene (~11,600-4000 cal. BP),
stable oligo- to mesotrophic conditions with diatom-inferred TP values of ~20 μg
l-1 prevailed. First evidence of increasing Holocene TP is recorded at ~3500 cal.
BP associated with Bronze Age human impact and for the past 900 years
diatoms indicate increasing TP values of 30-60 μg l-1. During the early Holocene
and the past two millennia chironomids indicated anoxic hypolimnetic
conditions. The chironomid fauna is considered typical of oligo- to mesotrophic
lakes. As a consequence of strongly increased primary production, the
hypolimnion of Sacrower See became anoxic again during the past 140 years.
Our results indicate that highly productive eutrophic conditions can exist prior
to cultural eutrophication. At Sacrower See the shift from eutrophic conditions
in the Lateglacial to oligo-mesotrophic conditions in the early and mid-Holocene
was associated with the climatic warming at the Younger Dryas/Holocene
transition. The high productive state during the cold Younger Dryas is associated
with changes in seasonality: the prolonged winters caused longer ice cover,
stronger stratification, anoxia in the hypolimnion, and consequent internal
phosphorus loading. During the warm Holocene, however, hypolimnetic anoxia
and internal phosphorus loading decreased significantly, resulting in a
substantially lower productivity.
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Introduction
Nutrient enrichment has become a major threat to freshwater
ecosystems (e.g. Smol, 2008) and has consequently received considerable
attention on the political agenda. Climate change in combination with human
induced eutrophication of lakes via nutrient loading through agriculture, industry,
sewage release, and soil erosion can lead to adverse consequences for ecosystem
functioning and services. As a consequence of such anthropogenic nutrient
enrichment lakes may experience harmful algal blooms, oxygen depletion,
decreased biodiversity, and/or massive fish kills (Schindler, 2001; Moss, 2008).
Some lakes are, however, naturally nutrient-rich due to the local geological or
morphological setting, whereas others can experience moderate nutrient
enrichment throughout their history as a consequence of natural processes such
as abiotic or plant-mediated weathering and transport of nutrients from the
catchment to the lake (e.g. Engstrom et al., 2000). Nevertheless, it is widely
accepted that most temperate European lakes would be oligo- to perhaps
mesotrophic in a natural, undisturbed setting and in the absence of human
impact.
When defining restoration targets for nutrient-enriched lakes, the lack of
pristine reference sites coupled with limited availability of high-quality and longterm monitoring data are a major concern (Moss, 2008). Where available,
monitoring programs are usually initiated only after the signs of disturbance are
evident. The lacustrine sediment record provides an alternative natural archive
which allows the reconstruction of long-term ecosystem processes and the
assessment of baseline conditions with regard to nutrients and ecosystem
functioning which are essential for defining lake restoration aims (e.g. Bennion &
Battarbee, 2007). Indicator organisms, such as diatoms and chironomids (nonbiting midges) that preserve as microfossils in the sedimentary record, are
exceptionally useful for inferring past trophic conditions in lakes. Diatoms have
been shown to be highly sensitive to changes in lake pH and nutrient
concentrations (e.g. Stoermer & Smol, 1999). The strong empirical relationship
between nutrients and diatom assemblages (e.g. Anderson, 1997a; Bennion et al.,
1996; Hall & Smol, 1999) has been successfully used to infer past epilimnetic total
phosphorus (TP) concentrations (e.g. Wunsam & Schmidt, 1995; Lotter, 1998;
Bennion et al., 2000). Similarly, the analysis of chironomid assemblages can
provide insights into the trophic state of lakes, especially in deep, stratified
systems (e.g. Saether, 1979). Since parts of these animals are well preserved as
fossils in lake sediments, remains of chironomid larvae can be used for
reconstructing TP and changes in hypolimnetic oxygen availability, both using
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qualitative (e.g. Itkonen et al., 1999; Heiri & Lotter, 2003) and quantitative
approaches (e.g. Lotter et al., 1998; Brooks et al., 2001; Little & Smol, 2001).
Here, we present a palaeolimnological case-study on the long-term
trophic development of Sacrower See, a lowland lake in Northeastern Germany.
We report an unusual case of climate-induced trophic change under undisturbed,
pre-anthropogenic conditions in a deep, stratified lake. Based on fossil diatoms
from a continuous sediment record we reconstruct epilimnetic TP throughout the
past 13,000 years and discuss factors affecting the lake’s nutrient levels.
Moreover, remains of chironomids are used as semi-quantitative indicators of
hypolimnetic oxygen conditions and independent evidence for changes in trophic
state as reconstructed by diatom assemblages.

Figure 1. Location of Sacrower See in an outline map of Germany and bathymetric map of
the lake basin.

Study area
Sacrower See is a eutrophic hardwater lake situated in Brandenburg,
Germany (Fig. 1), at an elevation of 29.5 m a.s.l. (Table 1). The lake was formed
during the Weichselian glaciation and presently has a maximum water depth of
38 m (Table 1). It is connected hydrologically (subsurface inflow) in the northeast
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with Groß Glienicker See and in the south with the River Havel via an artificial
channel and subsurface in- and outflow (Fig. 1). The lake is dimictic and anoxic
conditions often develop in the lake’s hypolimnion during summer stagnation
(Bluszcz et al., 2008) but also during winter and autumn.
Table 1. Basic morphometric, limnological, and climatic parameters characterizing
Sacrower See (after Bluszcz et al., 2008).
Altitude

29.5 m a.s.l.

Catchment area

35.3 km

2

Surface area

1.07 km

2

Volume

19.3×10 m

Maximum depth

38 m

Mean depth

18 m

Mean water residence time

12-15 years

6

Stratification period

Apr-Nov

Mean annual precipitation

603 mm

Mean summer air temperature

17 °C

Mean annual air temperature

9.6 °C

3

Material and Methods
A 17 m long sediment sequence was retrieved in 2005 from the deepest
part of Sacrower See at a water depth of 38 m (Fig. 1) using a modified Livingstone
piston corer. The sediments consist of organic-rich calcareous gyttja with distinctly
annually laminated sections in the top 40 cm and below 859 cm. The lowermost
sediment unit consists of homogeneous, slightly graded sands with occasional
lignite fragments interpreted as a slump deposit and consequently omitted from
analysis together with an additional slump at 1130-1239 cm depth. This resulted
in a final composite sediment profile with a total length of 1183 cm.
The chronology of the sediment record is based on 12 AMS 14C dates
measured on terrestrial plant remains (see Table 2; Fig. 2), the Laacher See Tephra
dated to 12,880±40 varve years BP (Brauer et al., 1999), as well as 210Pb and 137Cs
dating (Lüder et al., 2006). 14C dates were transformed to calibrated 14C years
before present (cal. BP) using the program Calib 5.0.2 and the INTCAL04
calibration curve (Reimer et al., 2004). Age-depth modeling was performed using
a generalized mixed-effect regression model (Heegaard et al., 2005; Fig. 2). Two
radiocarbon dates in the lower part of the record were clearly too old and were
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therefore excluded. Preliminary pollen analysis located the onset of the Holocene
(i.e. the pastca. 11,600 years) between 1057 and 1089 cm sediment depth.

Figure 2. Dating of the sediment core and age-depth relationship. Dashed lines mark the
95% confidence intervals. The two 14C dates not included in the age-depth model are
marked with stars.

Titanium (Ti) was measured by X-ray fluorescence (XRF) analysis on split
core surfaces as an indicator of soil erosion. For diatom analysis, 90 samples were
digested with 30% H2O2 to remove organic matter. Further details regarding the
age-depth model, geochemistry and pollen data are described in Enters et al.
(accepted). Microscope slides were prepared using the sedimentation tray
method (Battarbee, 1973) and Naphrax® mounting medium. A minimum of 500
valves was counted on each slide under a light microscope at 1000x magnification
using differential interference contrast optics. Taxonomy follows Krammer &
Lange-Bertalot (1991, 1991a, 1991b, 2000), Håkansson (2002), and, for Fragilaria,
Round et al. (1990) and Compère (2001).
.
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Table 2. Radiocarbon dates from the Sacrower See sediment core (Enters et al., accepted).

Composite
depth (cm)

a
b

Lab. No.

14

14

Analyzed fraction

į C (‰)

C
Age

C Age
(BP) ±SD

13

Calibrated age
range (2į)
(cal. BP)

0

-

Sediment surface

-

-

-

-55

39.5

-

-

-

-

74-86

63-64

Poz-6086

-26.5

220

±30

140-310

136-138

UtC 14516

-29.2

381

±32

310-510

272-273

UtC 14517

-28.6

1215

±35

1050-1270

417-418

UtC 14518

-27.3

2180

±37

2060-2330

512-513

UtC 14519

-27.9

2840

±34

2860-3070

593-595

UtC 14520

-28.0

3505

±39

3680-3890

671.5-672.5

UtC 14521

-28.6

4252

±37

4640-4880

784-786

UtC 14522

-29.3

5640

±90

6280-6660

892-893

UtC 14523

-28.6

7920

±50

8600-8980

1002-1003

UtC 14524

-23.1

10180

±130

(12150-12815)

1014-1015

Poz-21521

-24.8

9500

±50

10580-11080

1107-1108

UtC 14525

-27.5

10840

±60

(12875-12815)

1173-1176

-

Varves
Unidentified leaf
remains
Quercus leaf
Unidentified leaf
remains
Unidentified leaf
remains
Unidentified leaf
remains
Unidentified leaf
remains
Unidentified leaf
remains; Alnus
glutinosa
catkin scales
Betula fruit; c.f. Pinus
cone axis and scale
leaves
c.f. Pinus scale
leaves and (charred)
leaf remains
c.f. Pinus scale
leaves
c.f. Pinus bark
Betula fruit,
Poytrichum leaves,
unidentified leaf
remains
Laacher See tephra

-

-

-

12790-12970

a

b

estimated to 80 ± 2 cal.years BP by Lüder et al. (2006)
estimated to 12,880 ± 40 varve years BP by Brauer et al. (1999)

A diatom TP transfer-function, based on a combined European diatom data-base
(EDDI, http://craticula.ncl.ac.uk/Eddi/jsp/) and a Mecklenburg-Vorpommern
(Northeastern Germany) calibration dataset (Adler & Hübener, 2007), was used
for quantitative TP reconstruction. The modern diatom training set consists of 429
samples and covers a range of 2-ϭϭϴϵʅŐdWů-1.
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Diatom-based TP inference is based on weighted averaging partial least
squares (WA-PLS) regression and calibration (Ter Braak & Juggins, 1993) of
square-root transformed diatom percentage data and log transformed TP and was
calculated using the software C2 version 1.5 (Juggins, 2007). The model features a
root mean square error of prediction (RMSEP) of 0.28 log TP units and a
coefficient of determination (r2) of 0.73 as evaluated by leave-one-out crossvalidation methods.
Chironomid assemblages from 44 sediment samples were analyzed and
identified following Brooks et al. (2007). Samples were treated with 10% KOH and
sieved with a 100 μm sieve. Chironomid head capsules (hc) and other arthropod
remains were sorted from the sieve residue using a dissecting microscope.
Chironomid concentrations were very low in the record and adjacent
samples had to be amalgamated to reach more reliable count sums. Since
chironomid counts still remained well below the 45-50 hc per sample
recommended for quantitative reconstruction (Heiri & Lotter, 2001; Quinlan &
Smol, 2001), no further numerical analyses were attempted.

