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Abstract Urban surface waters face several stressors associat-
ed with industry and urban water management. Over much of
the past century, the wastewater treatment in Berlin, Germany,
relied on inefficient sewage farms, which resulted in severe
eutrophication and sediment contamination in the recipient sur-
face waterbodies. A prominent example is Lake Tegel, where a
multitude of management measures were applied in the last
decades for the purpose of ecosystem restoration. In this study,
we analyzed sediment cores of three lakes with X-ray fluores-
cence spectroscopy: Lake Tegel, Lake Großer Wannsee, which
is environmentally similar but has a different management his-
tory, and Lake Userin, which serves as a reference located in a
nature protection area. Multivariate statistical methods (princi-
pal component analysis, k-means clustering, and self-
organizing maps) were used to assess the sediment quality
and to reconstruct the management history of Lake Tegel.
Principal component analysis established two main gradients
of sediment composition: heavy metals and lithogenic ele-
ments. The impact of the management measures was visualized

in the lake sediment composition changing from high abun-
dance of heavy metals and reducing redox conditions to less-
impacted sediments in recent layers. The clustering techniques
suggested heterogeneity among sites within Lake Tegel that
probably reflect urban water management measures. The abun-
dance of heavy metals in recent lake sediments of Lake Tegel is
similar to a lake with low urban impact and is lower than in
Lake Großer Wannsee suggesting that the management mea-
sures were successful in the reduction of heavy metals, which
are still a threat for surface waters worldwide.
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Introduction

Until the twentieth century, German surface water pollution
was dominated by industrially derived organic contaminants,
heavy metals, saline effluents, acid rain, sewage as well as
agriculture-derived nutrients. Nowadays, micropollutants like
pharmaceuticals and their derivatives represent an additional
pressure, especially in urban areas (Nützmann et al. 2011).
Thewater cycle of Berlin, Germany, is Bsemi-closed^ and relies
on discharging treated wastewater effluents into recipient
streams and lakes that also act as sources for drinking water
extracted by bank filtration (Massmann et al. 2004; Gessner
et al. 2014). Advancements in wastewater processing reduced
nutrient loadings into Berlin’s lakes, yet in the nineteenth and
twentieth century, Berlin’s water management depended on
sewage farms, where—at that time state of the art—untreated
sewage was deposited on constructed wetlands for purification
through soil filtration. This simple technique and an input of
sewage exceeding the soil infiltration capacity introduced
nutrient-rich and heavy metal-contaminated waters into the

Responsible editor: Philippe Garrigues

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-017-0191-z) contains supplementary
material, which is available to authorized users.

* Robert Ladwig
ladwig@igb-berlin.de

1 Leibniz-Institute of Freshwater Ecology and Inland Fisheries,
Müggelseedamm 301, 12587 Berlin, Germany

2 Chair of Water Resources Management and Modeling of
Hydrosystems, Technische Universität Berlin, Gustav-Meyer-Allee
25, 13355 Berlin, Germany

3 Chair of Water Quality Control, Technische Universität Berlin,
Straße des 17. Juni 135, 10623 Berlin, Germany

Environ Sci Pollut Res (2017) 24:25166–25178
DOI 10.1007/s11356-017-0191-z

http://orcid.org/0000-0001-8443-1999
https://doi.org/10.1007/s11356-017-0191-z
mailto:ladwig@igberlin.de
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-017-0191-z&domain=pdf


groundwater, streams, and lakes, leading to eutrophication and
long-term sediment contamination (Ginzel and Nützmann
1998). Severe water pollution problems were the conse-
quences, e.g., contamination with sulfonamides (Richter et al.
2009) and acidification (Horner et al. 2009).

The lake sediment stratigraphy is a natural archive for en-
vironmental and anthropogenic impact and can help in evalu-
ating past management strategies (Battarbee et al. 2005;
Battarbee and Bennion 2011). For instance, heavy metals
can be seen as proxies for human activities originating from
industry or mining. Stratigraphically appearing heavy metal
contamination often represents the beginning of such activities
and, in most cases, their decline documents the introduction of
modern sanitation concepts and the advent of stricter water
protection standards improved industrial production processes
or depletion of natural resources (Bindler et al. 2010;
Thevenon et al. 2011). To evaluate vertical variation of ele-
mental composition in lake sediment, one can either use con-
ventional quantitative techniques (Gredilla et al. 2012), which
require pre-treatment of the samples, or non-invasive analyti-
cal techniques like X-ray fluorescence spectroscopy (XRF),
which allows to obtain only semi-quantitative data, yet with
unprecedentedly high spatial resolution. To interpret the
resulting matrices of compositional data, multivariate statisti-
cal methods can be used, for instance to achieve an assessment
of past management measures. For environmental data and
especially lake sediments, cluster analysis and principal com-
ponent analysis (PCA) have been used for decades. Cluster
analysis, e.g., k-means clustering, efficiently describes simi-
larity between sets of samples but gives no information about
behavior of variables in the source data. In contrast, PCA
reduces the dimensions of the potentially complex original
multidimensional data by extracting correlations and
projecting source data on only a few latent variables. These
then represent common information from variables and often
align with (sometimes otherwise undetected) environmental
gradients. It is a widely used technique in paleolimnology
and sediment quality assessment (Arambarri et al. 2003;
Borůvka et al. 2005; Reid and Spencer 2009; Comero et al.
2011; Rydberg and Martinez-Cortizas 2014; Schreiber et al.
2014; Kleeberg et al. 2015; Lin et al. 2016; Rydberg et al.
2016). An alternative approach is to use self-organizing maps
(SOM), which are a type of artificial neural networks and give
extended classification details (Alvarez-Guerra et al. 2008). A
SOM has the profound advantage to visualize the multidimen-
sional data on a two-dimensional plane, while to sufficiently
explain most variance in a PCA model more than two PCs
would have to be used. SOMs have found widespread use in
sediment assessment studies (Nadal et al. 2004; Alvarez-
Guerra et al. 2008; Yang et al. 2012; Subida et al. 2013;
Olawoyin et al. 2013; Pandey et al. 2015) as they are able to
visualize the similarities between multiple sites by further es-
tablishing their relationship to an environmental background.

One type of SOM is the BKohonen^map, in which, expressed
in a simplified way; multivariate data is sequentially presented
to a grid which consists of units, each with a randomized
weight vector (Kohonen 1998). The algorithm picks a random
vector from the multivariate data and looks for the best
matching unit in the grid. In an ensuing competitive step, the
found unit and its neighbors get updated to become more
similar to the input data. After presenting all input vectors
from the multivariate data, the grid should converge to repre-
sent similarities between sites of the original data set. Both,
PCA and SOM, are descriptive techniques, which support
pattern recognition and formulation of hypotheses rather than
being instruments of inductive, hypothesis-testing statistics
themselves.

This study focuses on Lake Tegel, the second largest lake in
the city of Berlin, Germany, which is crucial for Berlin’s water
management due to drinking water production via bank filtra-
tion. In the 1950s, a linkage of upstream sewage farms into
Lake Tegel was created and resulted in substantial input of
nutrients and heavy metals into the lake. Ensuing eutrophica-
tion became critical in the 1970s, with oxygen depletion in the
deepwater, mass development of cyanobacteria (Schauser and
Chorus 2007), and a loss of the lake’s submerged vegetation
and reed belts (Hilt et al. 2010). First restoration measures in
this decade diverted discharge from the inflow into other sur-
face waters and connected nearby settlements to the public
sewage system (Heinzmann and Chorus 1994). The construc-
tion of the wastewater treatment plant (WWTP) Schönerlinde,
in the area of the former sewage farms, and the launch of the
surface water treatment plant (SWTP) Tegel, which eliminates
phosphorus from the north-eastern inflow, in 1985 resulted in
the restoration of the lake (Heinzmann and Chorus 1994).
Furthermore, a lake pipeline was built to collect water from
the lake outflow and bypass it to the SWTP Tegel to dilute
influents and to maintain a minimum discharge. There are
time series of water quality parameters as well as sediment
investigation studies that provide further helpful insights into
Lake Tegel’s history (Pachur 1989; Heinzmann and Chorus
1994; Schauser and Chorus 2007, 2009; Kleeberg et al. 2012).

In this study, the recent and historical composition patterns
in urban lake sediments are investigated using a multivariate
assessment of sediment data obtained by a fast non-invasive
analytical technique. Sediment cores from heavily impacted
Lake Tegel were collected and analyzed via XRF. For com-
parison, further sediment cores were taken in an additional
urban lake (Lake Großer Wannsee) and a lake with low urban
impact (Lake Userin). Using PCA and SOM, the sediment
stratigraphy of each core is analyzed and should serve as a
basis for a sophisticated sediment quality assessment. In addi-
tion, these data may help to evaluate the threat of future remo-
bilization of heavy metals from the sediments of lakes used for
drinking water abstraction like Lake Tegel and Lake Großer
Wannsee. The hypotheses are that (1) management measures
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such as those that were applied at Lake Tegel are successful in
reducing the abundance of heavy metals both in the water and
in the sediment phase and (2) the recent sediment of urban
lakes is less contaminated with heavy metals than in the past
but still has a higher contamination than a lake with low urban
impact. Here, the main question remaining is whether the
recent sediments of Lake Tegel feature a lower abundance of
heavy metals than in the past. Finally, (3) urban water man-
agement causes spatial heterogeneity in the sediment compo-
sition within and between urban lakes in the same catchment.
Distinct hot-spots that differ vastly from other locations in the
same lake should be recognized and handled by urban water
management strategies.