Results
Diatom assemblage changes
In total, 90 diatom assemblages were analyzed in the Sacrower See
record. The diatom succession was subdivided into five significant zones as
assessed using optimal zonation and the broken stick model (Fig. 3).
In the lowermost zone, Z1 (1184-1057 cm), diatom assemblages were
dominated by Fragilaria spp. (including Fragilaria, Ulnaria, Staurosira,
Staurosirella, Synedra, and Pseudostaurosira) and Stephanodiscus spp. The most
abundant diatom species in this period were Staurosira construens f. venter,
Fragilaria tenera, Ulnaria ulna, Stephanodiscus neoastraea, and Stephanodiscus
parvus. Chrysophycean statocysts had a high abundance only in the lowermost
part of this section.
During zone Z2 (1057-611 cm), Cyclotella cyclopuncta was the dominant
diatom. Also, Cyclotella ocellata, Puncticulata bodanica, Puncticulata radiosa,
Fragilaria spp., and S. neoastraea frequently occurred in this zone. In contrast,
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diatoms dominating the previous zone such as S. construens f. venter,
Stephanodiscus minutulus or S. parvus mostly disappeared from the record.
Around 963 cm, S. parvus briefly reappeared at low abundances. Chrysophycean
statocysts increased in abundance and had a peak between 819 – 755 cm.
In Z3 (611-227 cm), the assemblages were dominated by Cyclotella
comensis (5 – 80 %) and S. neoastraea (10 – 40 %). P. bodanica and
Stephanodiscus alpinus also occurred in relatively high frequencies. Fragilaria spp.
was present at low percentage values throughout the entire zone. S. parvus
appeared at very low abundances at the beginning of this zone. In contrast with
the transition between Z1 and Z2, which was fairly abrupt, the transition between
Z2 and Z3 was more gradual in the diatom assemblages of Sacrower See.
Chrysophycean statocysts showed low abundances in the entire zone Z3.
In Z4 (227-115cm), Aulacoseira islandica and Tabellaria flocculosa
increased their abundances and became the dominant species. S. neoastraea and
C. comensis were subdominant species in this section. C. comensis and
P. bodanica, two diatoms abundant in the previous zone, almost disappeared
from the assemblages. Similarly, chrysophycean cysts, present at low abundances
in the previous zone, are no longer present in Z4.
In Z5 (115-0cm) diatom assemblages were dominated by S. neoastraea,
S. parvus, and S. alpinus. A. islandica, Fragilaria spp. and C. comensis showed
increased abundances at the onset of Z5, but were absent from the uppermost
sediment layers. Aulacoseira islandica and T. flocculosa have strongly reduced
abundances in Z5 compared with the previous diatom assemblage zone.

Chironomids
In the lowermost sediments of Sacrower See (>1080 cm) chironomid
assemblages are dominated by taxa such as Stictochironomus, Micropsectra
radialis-type, Tanytarsus lugens-type, Paratanytarsus penicillatus-type, and
Tanytarsus mendax-type (Fig. 4). At the transition between zone C1 and C2
(1080 cm) a number of chironomids such as M. radialis-type and Tanytarsus
lugens-type disappear from the sediments, whereas others, e.g. Corynocera
ambigua, Paratanytarsus penicillatus-type and Tanytarsus mendax-type, show no
major change in abundances. In zone C3 (1020-650 cm), assemblages are
dominated by taxa such as M. radialis-type, Heterotrissocladius grimshawi-type,
Micropsectra insignilobus-type, T. mendax-type and from ca. 850 cm onwards
Sergentia coracina-type. In zone C4 (650-380 cm), S. coracina-type is the
dominant chironomid in Sacrower See.
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Figure 3. Diatom assemblages in the sediments of Sacrower See (as % of the total number
of counted diatoms).
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Furthermore, a number of taxa which were already present in C1 and C2 reappear
in the assemblages, e.g. Microtendipes and P. penicillatus-type. In C5
(250-380 cm), S. coracina-type is still present, although in lower abundances than
in the previous zone. Furthermore, taxa such as Parakiefferiella bathophila-type
and Tanytarsus pallidicornis-type1 occur in the samples. In C6 (150-250 cm),
S. coracina-type, P. penicillatus-type, and P. bathophila-type are still present in
the sediments. These taxa are joined by chironomids such as Monodiamesa,
Polypedilum nubeculosum-type, Dicrotendipes notatus-type, Cricotopus
intersectus-type and Cladotanytarsus mancus-type1. In the uppermost zone C7
(150-0 cm), finally, S. coracina-type is absent from the sediment samples, whereas
many of the chironomid taxa present in C6 or C5 persevere in the lake.

Diatom-based TP reconstruction
Diatom-inferred TP (Fig. 5) indicates high nutrient availability in the
lowermost part of the record (>1050 cm). Starting with values of 24-30 μg l-1, TP
rises to reach maximum values of ~50-70 μg l-1 at 1170-1130 cm sediment depth.
Diatom assemblages indicate decreasing TP values thereafter and comparatively
low TP of 10-20 μg l-1 is inferred 1050-220 cm. In Z4 (220-110 cm) reconstructed
TP values are variable and increase again to reach smoothed values around
20-30 μg l-1. In the uppermost part of the sequence diatom-inferred TP continues
to increase to reach maximum values of 60-70 μg l-1 at ca. 30-50 cm below the
sediment-water interface before decreasing again slightly in the in the surfical
sediments.

Discussion
Diatom (Fig. 3) and chironomid assemblages (Fig. 4) indicate that the
trophic conditions in Sacrower See and the oxygen availability for the benthic
fauna have varied distinctly throughout the past 13,000 years. Between ~13,000
and 11,550 cal. BP diatom-inferred TP (DI-TP) (Fig 5) is comparable to present-day
epilimnetic TP concentrations (Fig 3). During this period of the Lateglacial, diatoms
typical of eutrophic to hypertrophic lakes, such as Stephanodiscus parvus,
S. minutulus, S. neoastraea, S. alpinus, S. hantzschii, and of prolonged ice-cover
(Douglas & Smol, 1999; Lotter & Bigler, 2000), such as Fragilaria sensu lato
(s.l. e.g. F. tenera), were abundant.
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Figure 4. Accumulation rates of fossil chironomids (as chironomid head capsules per 100
cm2 per year) and some other invertebrate taxa (as remains per 100 cm2 per year) in the
sediments of Sacrower See.
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Fossil chironomid assemblages (Fig. 4) during this phase included taxa
typical of both profundal and littoral environments. However, many of the
chironomids typically restricted to the profundal in temperate lowland lakes can
colonize littoral habitats under colder climatic conditions (e.g. Brundin, 1949) such
as during the Younger Dryas cold phase (~12,700-11,600 cal. BP). In this interval,
which represents the last major cold phase of the last glaciation, Stictochironomus
was present in Sacrower See. This chironomid is commonly found in inorganic
sediments in lakes with elevated nutrient conditions (Saether, 1979;
Heiri & Lotter, 2008) and its larvae feature relatively high hemoglobin
concentrations (Int Panis et al., 1996). The presence of Stictochironomus suggests
at least seasonally low oxygen concentrations in the lake’s bottom water.
However, the relatively high accumulation rate of chironomid fossils during the
same interval (Fig. 5) indicates that oxygen levels were still sufficient to support
larval chironomid populations at or close to the coring site.
Unexpectedly high DI-TP values (~70 μg l-1) are inferred for Sacrower See
during the Younger Dryas cold phase (~11,600-12,700 cal. BP, see Fig. 5).
Intensified internal recycling of orthophosphate is a mechanism which could
explain such high DI-TP values under pre-anthropogenic conditions. The Younger
Dryas cold phase is characterized by a marked increase in seasonality
(Renssen & Isarin, 2001; Brauer et al., 2008). During periods of cooler climate and
more severe winters, prolonged ice cover can lead to more stable and longer
winter stratification. In deep lake basins this can cause prolonged phases of
anoxia (e.g. Asikainen et al., 2007). Since redox conditions strongly influence the
stability of phosphate in the sediments, this in turn may lead to a significant
phosphorus release (e.g. Carignan & Flett, 1981; Moosmann et al., 2006; Spears et
al., 2008). Such internal loading may exceed the external phosphorus load (e.g.
Søndergaard et al., 2001). At present, internal loading is at least partly responsible
for maintaining high TP concentrations in Sacrower See. Owing to the low oxygen
availability during summer stagnation, hypolimnetic phosphate concentrations in
the lake may reach extremely high values (up to 4600 μg l-1) due to remobilization
of phosphorus from the sediments (Bluszcz et al., 2008). During autumn or spring
circulation these nutrients are mixed into the photic zone, thus enhancing the
productivity of the lake substantially (Kirilova et al., 2008).
Cooler temperatures and prolonged ice cover is likely to have triggered a
similar response in the phosphorus cycle of Sacrower See during the Younger
Dryas cold phase.At Meerfelder Maar (Germany) Brauer et al. (1999) reported on
increased productivity levels during the Younger Dryas. However, they attribute
this to nutrient enrichment by soil erosion.
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Figure 5. Diatom-inferred total phosphorus concentration and accumulation rates (AR) for
chrysophyte cysts, diatom valves grouped by life-form and trophic category (after Van
Dam et al., 1994), and for chironomids grouped by habitat preference.
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Schmidt et al. (2002) observed a TP increase in unlaminated sediments of
Längsee (Austria) caused by allochthonous sources rather then reflecting internal
phosphorus loading. Although high Ti counts were observed in the Younger Dryas
sediments of Sacrower See, suggesting an increase in erosive input, it seems very
unlikely that all allochthonous sources could lead to TP values as high as 60-ϳϬʅŐ
l-1 in a pristine landscape.
A positive relationship between temperature and the nutrient availability
in lakes has been reported in a number of limnological studies (e.g. Heiri & Lotter,
2005; Lacoul & Freedman, 2005). Especially in mountain regions this relationship
may be partly explained by higher human activity in the catchment of warmer
lowland sites. An increase in nutrient concentrations is also commonly reported as
a likely response of temperate and arctic freshwater systems to climatic warming
(e.g. Hauer et al., 1997; Rouse et al., 1997). In contrast, however, the climatic
change at the Younger Dryas/Holocene transition (~11,600 cal. BP), in Europe
associated with an abrupt summer temperature increase in the range of 2-4ȗ
(e.g. Lotter et al., 2000; Heiri et al., 2007) and a decrease in seasonality (Renssen
& Isarin, 2001), leading to shorter ice cover, less pronounced stratification and
weaker anoxia, led to a rapid decrease in nutrient levels of Sarower See (Fig. 5).
After ~11,600 cal. BP DI-TP decreased to values of ~10-20 μg l-1 that
persisted throughout most of the early and mid-Holocene. Diatoms with
eutrophic affinities still were present in the assemblages, although the
abundances of mesotrophic diatoms increased (Fig. 5). Laminations are present in
the entire lowermost section of the Sacrower See core (Fig. 2), reflecting a
perseverance of anoxic conditions and the absence of bioturbation during the
Lateglacial and the early Holocene until ca. 8000 cal. BP. However, chironomids
typical of cold hypolimnetic waters were found in the record during most of the
Lateglacial and again from ca. 11,000 cal. BP onwards. This suggests that, with the
exception of the short interval between ca. 11,700 and 11,000 cal. BP, when
profundal chironomids were absent from the record, the anoxia did not affect the
entire hypolimnion. Most of these deep-water chironomids, such as Micropsectra
radialis-type, Heterotrissocladius grimshawi-type, and Micropsectra insignilobustype, are typical for oligo- to mesotrophic lakes (Saether, 1979), which is in good
agreement with the DI-TP reconstruction.
Reduced TP concentrations were also reconstructed in Längsee (Austria)
during the Allerød period (ca. 14,000-12, 700 cal. BP) which seemed to be caused
by continental climatic conditions initiating a meromictic mixing regime in the lake
(Schmidt et al., 2002). However, we believe that diatom and chironomid
assemblages do not support a stable meromixis at Sacrower See. The main
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reasons for this conclusion are the presence of profundal chironomid taxa during
a large part of the Holocene, suggesting at least seasonal oxygen availability in the
lake’s hypolimnion. Furthermore, high percentages of Stephanodiscus spp. were
observed. These diatoms are spring bloomers which require relatively high
phosphorus values. This suggests a significant transport of phosphorus from the
hypolimnion to epilimnetic waters at least during spring overturn, contradicting a
stable meromixis of Sacrower See. The formation of varved sediments can be
explained by the temporary formation of an anoxic hypolimnion in the winter
(e.g. Lüder et al., 2006; Kirilova et al., 2008; Bluszcz et al., 2008), and reduced
oxygen availability and biological activity in the bottom waters in the deepest
section of the lake basin.
After ca. 8000 cal. BP laminations are absent indicating bioturbation by
benthic organisms and consequently higher oxygen levels at the lake bottom.
Sergentia coracina-type has its first occurrences in the lake around this time.
S. coracina-type is a profundal-dwelling chironomid typical of mesotrophic lakes
(Saether, 1979) and known to tolerate low oxygen conditions. It is therefore likely
that this chironomid colonized the deepest parts of Sacrower See and was at least
partly responsible for the bioturbation of the sediments. The dominant diatom
species found in this part of the record, C. cyclopuncta (Fig. 3), together with the
high abundance of chrysophyte cysts (indicators of high Si:P, Fig. 5) are reflecting
oligo- to mesotrophic conditions.
Most research shows elevated nutrient conditions during the Holocene
due to increased temperatures and external nutrient input (e.g. Brauer et al.,
1999; Lotter, 2001; Baier et al., 2004; Brüchmann & Negendank, 2004). In the case
of Sacrower See, however, both diatom and chironomid assemblages show stable
oligo- to mesotrophic conditions and at least seasonally oxygenated hypolimnion
throughout the warm Holocene.
From the Bronze Age onwards (ca. 4000 cal. BP) human influence on the
landscape intensified in many parts of Europe and has been recorded in a number
of sediment sequences (e.g. Fritz, 1989; Wunsam & Schmidt, 1995; Lotter, 1999;
Heiri & Lotter, 2003; Zolitschka et al., 2003; Dreßler, et. al. 2006).
At Sacrower See an increase in DI-TP to values of ~30 μg l-1 is registered at
~3500 cal. BP and first minor peaks in Ti in the sediments are apparent from
~3000 cal. BP onwards, indicating increased soil erosion (Fig. 5) (Enters et al.,
accepted). This suggests that the first significant anthropogenic impact in the
catchment area of Sacrower See began during the Bronze Age. There is
archeological evidence for a local settlement at this time (Gramsch, 2001).
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However, erosive input as recorded by sedimentary Ti remained relatively low
until the Medieval Ages. Diatom assemblages were still dominated by
mesotrophic diatoms, but S. parvus, a diatom typical of hypertrophic conditions
reappeared at abundances of up to 10 % in some samples. In addition, the
decrease of the chrysophyte cysts also suggests a decrease of the Si:P ratio and
increased nutrient levels in the lake. Around this time C. cyclopuncta decreased
and was progressively replaced by C. comensis and S. neoastraea. Around ~4000
cal. BP chironomids typical for oligotrophic systems, such as Heterotrissocladius
grimshawi-type and Tanytarsus lugens-type disappeared from the lake (Fig. 4).
However, Micropsectra insignilobus-type, which is known to occur in oligo- to
mesotrophic lakes (Saether, 1979), persisted in Sacrower See until ca. 2000 cal. BP
and Sergentia coracina-type reached its highest abundances in this part of the
sequence, suggesting at least seasonal oxygen availability in the deepest part of
the lake basin.
Between ~800 and 300 cal. BP, DI-TP increased to values between 30 and
40 μg l-1. This rise in DI-TP coincides with a distinct increase in Ti concentrations in
the sediments, suggesting enhanced soil erosion (Fig. 5). However, according to
the diatom flora the lake was still meso- to eutrophic (DI-TP ca. 40 μg l-1) until the
beginning of the 17th century. From the 1870s onwards annually laminated
sediments were formed again. Together with DI-TP values of ca. 60 μg l-1 and the
dominance of Stephanodiscus spp. this is strong evidence for an increase in
nutrient loading. A geochemical study of Sacrower See varves provides additional
evidence for the increase in the primary productivity during this period due to
strong nutrient input from the catchment and the eutrophic river Havel, which led
to subsequent anoxia (Lüder et al., 2006). Anoxic conditions in the lake’s bottom
waters are also supported by the absence of cold stenothermic profundal
chironomids in the uppermost part of the sediment core. In contrast to the
lowermost, Lateglacial sediments for which DI-TP also reached values of >60 μg l-1,
external nutrient loading is the major cause for the elevated trophic conditions in
the lake’s recent past.

Reference conditions
In a large part of Europe, cultural eutrophication has affected lakes during
the 20 century and especially since the 1950s. In recent years, nutrient
concentrations in many of these lakes have started to decline, largely due to the
successful reduction of external nutrient loading, or due to measures to decrease
the internal remobilization of phosphorus (e.g. Søndergaard et al., 2007).
th
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However, in many cases the question remains whether these lakes are close to
attaining their “natural” nutrient level or whether additional efforts are needed to
further decrease P loading, especially where lake ecosystems need to be restored
due to legislative actions. For example, the European Water Framework Directive
(European Union, 2000) aims at reverting European inland waters to a “good
ecological quality”. In order to achieve this aim, the directive requires reference
states that represent ecological conditions in the absence of human impact other
than very minor influence (e.g. Bennion & Battarbee, 2007; Moss, 2008). In this
context the results from Sacrower See are noteworthy since they indicate two
possible natural nutrient states for this lake depending on climatic conditions: one
being meso-oligotrophic throughout several millennia of the temperate
interglacial, whereas the other is in the meso- to eutrophic range during the cold
phase of the Lateglacial. Furthermore, our results also indicate that deep,
stratified lakes such as Sacrower See, can develop highly anoxic conditions in the
absence of human impact and that internal nutrient loading can be strongly
influenced by climatic conditions. This implies that effects of past and ongoing
climate change must be taken into account when defining reference states. Lake
ecosystems in different climatic settings, such as the more pristine lakes in
mountain regions, do not necessarily provide suitable analogues or limnological
reference conditions for lowland lakes.
In a number of palaeolimnological studies top and bottom samples of
short sediment cores are used to assess ecological conditions in lakes before and
after human impact (Smol, 2008). The rationale behind this approach is that the
lowermost sediment in a short core will generally predate the 19th century
industrial revolution and biotic assemblages in this sediment will therefore reflect
ecosystem conditions before major eutrophication of the industrial period.
However, our case study, as well as other examples (e.g. Fritz, 1989; Heiri &
Lotter, 2003; Bradshaw et al., 2005), indicate that the eutrophication history of
lakes can be complex. For Sacrower See, for example, the first evidence of
nutrient enrichment due to human activity can be found as early as the Bronze
Age (~3500 cal. BP). In this lake it would therefore be necessary to reach a
sediment depth of at least 550 cm to reconstruct ecological conditions before
major human influence. This suggests that in regions with a long history of human
settlement, agriculture, and land use, e.g. most of central and southern Europe,
the results obtained with the palaeolimnological top-bottom approach should be
interpreted with caution when defining undisturbed reference conditions for
lakes. Individual detailed palaeolimnological studies reconstructing the trophic
history of lakes will be necessary to document the applicability of the top-bottom
approach for a given region and to assess whether the pre-industrial sediments
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represent undisturbed reference conditions or simply the ecological state under
more moderate human impact before peak eutrophication.

Conclusions
Many lake ecosystems have undergone dramatic changes in nutrient
status since the onset of industrialization. The fact that lakes may have
experienced distinct pre-industrial limnological changes due to human activity
during prehistoric and historic times has been observed in a number of
palaeolimnological studies. However, the present study provides a clear example
of distinctly enhanced nutrient conditions in a lake during a period unaffected by
human influence. At Sacrower See, these elevated nutrient conditions were most
likely a consequence of the climatic conditions during the Younger Dryas cold
phase and their effects on the duration of the lake’s ice cover, leading to
hypolimnetic oxygen depletion and internal phosphorus remobilization. We,
therefore, conclude that the definition of (near) pristine, undisturbed reference
conditions with regard to ecological status of a lake should take into account both
the potential effects of climatic and human influences on a lake ecosystem. Preindustrial ecosystem states may in many instances be appropriate analogues for
defining lake quality standards. However, case-studies of long-term ecosystem
development are important and necessary to define and evaluate such reference
conditions, especially in regions with a long history of human activity. In Central
Europe, lake ecosystem conditions reconstructed for the early- to mid Holocene
(ca.11,600-4000 cal. BP) provide examples of stable lacustrine system states in the
absence of human activity and under climatic conditions comparable to today.
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Lake eutrophication in the NW European lowland - causes and
sources for nutrient enrichment in the past century

Abstract
We studied the trophic history of the past 30 to 100 years for six lowland lakes
in the Netherlands based on their sedimentary fossil diatom assemblages. Our
main objective was to assess the trophic and environmental conditions in the
lakes and what factors controlled the diatom assemblages. In addition, we
aimed to recover the reference conditions of the observed lakes. These
assemblages were dominated by diatoms indicating meso- to eutrophic
conditions such as Aulacoseira subarctica, Cyclotella ocellata, C. cyclopuncta,
C. meneghiniana, Puncticulata bodanica, Aulacoseira granulata, Cyclostephanos
dubius, C. invisitatus, Stephanodiscus hantzschii, S. medius, and S. parvus.
Detrended correspondence analysis of diatom data separated the lakes into
three main groups according to their total phosphorus concentrations (TP),
water supply, and origin. The first group consists of dike-breach lakes, which
were in stable eu- to hypertrophic conditions with DI-TP concentrations of
between 100 and 300 μg l-1. The main factors influencing the dike-breach lakes
were river management, ground water supply of river origin, and the local land
use. The second group is reservoir lakes of fluctuating oligo- to mesotrophic
conditions and DI-TP concentrations of 10-30 μg l-1. Only one of the reservoir
lakes showed a DI-TP increase due to changes in catchment agricultural practice.
The last group included an artificial moat and showed DI-TP concentrations of
50-100 μg l-1, indicating eutrophic to hypertrophic conditions. Our results show
that the nutrient concentrations in the studied lakes depended strongly on the
origin of the lake. The lakes behave very individualistic with regard to their
trophic history, reflecting changes in the local hydrology and in nutrient point
sources rather than a regional pattern.
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Introduction
Eutrophication is a process that occurs during the development of many
lakes and rivers (Wetzel, 2001) and represents the increase of the primary
productivity of lakes due to external and internal nutrient input. Due to increased
human impact, eutrophication has substantially increased worldwide during the
past century and has become a key concern for water quality management
(Carpenter et al., 1999; Walker & Meyers, 2004; Smol, 2008). Agriculture, pointsource nutrient input, and sewage release have been identified as major sources
for increased nutrient loading in lakes (Bates et al., 2008). The ecological and
socio-economic impacts of eutrophication have long been recognized.
Consequently, legal and management measures against the negative
consequences of nutrient enrichment have been taken as, for instance, proposed
in the European Water Framework Directive (EWFD, 2000). The EWFD requires
that by 2015 all European water bodies must have a ‘good’ ecological status.
However, the answer to the key question, to what trophic level an aquatic system
must be restored, remains often unsatisfactorily or even completely unanswered.
Palaeolimnological studies can contribute to help solving this problem and
hence can provide important implications for restoration programs
(Bennion & Battarbee, 2007). Since palaeolimnological methods can provide
reconstructions of past environmental conditions (Smol, 2008), this line of
research can provide valuable information about baseline conditions in lakes.
In European lowland regions such as the Netherlands, lakes have been
exposed to increased nutrient enrichment, particularly since the 1950s, due to
external input of nutrients and climatic change (Gulati & van Donk, 2002; Nienhuis
et al., 2002). However, a recent palaeoecological study showed that eutrophic to
hypertrophic conditions existed in a Dutch floodplain lake at least since the 15th
century and were caused primarily by human activities (Kirilova et al., accepted).
On a shorter time-scale, Cremer et al. (in press) showed that the artificially
created lake IJsselmeer has high phosphorus concentration since its formation in
1932. These results indicate that at least some Dutch lakes featured high nutrient
levels well before the peak period of eutrophication between the 1950s and
1970s recorded in many other European countries such as Germany (e.g. Alefs
& Müller, 1999; Neuman et al., 2002), Switzerland (e.g. Lotter, 1998; Hausmann
& Kienast, 2006), Northern Ireland (e.g. Anderson et al., 1990; Gibson et al.,
2003), Denmark (e.g. Rasmussen and Anderson, 2005) or the UK (e.g. Bennion,
1994). The question remains how widespread such elevated nutrient conditions
were in the Netherlands before instrumental monitoring programs were
implemented in the 1980s (Portielje & van der Molen, 1998).
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In this study, we aim at reconstructing the phosphorus history of six Dutch
lakes that are located in the Central Netherlands and have been strongly modified
by human activity. The intention is to provide representative records
documenting the eutrophication history of Dutch lakes during the past century,
or, for lakes formed as a result of human activity in the 20th century, since their
creation. We also attempt to identify key factors that have been controlling the
nutrient concentrations in these lakes and whether the lakes’ origin and water
supply played an important role for nutrient enrichment. For this purpose we
analyzed well-dated fossil diatom assemblages preserved in the sediments of
these lakes.
Diatoms have been shown to be excellent indicators of
environmental change and their siliceous frustules generally preserve well in
sediments (e.g. Lotter et al., 1998; Battarbee et al., 2001; Kirilova et al., 2008,
2009; Smol, 2008). Moreover, diatoms are recognized by the EWFD as ecological
indicator organisms for water quality changes. We applied a diatom-based
phosphorus inference model (transfer function) to study the trajectories of total
phosphorus concentrations in the six lakes over the past century.

Figure 1. Map of the Netherlands with locations of the studied lakes: Maarsseveen, Plas
Vechten, Fort Vechten, Lake Ammerzoden, Lakes Empel A and Empel B.
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Study sites
The six studied lakes are located in the central part of the Netherlands
(Fig. 1). Lakes Maarsseveen, Plas Vechten, and Fort Vechten are situated in the
vicinity of the town of Utrecht. Lakes Maarsseveen and Plas Vechten are both
man-made reservoirs created in 1965 and 1941, respectively. They were formed
by excavations of sand in a peat-bog area (Steenbergen & Verdouw, 1982; Van
Donk, 1983). These lakes are currently mesotrophic, having no direct contact with
agricultural land and are fed solely by groundwater and precipitation. The lake at
Fort Vechten is a moat around a military fort created in the 18th century. It is
hypertrophic and receives its nutrients mainly from the catchment. The unnamed
lakes near the towns of Ammerzoden (unofficially named Lake Ammerzoden) and
Empel (unofficially named lakes Empel A and Empel B) are dike-breach lakes
(Hudson et al., 2008) that were formed in the 18th century by the River Meuse
(Fig. 1). Major morphological and limnological characteristics of the six lakes are
documented in Table 1.
Table 1. Main physico-chemical characteristics of Lakes Ammerzoden, Empel A, Empel B,
Maarsseveen, and Fort Vechten (data measured on 13th January 2006); Plas Vechten (data
from Hordijk (1993) and Gulati and Parma (1982)).

Lake
Maximum depth (m)
Alkalinity (mEq l-1)
pH
Winter water
temperature (°C)

4.4
2.1
8.4

Empel
A
3.9
2.0
7.9

Empel
B
10.2
1.6
7.9

Plas
Vechten
11.9
8.3

Fort
Vechten
4.0
3.4
7.7

3.2

3.1

3.0

4.3

2.5

Ammerzoden

Maarsseveen
32.0
2.6
8.0
4.0

Material and methods
The lakes were sampled at their deepest part using an UWITEC gravity
corer. The sediments of all six lakes consist of organic-rich gyttja. The sediment
cores were cut into 1 cm slices and the samples were subsequently freeze-dried.
The chronologies for Lake Ammerzoden, Empel A, Fort Vechten, and Plas Vechten
are based on 137Cs activities of the sediments, measured at the Kernfysisch
Versneller Instituut (KVI) at Groningen University (Table 2) (Rigollet & Meijer,
2002).
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For the diatom analysis a total of 68 sediment samples from all lakes were
processed with concentrated H2O2 and by applying the sedimentation tray
method (Battarbee, 1973). The slides were mounted using Naphrax®. Slides were
analyzed with an Olympus BX51 microscope at a magnification of 1000x. Between
300 and 500 diatom valves were counted on each slide. Diatoms were identified
following Krammer & Lange-Bertalot (1991, 1991a, 1991b, 2000), Round et al.
(1990), Compère (2001), and Håkansson (2002).
The zonation of the diatom records was carried out using optimal sum of
square partitioning (Birks & Gordon, 1985) with the software ZONE (Lotter
& Juggins, 1991). The statistically significant number of zones was evaluated by
applying the broken stick model (Bennett, 1996).
Diatom-inferred total phosphorus (DI-TP) reconstructions were performed
using a training set from the European Diatom Database Initiative (EDDI,
http://craticula.ncl.ac.uk/Eddi/jsp/). We used a combined TP dataset that
contains diatom assemblages from 347 lakes representing a TP range of 2-1189
μg l-1 (mean 98.6 μg l-1). DI-TP values were calculated by a weighted averaging
partial least squares (WA-PLS) regression and calibration (ter Braak et al., 1993;
ter Braak & Juggins, 1993) as implemented in the software C2 (version 1.5,
Juggins, 2007). The percentage diatom data was square-root transformed and the
modern TP values log transformed. The inference model performance was
assessed using leave-one-out cross-validation. The applied transfer function has a
bootstrapped r2 of 0.75 and a root mean square error of prediction (RMSEP) of
1.86 log TP units.
A detrended correspondence analysis (DCA) using the software CANOCO
4.5 (ter Braak & Šmilauer, 2002) was performed to explore the relationships
between diatom assemblages of all studied samples with respect to their diatom
species composition. A gradient length of the first axis of 4.1 SD units indicated
that the dataset was well suited for unimodal approaches (Hill & Gauch, 1980;
Ter Braak & Prentice, 1988; Birks, 1997). The percentage data were square-root
transformed and rare taxa were down weighted before analysis.

Results
Chronology
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The 137Cs activity profiles of Lakes Ammerzoden, Empel A, Fort Vechten,
and Plas Vechten (Fig. 2, Table 2) showed the two distinct excursions that are
regularly found in European 137 Cs profiles (Appleby, 2001): the activity peaks
resulting from the Chernobyl reactor accident in 1986 and the elevated cesium
activity as a result of various atmospheric atomic bomb tests carried out in mid1950.
The chronology for Lake Empel B was established using the data of the
Lake Empel A located at a distance of 600 m from the lake. The sediment core of
Lake Maarsseveen is 17 cm long reaching the basal sand layer. Taking into account
that the lake was created in 1965, its sedimentation rate and chronology are
based on a linear interpolation between the top (year of sampling, 2005) and
bottom of the core (year of lake origin, 1965).
Table 2. Sedimentation rates based on 137Cs-dated sediment cores from Lakes
Ammerzoden, Empel A, Plas Vechten, and Fort Vechten.
Ammerzoden

Empel A

Fort Vechten

Plas
Vechten

Core length [cm]

100

70

45

45

Chernobyl event [cm depth in core]

48

34

22

10

1963 bomb tests [cm depth in cores]

80

50

62.5

32

Sedimentation rate 1986-2006 [cm year-1]

2.6

1.7

-

-

Sedimentation rate 1986-2002 [cm year-1]

-

-

1.8

0.75

Sedimentation rate 1963-1986 [cm year-1]
Time cm-1 [years]

1.3
0.77

0.7
1.4

1.5
0.6

0.84
1.2

Lakes

Diatom assemblages
Lake Ammerzoden
The diatom assemblages of this lake can be subdivided into three zones.
In zone A1, reflecting the period of 1945-1968, the most important diatoms
include Cyclostephanos invisitatus, Asterionella formosa, and Aulacoseira
ambigua. The most important diatom of zone A2, representing the period of
1969-1991, is Cyclostephanos dubius (~40%). This species, together with
Stephanodiscus hantzschii, is also the most important diatoms of zone A3 that
represents the youngest history of the lake (1992-2006).
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Lake Empel A
During zone EA1 that covers the period of 1932-1956 Aulacoseira
ambigua, A. granulata, and C. dubius showed high percentages. S. hantzschii and
Cyclotella meneghiniana are the dominant taxa during zone EA2 (1957-1985).
During zone EB3 (1986-2006) C. dubius was again the most abundant diatom.

Figure 2. Measured activities of 137Cs (and standard deviations) in sediment cores from
Plas Vechten, Fort Vechten, Lake Ammerzoden, and Lake Empel A.
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Figure 3.
Diatom
stratigraphies of the six
studied
lakes.
Values are
given as
percentage
of total
diatoms.
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Lake Empel B
In zone EB1 (1932-1982) Stephanodiscus parvus, S. hantzschii, C. dubius,
and Aulacoseira subarctica were the main diatoms, whereas during zone EB3
(1983-2006) the assemblages were dominated by S. parvus (60%).
Lake Plas Vechten
Puncticulata bodanica and Stephanodiscus medius represent between 40
and 60% of the diatom assemblages during zone PV1 (1950-1985). In zone PV2
(1986-2006) the diatom assemblages were dominated by S. medius, S. parvus, A.
formosa, Cyclotella kuetzingiana, Diatoma tenuis, and Fragilaria crotonensis.
Lake Fort Vechten
In zone FV1 (1973-1986) C. dubius and A. granulata were the major
diatoms with P. bodanica, P. radiosa, and C. kuetzingiana also playing an
important role. The percentages of P. bodanica, P. radiosa, and C. kuetzingiana
decreased during zone FV2 (1987-2002) and C. dubius, A. granulata, and S. parvus
became more important.
Lake Maarsseveen
From the creation of the lake in 1965 until 1988 (zone MV1) A. subarctica
reached about 60% o the total diatoms. During zone MV2 (1989-2005)
A. subarctica was replaced by Cyclotella cyclopuncta.

DCA analysis
The DCA analysis (Fig. 4) clearly indicates a subdivision of the diatom
assemblages of the studied lakes into two groups: Maarsseveen, Plas Vechten,
Fort Vechten (artificial reservoir lakes) and Lakes Ammerzoden, Empel A, Empel B
(dike breach lakes). The dike breach lakes (Lakes Ammerzoden, Empel A and
Empel B) are also distinctly separated along the second axis, which possibly
indicates local differences of environmental conditions with regard to flooding
and river management.
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Phosphorus reconstruction
Lake Ammerzoden
Three main trophic stages can be defined for this lake: between 1946 and
1966 the DI-TP concentration was 80–150 μg l-1. Between 1967 and 1986 it
increased slightly towards values of ~140 μg l-1. The youngest stage is
characterized by a strong increase of DI-TP: between 1991 and 1996, the DI-TP
concentration increased to values >200 μg l-1 and since 2000, they decreased to
concentrations of about 130 μg l-1.
Lake Empel A
From 1934 to 1944 DI-TP was between 80 and 100 μg l-1. In the period
form 1945 to about 2000 the DI-TP concentrations were 150-200 μg l-1. Since 2000
the DI-TP concentrations decreased to about ~100 μg l-1.

Figure 4. Detrended Correspondence Analysis (DCA) of 68 fossil diatom samples from the
six studied Dutch lakes. Axes are in standard deviation units.
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Lake Empel B
The DI-TP values point to two main periods. From 1932 to about 1985 the
DI-TP was ~100 μg l-1, whereas it decreased since then to ~80 μg l-1.
Lake Fort Vechten
From 1973 to 1980 DI-TP ranged between 40 and 90 μg l-1. From 1981 to
1990 DI-TP values varied from 35 to 45 μg l-1, while they increased to 80 - 90 μg l-1
since then.
Lake Plas Vechten
From 1950 to 1982 DI-TP concentrations were on average ~7 μg l-1. In the
past 20 years the DI- TP increased to about 30 μg l-1.
Lake Maarsseveen
The lake exhibits stable conditions of ~10 μg l-1 DI-TP throughout its whole
history. The only visible exception is at about 1972 with an increase to ~14 μg l-1
DI-TP.

Discussion
A range of different diatom species such as Aulacoseira granulata,
A. subarctica, Cyclostephanos dubius, C. invisitatus, Cyclotella meneghiniana,
C. ocellata, C. cyclopuncta, Puncticulata bodanica, Stephanodiscus hantzschii,
S. medius, and S. parvus dominated the studied lake during the past century. Most
of these diatoms are typically found in meso- to eutrophic lakes (Van Dam et al.,
1994). The first DCA axis is defined most likely by the trophic status, as indicated
by the separation of lakes with low nutrients levels from those with high nutrients
levels. The DCA and the DI-TP reconstructions indicate that the studied lakes can
be subdivided into three types (Fig. 4 and 5). The first type includes dike-breach
lakes (Lake Ammerzoden, Empel A, and Empel B) that were all in an eutrophic to
hypertrophic state throughout the studied time interval. Lake Fort Vechten had as
well high DI-TP, but much lower than that of the dike-breach lakes. In contrast to
these dike-breach lakes, the reservoir lakes (e.g. Lakes Maarsseveen and Plas
Vechten) generally had lower DI-TP concentrations.
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The dike-breach lakes have a very similar diatom composition and are
showing clear anthropogenically induced eutrophication (e.g. Anderson, 1997b).
Through most of the studied time interval the diatom assemblages were
dominated by C. dubius, S. parvus, and S. hantzschii, which are diatoms typical for
eu- and hypertrophic lakes (e.g. Van Dam et al., 1994). These three species
alternated in dominance, especially between the late 1950s and the 1980s (Fig. 3).
During this period the use of fertilizers rapidly increased in many parts of the
world (e.g. Wolf et al., 2003), which also resulted in changes in the diatom
composition (Ramstack et al., 2003; Bradbury et al., 2004).

Figure 5. Diatom-inferred TP (DI-TP) concentrations of the six studied lakes. Dotted lines
represent the sample specific standard error of prediction. The zones are the same as in
Figure 3.

The ecological development of dike-breach lakes is highly dependent on
flooding frequency and groundwater supply, and the catchment of these lakes
often consists of cultivated areas (Kirilova et al., accepted; Hudson et al., 2008).
The three dike-breach lakes examined in this study (Ammerzoden, Empel A, and
Emel B) are located within the delta flood-plain of the River Meuse. Floodplain
rivers are characterized by naturally high nutrient concentrations (Vannote et al.,
1980). The River Meuse has been significantly affected by cultural eutrophication.
The quality of the river water deteriorated to reach maximum nutrient
concentrations in the 1970s and the nutrient concentration of the River Meuse is
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still higher than natural background concentrations (van Vliet & Zwolsman, 2008).
This high nutrient loading of the river may also influence nutrient concentrations
in the groundwater in the region and contributes to the high TP concentrations
observed in floodplain lakes (Shaw et al., 1990; Holman et al., 2008). The DI-TP
concentrations in the dike-breach lakes were between ~100 and 300 μg l-1 during
the past 50 years. Also the high sedimentation rates observed in the cores (Table
2) indicate that the lakes are characterized by a high productivity (Bennion, 1994).
After the late 1980s, TP concentrations in many lakes in the Netherlands
decreased which reflects on the one hand the result of restoration measures
(Portielje & van der Molen, 1998). Measures such as phosphates removal from
wastewaters and detergents, as well as the reduction of phosphorus in the
agricultural sector led, on the other hand also to a substantial decrease in the
nutrient enrichment of surface waters (see e.g. van der Molen & Boers, 1999 and
references therein).
Lake Empel A exhibits a shift from eutrophic to hypertrophic conditions
from the beginning of the 1950s until late 1980s that is marked by a sudden
increase in S. parvus. During this period a major change in the agricultural
practises in the whole of Europe took place, related to the use of fertilizers and
intensification of farming. However, the nutrient concentrations did not change
markedly in Lake Empel B.
Lakes Maarsseveen and Plas Vechten are reservoir lakes with low nutrient
concentrations. However, both lakes have a distinct diatom composition, Lake
Maarsseveen is dominated by C. cyclopuncta and A. subarctica whereas Plas
Vechten is dominated by S. medius and P. bodanica (Fig. 3). The low DI-TP
concentrations for both lakes (Fig. 5) reflect the fact that these lakes are fed by
precipitation and groundwater (Hordijk, 1993; Steenbergen & Verdouw, 1982;
Van Donk, 1983) and are not influenced by river activity.
Lake Plas Vechten is an isolated seepage lake and does neither have an
outlet or inlet. However, it is known that the groundwater discharge into the lake
is mainly horizontal and nutrient rich, which is likely a consequence of the
agricultural activities in the region (Steenbergen & Verdouw, 1982). Vertical
groundwater discharge is negligible since the lake bottom is artificially sealed with
clay, which impedes vertical water movement. The hydrological setup of the lake
isolates it from direct contact with diffuse nutrient sources and it is known that
there are no local point sources. According to Blaauboer (1982) the nutrient
concentrations in Lake Plas Vechten were increasing between 1956 and 1979,
with the effect of a distinct shift in the phytoplankton communities. These results
are in agreement with our reconstruction, which shows that from the 1950s until
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the 1980s the abundance of P. bodanica was decreasing and indicating a shift in
the trophic conditions towards meso- to eutrophic conditions (Van Dam et al.,
1994). At the end of the 1970s the percentages of diatoms such as S. parvus and
S. minutulus increased, indicating hypertrophic nutrient levels (Van Dam et al.,
1994). Best (1982) described a decline in macrophytes in Lake Plas Vechten in the
period 1963 to 1980 and also showed that in the summer periods from 1978
onwards the lake’s catchment was used as farm land, fertilized by artificial
fertilizer and cattle manure. Steenbergen and Verdouw (1982) concluded that
phosphorus release from the sediments and turbulent eddy flows play a
significant role for the transport of nutrients from the hypo- to the epilimnion in
this lake. After 1980 when nutrient input increased and consequently led to
increased primary production, the above discussed processes may have played a
significant role in accelerating eutrophication in Lake Plas Vechten.
In comparison to the Lake Plas Vechten, Lake Maarsseveen is
characterized by stable oligo- to mesotrophic conditions throughout its history. In
contrast to Lake Plas Vechten, Lake Maarsseveen is groundwater fed from the
Pleistocene sandy deposits of the Utrechtse Heuvelrug. This groundwater is fed by
precipitation and then filtered through the sandy deposits, thus leading to low
nutrient concentrations (Van Donk, 1987). The diatom composition of the
sediments clearly indicates low TP concentrations in Lake Maarsseveen (DI-TP 1014 μg l-1). After the mid-1980s A. subarctica was probably outcompeted by
C. cyclopuncta, indicating a small decline in TP concentrations, which is reflected
in the DI-TP reconstruction (Fig. 3 and 5). Furthermore, after 1985 the relative
abundance of diatoms indicative of eutrophic conditions such as S. hantzschii,
C. dubius, and S. medius (Van Dam et al., 1994) decreased considerably. These
species previously occurred in very low abundances and are spring bloomers.
They are likely to appear in the oligotrophic lake during the period of spring
overturn and when nutrients are mixed into the water column (Hickel
& Håkansson, 1993; Kirilova et al., 2008). Since this lake is a man-made reservoir it
is possible that this nutrient shift between 1965 and 1985 is a succession from a
state with abundant available nutrients after excavation and formation of the lake
to a more stable ecosystem with lower nutrient concentrations (e.g. Moss, 1998).
It is known that agricultural activity in the region decreased after the 1980s
(Portielje & van der Molen, 1998). However, Lake Maarsseveen has never been
directly influenced by farming activities (Van Donk, personal communication). This
lake is a deep lake (Table 1), which makes it more resistant to the effects of
recreational activities (e.g. fishing). In contrast, shallow lakes are more susceptible
to various anthropogenic activities that may trigger algal blooms and a
subsequent increase in turbidity. Together with sediment resuspention this can
lead to accelerated eutrophication (Scheffer, 2004). Hence, Lake Maarsseveen is
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more resilient to disturbance and could, therefore, remain in its oligotrophic
state.
It is apparent from both the DCA and the DI-TP reconstruction (Fig. 4 and
5) that diatom assemblages in Lake Fort Vechten are different than the ones from
the other lakes. The palaeolimnology of castle moats has rarely been studied and
the few published observations show that the limnology of moats is highly
dependent on human impact (e.g. Beneš et al., 2002). The lake shows eutrophic to
hypertrophic conditions during its history with a slight decline in trophic state
between the late 1980s and the early 1990s. The moat is located in a cultivated
area and it is connected to various ditches and canals which transport water from
the agricultural land into the moat which is likely responsible for the overall high
DI-TP concentrations of 150 μg l-1.
A comparison of the six DI-TP records (Fig. 5) shows that the lake
ecosystems have different eutrophication histories and reacted individually with
regard to catchment processes. Some lakes such as lakes Fort Vechten and Plas
Vechten are characterized by increasing DI-TP values during the past 20 years.
Similarly, diatom assemblages in Lake Ammerzoden indicate a distinct increase in
DI-TP around 1990, although the lake reverted to lower DI-TP a decade later. In
contrast, Lakes Maasseveen and Lake Empel B show only minor changes in DI-TP
and both lakes indicate very similar trophic states for the time-intervals covered in
our study. Lake Empel A, finally shows the highest DI-TP during the between the
1950s and 1960s with a decrease in trophic state thereafter. These results
indicate that the different lake ecosystems responded individually to changing
external TP sources and internal TP feedback mechanisms. The origin of the lakes
and the local development of nutrient sources seem more important for
determining their trophic history than mechanisms working on the regional scale.

Conclusions
Overall, most of the lakes in our study showed little nutrient changes
during their youngest history, and their trophic state was regulated mostly by the
way they are fed (groundwater and seepage) and managed. Our results indicate a
distinction of three main lake types. The first group consists of dike-breach lakes
(Ammerzoden, Empel A, and Empel B) strongly affected by flood regulation and
river groundwater supply. Taking into account the DI-TP of 100-300 μg l-1
reconstructed for these lakes throughout the past century it is apparent that not
solely agriculture was responsible for the high TP concentrations but also
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nutrient-enriched riverine groundwater. The second group consists of Lakes
Maarsseveen and Plas Vechten, which are both mainly fed by precipitation,
seepage, and groundwater. In this case the lakes were in oligo- to mesotrophic
conditions throughout their history indicating that their nutrient budgets were
not strongly affected by humans. Lake Fort Vechten, being a moat around a fort,
exhibits an individual behaviour suggesting that its TP is strongly regulated by
anthropogenic action in its watershed.
Our results indicate that the origin and the main water sources of a lake
should be taken into account for adequately setting up restoration programs,
especially in regions where lakes have a range of different origins such as the
Netherlands. Each lake forms a distinct group of samples as evidenced by the DCA
(Fig. 4), underlining the individualistic nature of the diatom assemblages. Diatom
assemblages are not only controlled by the nutrient variability but as well by
internal factors such as water depth, interspecific competition, and/or
macrophyte development.
With the exception of one lake (Plas Vechten) there were no major
changes in DI-TP concentrations in the different sediment cores. For Lakes
Maarsseveen and Plas Vechten the sediment cores reached back to the time of
their formation in 1965 and 1941, respectively. For the other lakes our results
indicate that if they have experienced major phases of eutrophication this must
have taken place before the beginning of the records in 1936. Furthermore, we
show that within the relatively small region we examined in this project the three
lake types exhibit an individual pattern in their development and have unique
trophic histories. This implies that if reference conditions or restoration aims are
defined, as, e.g. the EWFD demands, these will have to be assessed separately for
different lake types even if they are located within a rather homogeneous
geographical region. In addition, our results highlight the need for
palaeolimnogical studies that can document background nutrient levels for
individual lake systems for the period preceding detailed water chemistry
measurement programs.
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Chapter 5
500 years of eutrophication history of a hypertrophic Dutch
dike-breach lake

Abstract
We present a palaeolimnological study encompassing five centuries of trophic
change of the dike-breach lake De Waay located on the Rhine-Meuse delta (The
Netherlands). Diatom-inferred total phosphorus (TP) concentrations indicate
hypertrophic epilimnetic conditions (>300 μg l-1 TP) since the formation of the
lake in the 15th century until the end of the 18th century. Cladocera data support
the reconstructed trophic state and indicate turbid conditions in lake De Waay
during this period. High inferred TP concentrations as well as the amount of Ti in
the sediment reflect numerous flooding events. From the 19th century onwards
reconstructed TP concentrations decreased to 40-150 μg l-1 due to
improvements in sewage and dike systems that considerably diminished direct
river flooding and seepage-derived nutrients. As a consequence, the increased
stability of littoral habitats led to an increased diversity of the Cladocera
assemblages. The most significant decrease in TP concentrations to ~40 μg l-1
occurred between about 1900 and 1930. This mesotrophic phase was a
consequence of the isolation of the lake from catchment drainage and the
introduction of a highly elaborate flood control during this period. However,
since the mid 20th century an eutrophication trend is registered in the record,
likely related to increased agricultural activity in the vicinity of the lake. With
regard to water management and protection actions, our results emphasize that
land-use and eutrophication history must be taken into account when
evaluating the ecological status of lakes, especially for lakes in landscapes that
are strongly modified by human action.
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Introduction
Cultural eutrophication has become a major environmental issue on a
global scale (Smol, 2008). Increased nutrient concentrations, irrespective of
whether they are due to point or diffuse sources, can have an adverse effect on
ecosystem services and water quality. In lowland areas of Europe such as the
Rhine-Meuse delta in the Netherlands there is a long history of human impact and
management of surface waters due to the need to control river systems in regions
prone to flooding. It is therefore often unclear when nutrient concentrations
started to increase in lakes and ponds in this region and how nutrient-rich these
waters were before the onset of the industrial period.
In The Netherlands, the effects of eutrophication of surface waters have
been intensively studied (e.g. Gulati, 1972; Van Dam, 1987; Van Dam & Buskens,
1993). Ecological studies have illustrated a strong influence of factors such as
human impact and climate on Dutch lakes, resulting in increased primary
production and nutrient-enrichment (e.g. Mooij et al., 2005). Gulati & Van Donk
(2002) discussed the interplay between the origin, eutrophication, and restoration
of Dutch lakes, emphasizing the influence of rivers on the trophic state of lake
ecosystems. Van der Molen & Portielje (1999) described the improvement of the
nutrient status of many Dutch lakes as a result of decreased nutrient input and
biomanipulation since the 1980s. However, there are still problems with the
implementation of lake restoration programs as shown by Van Donk & Gulati
(1995) for Lake Zwemlust, a lake that returned to its hypertrophic state six years
after the onset of restoration. Historical records indicate that agricultural
activities in the Rhine-Meuse drainage basin go back at least 7500 years (e.g. Kalis
et al., 2003). Bibus & Wesler (1995) showed that increased accumulation of flood
deposits started during the Iron Age (800 BC), a process attributed to enhanced
soil erosion due to increased agriculture. In the Middle Ages a new type of lake
was formed due to dike- breaches caused by high floods of the river Rhine. These
dike-breach lakes have been strongly regulated by the development of a channel
system and agriculture (Berendsen & Stouthamer, 2001; Lang et al., 2003; Hudson
et al., 2008). Despite several sedimentological, hydrological, and biological
observations in the delta region (e.g. Leentvaar, 1958; Van der Velde et al., 1976;
Lammens et al., 2008), the flooding history and ecology of these floodplain lakes
have rarely been studied.
In order to assess how and when the ecological state of a lake changed,
an understanding the lake’s nutrient history is paramount. Palaeolimnological
studies can help in understanding the long-term development of aquatic
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ecosystems and in defining natural baseline conditions (e.g. Bennion & Battarbee,
2007). This is especially important in regions where legislature demands
restoration measures based on undisturbed reference conditions, as they are, e.g.
defined in the European Water Framework Directive (WFD, 2000).
Here we present a palaeolimnological study of the nutrient loading and
ecology of “De Waay”, a Dutch dike-breach lake, based on fossil diatom and
cladoceran assemblages preserved in the lake’s sediment. This allows an
evaluation of the present state of the lake in the context of its long-term history.
Moreover, we take into account that such rather young flood-plain lakes were
formed and are located in intensively cultivated agricultural areas subject to
intensive human impact even in the pre-industrial period. Also, the study of lakes
strongly influenced by irregular flooding provides information on how aquatic
ecosystems react to such disturbance events.

Study site
Lake De Waay is located in the central part of the Netherlands in an
agricultural catchment, between the rivers Rhine and Linge in the lowest part of
the Tielerwaard polder (Fig. 1). Lake De Waay is situated to the east of the
Diefdijk, a secondary dike that prevents flooding of agricultural land in westerly
polders and that prevents drainage of the easterly polder Tielerwaard. In the past
this repeatedly resulted in prolonged flooding of the Tielerwaard polder and Lake
De Waay after river dike breaches (Middelkoop, 1997; van Hemmen et al., 2007;
Hudson et al., 2008). The lake itself was formed in the 15th century by a dike
breach of the Diefdijk, likely as a result of damage by floating ice in winter (van
Hemmen et al., 2007). A scour hole of more than 27 m depth was created as the
water in the large, flooded Tielerwaard polder drained through this breach.
Dike-breach lakes are common semi-natural lakes in the Dutch delta
region (Leentvaar, 1958). There are two main types of dike-breach lakes: outside
the embankment and inside of the embankment. The lakes outside the
embankment are flooded at every high water stand of the river and their
sediments mirror the seasonal river dynamics. In contrast, the lakes inside of the
embankment are isolated from the direct river dynamics and are flooded after
upstream dike breaches. Lake De Waay is located inside the embankment and
documentary records show that this lake experienced more than 30 flooding
events throughout its history (Teixeira de Mattos, 1931; Gottschalk, 1975, 1977;
Bijl, 2000; Will, 2002). As the lake is located at the lowest part of the Tielerwaard
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polder, every dike breach within the polder will eventually result in a flooding of
the site with river water. Lake De Waay thus provides an archive of dike breaches
and flood events over several centuries and because of its high sedimentation
rate it provides a sediment records with an exceptionally high temporal
resolution. Moreover, it is the deepest dike-breach lake in The Netherlands (15 m
at present and 27 m at its origin), which reduces disturbance of sediments by
wind. These features together with a gently sloping bathymetry that prevents
sediment slumps make Lake De Waay an ideal site for palaeolimnological studies
with regard to the reaction of floodplain lakes to different environmental
stressors such as human impact on flooding.

Figure 1. Overview map of the Netherlands (A), bathymetry map of the lake basin (B), and
detailed map of the location of Lake De Waay between the rivers Rhine and Linge (C).
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Materials and methods
Site
Lake De Waay is a hypertrophic (total phosphorus ~120 μg l-1) hardwater
lake, with a maximum water depth of 15 m and a surface area of ca. 1.3 ha. It is a
dimictic lake with a seasonally anoxic hypolimnion, high concentrations of
hypolimnetic H2S, and a thermocline, which develops in April between 5 and 6 m
water depth (Leentvaar, 1958).

Chronology
A total of 29 sediment samples were used for gamma spectrometric
determination of 137Cs activity performed at the University of Waterloo
Environmental Change Research Laboratory. In addition, two samples (kiril_WAY899, terrestrial coleopteran; kiril_WAY-6128, wood) were Accelerator Mass
Spectrometry (AMS) radiocarbon dated at the Van de Graaff Laboratorium,
Utrecht University.

Sediment coring
After a bathymetric survey with an echo sounder in 2005 (see Fig. 1), a
complete sediment sequence was recovered from Lake De Waay at a water depth
of 14.5 m using a piston corer (UWITEC, Austria) with a drive of 300 cm.
Undisturbed top sediments were collected with a UWITEC gravity corer.
Overlapping sediment sections were collected until the base of the lake sediments
were reached, as indicated by the occurrence of distinct sand lenses. The core
segments were cut into 100 cm sections, split in half, photographed, and the
overlapping cores were correlated using visual marker horizonts, XRF data, and
lithological characteristics. This resulted in a continuous 1152 cm long composite
sediment sequence that was sampled in the laboratory at contiguous 1 cm
intervals.

Geochemistry
The freshly split and cleaned core segments were scanned with an
Avaatech® XFR core scanner (Richter et al. 2006) at the Royal Netherlands Institute
for Sea Research (NIOZ). Al, Si, K, Ca, Ti, Mn, and Fe were measured at contiguous
1 cm resolution throughout the whole sediment sequence. Ti showed the highest
predictive power in a PCA and was used as a proxy for allochtonous minerogenic
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input (e.g. Haberzettl et al., 2007). Loss-on-ignition (LOI) analyses were carried out
in 10 cm intervals for every core section following Heiri et al. (2001).

Diatom analysis
Fifty-nine sediment samples were freeze-dried and a known weight of dry
sediment was processed for diatom analysis following Battarbee (1973). Slides
were prepared by the sedimentation tray method (Battarbee 1973) and using
Naphrax® as mounting medium. Between 223 and 500 diatom valves were
counted per slide at 1000× magnification using an Olympus BX51 microscope. For
diatom identification and taxonomy Krammer & Lange-Bertalot (1991, 1991a,
1991b, 2000), Round et al. (1990), Compère (2001), and Håkansson (2002) were
used.
Diatom assemblage zones were defined by optimal sum of squares
partitioning (Birks & Gordon, 1985) using the program ZONE (Lotter & Juggins,
1991). The statistically significant number of zones was assessed by the broken
stick model (Bennett, 1996). The lowermost four samples between 1152 and
1100 cm were excluded from the interpretations as their diatom counts were
extremely low.

Cladocera
In total 21 volumetric samples of 0.02-0.072 ml fresh sediment were
taken at approximately 50 cm intervals for Cladocera analysis and prepared
following Korhola & Rautio (2001). Quantitative slides were made by pipetting
0.02 ml of the well-stirred sample onto a slide, covered with a 20×20 mm cover
slip, and sealed with nail polish. Slides were examined at 100-1000× magnification
using a light microscope identifying approximately 150 remains in each sample
using the keys by Frey (1958, 1959, 1960), Korinek (1971), Amoros (1984), and
Dodson & Frey (1991).

Diatom-inferred Total Phosphorus Reconstruction
Total phosphorus (TP) concentrations were estimated by weighted
averaging partial least squares (WA-PLS) regression and calibration (ter Braak et
al., 1993; ter Braak & Juggins, 1993) using the software C2 (version 1.5, Juggins,
2007). The diatom-TP model was developed from a set of 429 lakes from a
combined
diatom-TP
data-base
consisting
of
the
EDDI
(http://craticula.ncl.ac.uk/Eddi/jsp/)
and
the
Mecklenburg-Vorpommern
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calibration dataset (Adler & Hübener, 2007; http://www.biologie.unirostock.de/abt/botanik/AG-Phykologie/). The sites were selected on the basis of
similar species composition and comparable limnological parameters such pH,
alkalinity, and TP. The TP concentrations in the modern diatom training set range
ĨƌŽŵ Ϯ ƚŽ ϭϭϴϵ ʅŐ ů-1. For the calibration and regression of the WA-PLS model
diatom percentages were square-root transformed and TP was log transformed.
The performance of the inference model was assessed using leave-one-out crossvalidation and has root mean square error of prediction (RMSEP) of 0.28 log TP
units and a coefficient of determination (r2) of 0.73.

Diversity estimates
To infer changes in the taxonomic diversity of diatom assemblages in the
sediments of Lake De Waay we applied a rarefaction analysis (Heck et al., 1975),
using the program RAREPOLL (Birks & Line, 1992) and standardized the analysis to
the lowest number of diatoms counted (223 valves).

Results
Chronology
In the 137Cs profile the AD 1986 peak representing the Chernobyl incident
is clearly seen at 20.5 cm sediment depth and the AD 1963 bomb test peak
appears at 38.5 cm depth. The first detectable 137Cs activity representing AD 1954
is registered at 52.5 cm depth (Fig. 2). 210Pb activities were measured but only
very low activities were registered due to dilution in the rapidly accumulating
sediments.
The oldest radiocarbon sample gave a date of 778 ± 62cal. BP (1051 cm).
This age, however, would predate the formation of the lake. Before the 15th
century Diefdijk was only a shallow levee and a dike breach that could have
formed the lake would have been impossible. We therefore assume that this
sample likely consists of reworked material that was washed into Lake De Waay
during a flooding event. After the 15th century the Diefdijk was raised to provide
better protection against flooding; it is only after this date that the conditions
were given for the formation of a dike-breach lake. We assume that the younger
radiocarbon date of 393 ± 20 cal. BP (560 cm) in the middle of the sediment
sequence is originating from reworked wood from the frequent river floodings in
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the region and therefore also too old. As a consequence, the 14C dates cannot be
used as reliable absolute dates.
Based on historical records the lake was created in AD 1496 due to a dike
breach (van Hemmen et al., 2007) and we, therefore, take this as the basal age for
our record. The age-depth model used in this study is based on a linear
interpolation between the core top, the 137Cs dates, and the historical basal date.

Figure 2. 137Cs dating activity profile of Lake De Waay sediments.
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Diatoms
The diatoms show three statistically significant assemblage zones (D1-3;
Fig. 3). The first zone (D1: 1100-650 cm) is characterized by the dominance of the
planktonic diatom Stephanodiscus hantzschii typical for hypertrophic lakes (e.g.
Anderson & Odgaard, 1994), which infrequently alternated with Cyclostephanos
dubius, another eutrophic indicator (e.g. Van Dam et. al., 1994). During the
second assemblage zone (D2: 650-220 cm), the abundance of S. hantzschii
declined and C. dubius and Aulacoseira granulata became the dominant species.
In addition, Puncticulata bodanica, P. radiosa, and Cyclotella ocellata occurred in
this zone, taxa which typically indicate meso- to oligotrophic lakes
(e.g. Kling & Håkansson, 1988). In the third zone (D3: 220-0 cm), the diatom
assemblages show a more complex succession with two main groups of diatoms
becoming important. The interval 220-170 cm is dominated by P. bodanica and
P. radiosa, whereas S. hantzschii is the dominant diatom in the interval 170-150
cm. Between 150 and 70 cm, the diatom assemblages are dominated by
P. bodanica and P. radiosa, whereas S. hantzschii dominates again the youngest
part of the lake’s history. Asterionella formosa and S. medius also frequently
occurred in the upper two meters of the core.

Cladocera
Throughout the entire core, planktonic Bosminidae were the most
dominant group, representing approximately 80% of the total Cladocera (Fig. 4).
Although up to half of these could only be identified as Bosmina spp., Daphnia
occurs in very low abundances in the sediment from 470 cm upwards.
Based on the benthic Cladocera three assemblage zones (C1-3) are
differentiated. The first zone (C1: 1100-830 cm) is characterized by the dominance
of Chydorus sphaericus. It is found within all lentic systems, but often in lakes with
higher nutrient concentrations (Hofmann, 1996; Brodersen et al., 1998).
Throughout the sequence other species like Alona rectangula and
A. quadrangularis, which are abundant in eutrophic lakes (Whiteside, 1970;
Brodersen et al., 1998), remain present as well as species such as Campocercus
rectirostris and Alonella nana found in oligo- to mesotrophic waters (Hofmann,
1996; Brodersen et al., 1998). A diversification of the cladoceran fauna occurs in
the second zone (C2: 830-570 cm) where Peracantha truncata first occurs, a
cladoceran that tends to indicate eutrophic conditions (Brodersen et al., 1998).
Together with P. truncata we also found Graptoleberis testudinaria and Alona
costata, both typical for mesotrophic habitats (Whiteside, 1970; Brodersen et al.,
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1998) and Alona guttata, which is an indicator of oligotrophic waters. Also, the
predator Leptodora kindti first occured in this zone. The increase in the number of
taxa goes together with a decline in percentages of C. sphaericus. At ca. 570 cm
another change marks the onset of the third zone (C3: 570 cm - present) during
which C. sphaericus and A. rectangula become more abundant again. In this zone
Pleuroxus aduncus, Leydigia leydigi, and L. acanthocercoides are found in Lake De
Waay, indicating eutrophic conditions (Whiteside, 1970; Hofmann, 1996;
Brodersen et al., 1998). Several chydorid species (not shown in Fig. 4) occur
sporadically during this zone with highest numbers of cladoceran taxa between
570 and 230 cm.

Geochemistry
We use Ti as indicator for allochtonous minerogenic input (e.g. Mayr
et al., 2007), with high Ti values representing possible flooding events or other
disturbances (e.g. repairing of the dike) in the catchment of the lake. High counts
of Ti were registered from the bottom of the core at 1100 cm to 70 cm below the
sediment/water interface, whereas in the top 70 cm the Ti values decreased
(Fig. 5).
The organic matter content is stable around ca. 15% dry weight from the
bottom of the sequence (1100 cm) to 175 cm. Between 175 and 150 cm it
dropped sharply by ca. 8 % and from 150 cm to the top of the core it increased
again, stabilizing at ca. 19 %.

Diatom-inferred Total Phosphorus reconstruction
Between the end of the Middle Ages and the onset of the 19th century
(1100-430 cm) diatom-inferred TP concentrations show a gradually decreasing
trend from 300 to ca. 90 μg TP l-1 (Fig. 5). During the 19th century (430-150 cm) the
values fluctuated between ca. 150 and 40 μg TP l-1. The lowest concentrations of
30-40 μg TP l-1 were inferred at the beginning of the 20th century and lasted about
30 years (150-70 cm), just before TP increased again to 70-120 μg l-1 during the
past 70 years.
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Figure 3. Diatom assemblages and chrysophyte cysts in the sediment sequence from Lake
De Waay. Values are given as percentages of total diatoms counted. Rejected 14C dates are
indicated in brackets.
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Discussion
The dating of the sediment record from Lake De Waay is excellent for the
uppermost part of the sediment sequence (0-55 cm). Beyond the range of
caesium dating, the available records have been plotted on an age scale by
linearly interpolating between the oldest 137Cs date and the bottom of the
sediment sequence, which is assumed to represent deposits laid down soon after
the formation of the lake in AD 1496. Both radiocarbon ages obtained for the
record have been rejected since they are assumed too old considering historical
information on the formation of the lake. This older organic material was most
likely transported into the lake during one of a number of flooding events
affecting the polder and lake between the 15th and the 18th century (Teixeira de
Mattos, 1931; Gottschalk, 1975, 1977; Bijl, 2000). Lakes may experience abrupt
changes in sedimentation rates even in periods with comparatively minor changes
in climatic conditions or human activity (e.g. Lotter, 1991; Lotter et al., 1998; Heiri
et al., 2003), potentially causing errors in age-depth relationships based on
interpolations between dates widely separated in time. Nevertheless, the
available age-constraints in the present study allow the discussion of the lake’s
development on an approximate age scale. Based on this chronology we identify
four major phases in the lake’s history (Fig. 5).

Hypertrophic phase (15-18th century)
Inferred TP concentrations in the lowermost section of the record were
above 300 μg l-1 (Fig. 5), which suggests hypertrophic conditions at the beginning
of Lake De Waay’s existence in the 15th century (1100 cm). The occurrence of
S. hantzschii (abundances up to 80%) and C. dubius (up to 65%) (Fig. 3) are
indicative of hypertrophic conditions (e.g. Bennion, 1994; Kirilova et al., 2008).
Historical evidence indicates that the lake has been used as part of a large
drainage system (van Hemmen et al., 2007). Nutrients from extended areas of
surrounding agricultural land were therefore potentially washed into the lake.
Moreover, the waste water of the nearby town of Culemborg (city status in
AD 1318) was directly discharged into the lake via a channel (B. Blommers, pers.
commun.). The absence or the very low concentrations of chrysophyte cysts,
indicating a low Si:P ratio (Smol, 1985) and enriched phosphorus concentrations,
is supporting the TP reconstruction. Besides the nutrient enrichment from the
catchment the inferred high TP concentrations may also partially be attributed to
internal phosphorus loading due to sediment nutrient release under anoxic
conditions.
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Figure 4. Cladocera assemblages in the sediment core from Lake De Waay. Values are
given as percentages of total Cladocera counted. Rejected 14C dates are indicated in
brackets.
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Until the late 18th century (1100-400 cm) floods were common in the area
(Gottschalk, 1975, 1977). The elevated Ti values (Fig. 5) indicate high erosional
input (Mayr et al., 2007) most likely from the river floodplain and runoff from the
surrounding agricultural catchment, causing the rapid infilling (e.g. Hudson et al.,
2008) of the lake basin with exceptionally high sedimentation rates of
-1
~2.3 cm yr . In addition to the high sedimentation rates, the lake exhibits
fluctuating diatom concentrations and abrupt changes in the dominant
hypertrophic diatom taxa (Fig. 5). The elevated percentage of the terrestrial
diatom Hantzschia amphioxis (e.g. van Kerckvoorde et al., 2000) in the lowest part
of the record points to soil input due to regular flooding of the area (Fig. 3). Such
frequent flooding also resulted in disturbances of the littoral zone and its
macrophytes as reflected by elevated and fluctuating concentrations of periphytic
diatoms (e.g. Horner et al., 1990 and references therein). In addition, high
percentages of Fragilaria spp. are often found in turbid lakes (e.g. Denys, 1990;
Bigler et al., 2003). At Lake De Waay, high abundances of this genus in the lower
sections of the sediment sequence may have been favored by regular flooding of
the lake and its environments.
These dynamic hydrological conditions in Lake De Waay are also reflected
in the Cladocera assemblages, especially until the mid-18th century. Whiteside
(1970) described Cladocera assemblages similar to the ones encountered in our
study as representing a lake’s pioneer stage, probably lacking rooted aquatic
macrophytes as a result of low water transparency. At Lake De Waay frequent
floods may have caused such a low transparency in the early years (Fig. 4) and
may even have washed away submerged and floating-leaved macrophytes,
important for the development of a diverse Cladocera assemblage (Whiteside,
1970; Korhola, 1990). High abundances of C. sphaericus and the occurrence of
A. rectangula and A. quadrangularis indicate eutrophic or ‘polluted’ conditions
(Hofmann, 1996; Brodersen et al., 1998) until the 17th century (1100-830 cm).
Then, in the 17th and 18th century (830-570 cm), C. sphaericus became less
abundant and species like G. testudinaria and A. guttata increased, indicating a
gradual shift towards meso- to oligotrophic conditions (Whiteside, 1970;
Brodersen et al., 1998) and thus supporting the decrease in diatom-inferred TP
values (Figs. 3 and 5). Factors such as the frequency and amplitude of catastrophic
disturbance (Goulden, 1969; Tsukada, 1972) similar to flood events in De Waay,
habitat availability (Whiteside, 1970; Korhola, 1990), and food supply (McMahon
& Rigler, 1965; Kerfoot et al., 1988) may also have had a strong influence on the
cladoceran communities. It is therefore conceivable that flooding and elevated
nutrient conditions in the lake influenced cladoceran assemblages indirectly.
However, fish predation may have had a more important effect on cladocerans
assemblages. Throughout the core, extremely low abundances of Daphnia spp.
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have been encountered in contrast to the high abundances of Bosmina spp. Sizeselective predation by fish commonly leads to the replacement of large Daphnia
spp. by small Bosmina spp. (e.g. Brooks & Dodson, 1965; Kitchell & Kitchell, 1980).
Observations made in the 1970s indicate that the lake was (and still is) populated
by white fish (bream, roach) as well as predatory fish (pike, perch, ruffe), carp,
and eel. Carp has been observed several times during fieldwork in 2005-2008.
Based on the low Daphnia spp. abundances throughout the sediment record, it
can be assumed that predatory fish were present in the lake since its creation.

Eutrophic phase (19th century)
Since the beginning of the 19th century (430-150 cm) the amount of
sewage input and the flooding frequency affecting Lake De Waay were strongly
reduced by the construction of new ditches, canals, and dikes (Bijl, 2000; van
Hemmen et al., 2007). These changes are apparent in the Ti curve which is more
stable than in the older sections of the sediment core, suggesting reduced erosive
input into the lake (Fig. 5). Percentages of diatoms typical for hypertrophic lakes
decreased and taxa such as C. dubius and A. granulata which are typical for
eutrophic conditions became dominant, reaching abundances up to 30% and 60%,
respectively. In addition, diatom-inferred TP concentrations varied between 40
and 150 μg l-1, suggesting large fluctuations in the nutrient input (Fig. 5). However,
the overall trend was towards a decrease in the TP concentrations. At the end of
this stage P. bodanica, a diatom with oligo- to mesotrophic affinities (e.g. Kling,
1997), was abundant (up to 20 %), suggesting a reduction in nutrients (Fig. 3).
From the second half of the 18th to the 19th century (570-230 cm) an
increase in the number of benthic cladoceran taxa is observed (Fig. 5). The
majority of the chydorid species that occurred during this period live among
floating-leaved or submerged macrophytes or dwell between debris at the lake
bottom (Goulden, 1964; Whiteside, 1970; Amoros, 1984). Similar increases in
cladoceran diversity with pioneer species such as C. sphaericus, A. affinis,
A. harpae, A. quadrangularis, and A. nana were observed in lakes of northern
Europe during deglaciation when a more diverse macrophyte vegetation
developed (e.g. Goulden, 1964; Whiteside, 1970; Hofmann, 2000, 2001).
Decreasing flood frequency also allows a larger number of species to develop in a
lake (Frey, 1988). The trend towards lower Ti values since the 18th century is
interpreted as a decrease in flood-induced sediment deposition. This is
corroborated by historical evidence indicating a reduction of flooding events that
affected Lake De Waay in the 19th and early 20th century (Bijl, 2000; van Hemmen
et al., 2007). The highest numbers of Cladocera taxa are found in the 19th and 20th
century when Lake De Waay was less influenced by floods.
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Figure 5. Trophic and habitat groups of diatoms (Van Dam et al., 1994) and cladocerans
(Brodersen, et al. 1998), LOI, rarefaction of diatom assemblages, and diatom-inferred TP
14
for the sediment record from Lake De Waay. Rejected C dates are indicated in brackets.
The age-scale indicates the approximate age of the sediments based on interpolation
between 137Cs dates and the basal age which is inferred based on historical records.
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C. sphaericus and P. aduncus, two chydorids typical for eutrophic
conditions, increase slightly in the 19th and 20th century, whereas cladocerans
indicating oligotrophic waters did not decrease. We suggest that these shifts in
the cladoceran community are likely the effect of changes in habitat availability
and catchment stability, rather than a direct consequence of decreasing TP values
since the 19th century.

Mesotrophic phase (beginning 20th century)
The phase with the lowest inferred TP conditions lasted from the end of
the 19th to the mid-20th century (150-70 cm). At this time, nutrient sources like
canals from the nearby town of Culemborg were no longer connected to the lake
(B. Blommers, pers. comm.) and TP concentrations consequently decreased. The
dike construction was highly developed and flooding events no longer affected
this region (Gottschalk, 1975, 1977). The high Ti counts can be explained by the
intensive strengthening and repairing of the dike at the beginning of 20th century
(Teixeira de Mattos, 1931; Bijl, 2000). The percentages of P. bodanica indicative
for oligo- to mesotrophic conditions increased up to 40%, whereas low
percentages of diatoms with eutrophic and hypertrophic affinities were observed
(Fig. 5). Due to reduced nutrient fluxes, the nutrient concentrations in Lake De
Waay decreased. Diatoms suggest TP values of ~40 μg l-1 indicating mesotrophic
waters. The cladoceran fauna does not show any clear indication of further
oligotrophication during this period. The eutrophic species C. sphaericus and
A. quadrangularis increase slightly, but oligotrophic species like A. nana and
A. gutatta also remain present. As argued above, this is likely to reflect changes in
habitat availability rather than changes in nutrient levels.

Re-eutrophication phase (mid 20th century to today)
Since the mid-20th century, diatom-inferred TP concentrations have
shown an increasing trend to up to ~100 μg l-1. The process of oligotrophication
stopped and the percentages of diatom taxa typical of low nutrient loading
decreased considerably to less than 2% (Fig. 5). The renewed eutrophication
reflects increased fertilizer use in agriculture. Anderson (1997) observed a
comparable situation in Northern Ireland, where increases in TP concentrations
were caused by enhanced field drainage and animal waste disposal. During this
phase the lowest Ti values were observed, showing that the input of minerogenic
matter originating from floods did not affect the lake anymore (Fig. 5).
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In contrast to the first phase of the lake development when diatoms with
hypertrophic affinities were dominating, the diatom assemblages in the
uppermost sediment layers indicate different nutrient conditions. The occurrence
of diatoms with oligo- and mesotrophic affinities in substantial abundances points
to a better ecological state compared to the assemblages deposited during the
high Middle Ages just after the formation of the lake.

Diversity and nutrient regulation in floodplain lakes
Lake De Waay has been a nutrient-rich lake throughout its entire,
geologically short history as evidenced by its diatom and cladoceran assemblages
as well as by the inferred TP concentrations (Fig. 5). Floods and water regulation
as well as internal loading are the major causes of the high nutrient status to the
lake. During the period with enhanced flooding, S. hantzschii was present at high
percentages indicating elevated nutrient concentrations (Fig. 3). Both diatom and
cladoceran diversity increased slightly over the past 150 years, likely due to a
decrease in both flooding frequency and TP concentrations, the former leading to
stabilization of the littoral zone and increased habitat availability for benthic and
periphytic organisms (Fig. 3-5).
The history of Lake De Waay emphasizes several issues related to water
management in general and to the European Water Framework Directive in
particular. Lake De Waay can be classified as a deep floodplain lake, highly
dependent on human interference, both through land use and water
management. Since its creation the lake has always been hydrologically
dependent on the regulation of the rivers Rhine and Linge and on the
management of the surrounding agricultural land. This inherent link between lake,
catchment, and river must be considered when assessing the ecological state of
such a floodplain lake (Vannote et al., 1980; Wetzel, 2001).
Phosphorous levels dropped considerably in Lake De Waay as the lake
became increasingly isolated from its wider catchment by a more intensive water
management. It is only during the last century that very stable hydrological
conditions have been established through river management, resulting in a
considerable reduction of the flooding frequency. Consequently, the frequency of
disturbance and eventually the TP concentrations have decreased, whereas
biodiversity and lake-shore stability have increased (Van den Brink et al., 1994).
Such management measures in the catchment are significantly different from the
situation in high medieval times. As a consequence of the low level of medieval
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water management the hydrology and ecology of the lake was greatly affected by
the disturbance frequency and the extent of flooding.
Lake De Waay is presently a hypertrophic system and has been subject to
a distinct increase in nutrient concentrations since the 1950s. However, our
results also indicate that the lake was eutrophic to hypertrophic during much of
its existence. Similarly, the lake’s nutrient level has always been strongly affected
by human activity such as agriculture, hydrological management, and drainage of
the polder landscape. The approach of viewing the ecological status of lakes in the
context to their “undisturbed” natural state, as is e.g. the approach used in the
European Water Framework Directive (e.g. Bennion & Battarbee, 2007; Kirilova et
al., 2009), may therefore not be adequate when applied to Lake De Waay. The
lake was formed as a consequence of human activity (dike building in a highly
dynamic floodplain landscape) and never existed in an “undisturbed” state.
Depending on the time-scale considered, its present state can be viewed as
nutrient-enriched with regard to the past 100 years or even as nutrient-depleted
if compared with its state during the 15th-18th century. Hence, our results indicate
that for lakes formed due to human activity, such as dike-breach lakes, detailed
information on past land use and trophic state is of paramount importance to
define appropriate reference conditions and restoration goals in the context of
their eutrophication history.
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Samenvatting
De huidige en toekomstige beschikbaarheid en kwaliteit van
oppervlaktewater staat onder druk als gevolg van menselijke activiteiten. Deze
problematiek wordt zowel door de Europese Unie (zie Europese wetgeving, zoals
de kaderrichtlijn water) als het IPCC 2008 onderschreven. Over de hele wereld zijn
door een toenemende toevoer van voedingsstoffen, met name fosfaat, veel
zoetwater meren vermest. Hierdoor wordt de ecologische kwaliteit van deze
meren bedreigd, o.a. door de massale groei van giftige algen, het ontstaan van
zuurstofloos water, vissterfte en een afname van de biodiversiteit.
Om een oplossing te vinden voor de vermesting en de bijkomende
problemen is meer kennis noodzakelijk. De reconstructie van de historische
ontwikkelingen van totaal fosfaat (TP) concentraties in meren kan belangrijke
informatie verschaffen over de processen die een rol spelen rond de vermesting
van meren. In dit proefschrift worden kwantitatieve TP reconstructies voor acht
meren in Nederland en Duitsland beschreven voor periodes van 30 tot 13.000 jaar
geleden. Hiervoor is gebruik gemaakt van fossiele diatomeeën (kiezelalgen).
Veranderingen in de diatomeeëngemeenschap zijn goede indicatoren voor o.a. de
TP concentraties in een meer. Door de diatomeeëngemeenschappen die in het
verleden bestonden te reconstrueren kunnen zo ook de bijbehorende historische
TP concentraties bepaald worden.
In het Duitse meer ‘Sacrower See’ is met behulp van sedimentvallen de relatie tussen de seizoens- en jaarlijkse variabiliteit van de
diatomeeëngemeenschappen en TP concentraties, temperatuur en neerslag
bepaald. Met deze kennis zijn fossiele diatomeeën gemeenschappen
geïnterpreteerd en konden de lengte van de zomerstratificatie (gelaagdheid van
het water), de mate van wintercirculatie en de productiviteit in het verleden
bepaald worden. Tevens zijn voor de afgelopen 130 jaar de fossiele
diatomeeëngemeenschappen op een seizoens resolutie geanalyseerd. Deze
analyse met een uniek hoge resolutie laat zien dat de diatomeeën de laatste eeuw
gevoelig reageerden op meteorologische parameters zoals wind en temperatuur.
Daarnaast indiceert de reconstructie van TP beschikbaarheid op langere tijdschaal
een toename in voedselrijkheid van het meer (TP tot ± 70 μg l-1) gedurende de
koude periode van de Jonge Dryas, 12.700-11.600 jaar geleden. Deze vermesting
was het gevolg van de abrupte temperatuursdaling in deze periode, die zorgde
voor langere periodes van ijsbedekking van het meer. Hierdoor werd de onderste
waterlaag (hypolimnion) zuurstofloos, met als gevolg dat aan het sediment
gebonden fosfaat oploste en vervolgens in het oppervlaktewater kwam (interne

vermesting). Tot nu toe is er vooral aandacht voor een toename van interne
vermesting door een opwarmend klimaat, maar onze resultaten laten zien dat het
ook het afkoelen van het klimaat tot hogere interne vermesting kan leiden. Na de
Jonge Dryas steeg de temperatuur weer aan het begin van het Holoceen, 11.600
jaar geleden en verkortte de periode van ijsbedekking met zuurstofrijker en
voedselarmer (meso- tot oligotroof, TP ± 10-30 μg l-1) water tot gevolg. Deze
situatie bleef gehandhaafd gedurende het grootste deel van het Holoceen. Pas
gedurende de afgelopen 2.500 jaar nam de voedselrijkdom van het meer weer toe
en bereikte niveaus vergelijkbaar met die in de Jonge Dryas. In tegenstelling tot de
vermesting gedurende de Jonge Dryas werd deze recente vermesting veroorzaakt
door een toenemende invloed van de mens.
In dit proefschrift zijn tevens TP reconstructies van zes Nederlandse
meren beschreven. De resultaten laten slechts kleine veranderingen in TP
concentraties zien over de afgelopen 30 tot 100 jaar. De belangrijkste sturende
factoren voor de variatie in TP zijn de samenstelling van het inkomende water (de
verhouding van rivierkwel, grondwater en af- en uitspoeling) en het beheer van de
meren en hun omgeving. De TP reconstructie voor het wiel ‘De Waay’ laat zien dat
dit waterlichaam over de afgelopen 500 jaar altijd zeer voedselrijk (eu- tot
hypertroof) water heeft bevat. Gedurende het gehele bestaan van het wiel
hebben menselijke activiteiten zoals landbouw, hydrologisch beheer en drainage
van de omliggende polders een grote invloed gehad op de voedselrijkdom van dit
meer. De Europese kaderrichtlijn water bepaald dat de waterkwaliteit van alle
meren gehandhaafd of hersteld moeten worden tot niveaus zoals in de
onverstoorde natuurlijke situatie, de zogenaamde referentieconditie. De
resultaten van De Waay geven aan dat dit voor relatief jonge meren, gevormd
onder menselijke invloeden zoals wielen die ontstaan bij dijkdoorbraken, moeilijk
toepasbaar is. Bij het bepalen van de referentieconditie moet in dit geval ook
gekeken worden naar het historische landgebruik en de effecten daarvan op de
voedselrijkdom van het meer in het verleden.
Samenvattend laten alle studies in dit proefschrift zien dat bij het bepalen
van referentiecondities van aquatische laagland systemen ook rekening gehouden
moet worden met mogelijke klimaatveranderingen en menselijke invloeden.
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