Material and methods

Study sites

All investigated lakes (Fig. 1) are connected to River Havel
and are roughly the same size (Table 1). Lake Tegel and Lake
Großer Wannsee, in contrast to Lake Userin, can be consid-
ered as bays to the River Havel. Along the River Havel, the
catchment is strongly changing from rural to urban domi-
nance, here represented by the three lakes: Lake Userin as
the less-affected lake close to the source of the River Havel,
Lake Tegel as the first lake the River Havel enters during its
passage through Berlin, and Lake GroßerWannsee as the final
lake the River Havel passages as it leaves Berlin.

Lake Tegel (52.5761° 13.2533°) is a lowland urban lake
situated in North-Western Berlin. It borders densely populated
urban areas at the eastern, southern, and western shores as well
as harbors and industrial sites at the eastern shore while the
northern shore consists mainly of forests. Seven islands divide
the lake into a northern main basin and a southern more river-
like part integrated with the River Havel. Themain inflows are
the River Havel at the south-western boundary of the lake
basin and the composite inlet of Nordgraben and Tegeler
Fließ in the north-east, which receives the treated effluents
of a wastewater treatment plant and, in the past, discharges
from a sewage farm. The mixing of the River Havel into the
lake—the lake enters the basin either via a northern or a south-
ern passage—depends on wind circulation and river discharge
itself which is controlled by a downstream watergate
(Schimmelpfennig et al. 2012).

Lake Großer Wannsee (52.4275° 13.1730°) is a bay of the
River Havel in the south-west of Berlin. It has two main in-
flows: in the north, the River Havel and in the South, the
artificial Teltow channel entering via the Lake Kleiner
Wannsee. The southern inflow can also act as outflow
depending on the hydraulic regime. Just like Lake Tegel, Lake
Großer Wannsee is used for drinking water abstraction by the
Berlin water works. The Teltow channel is infamous for high

sewage loads and pollution originating from shipping and
industry. About half of its discharge enters Lake Großer
Wannsee over the passage by Lake Kleiner Wannsee
(Heberer 2002). Increased concentrations of pharmaceuticals
sourced from industry are documented for Lake Kleiner
Wannsee (Heberer et al. 2002).

Lake Userin (53.3411° 12.9694°) is a lowland lake situated
in Southern Mecklenburg-Western Pomerania near the town
Userin. The lake is part of the Müritz national park and be-
longs to a nature protection area with the aim to keep
the surface waters in their original state with low an-
thropogenic impact. The River Havel has its spring approxi-
mately 12 km upstream from Lake Userin and crosses the lake
from north to south.

Sampling

Sediment cores were taken at various locations (Table 2, Fig. 1)
between September 2015 and March 2016 with a modified
Kajak sampler (inner diameter 6 cm, UWITEC®) and were
split in halves vertically before transport to the laboratory for
XRF analysis at GEOPOLAR, University of Bremen. An ad-
ditional sediment core was taken at the position of Lake Tegel’s
deepest site (TEG1), vertically subdivided into 1-cm layers,
freeze-dried, and prepared for radioisotopic sediment dating at
the Institute of Environmental Physics, University of Bremen.

Analytical methods

All sediment cores were scanned in sections for major and
trace elements with an ITRAX XRF-core scanner, COX ana-
lytical systems (Croudace et al. 2006). Scanning was done
with a Mo-tube with a step size of 1 mm and a count time of
30 s per step; tube settings were kept constant for all cores
using a voltage of 40 kVand a current of 25 mA. Element data
produced by the scanner are semi-quantitative and are
expressed as total counts (cnts), i.e., integrated peak area. In
addition to the scanning, high resolution photographs (256
dpi) and 16-bit radiographs of the sediment cores were pro-
duced. To minimize bias resulting from matrix changes and
tube aging and to increase comparability between cores from
different sites, the data were normalized by division with the
measured coherent scatter. Therefore, data are expressed
as total element counts to coherent scatter ratios (cnts/coh–
ratios). As proxy for organic carbon and water content, the
ratio of incoherent to coherent scatter measured by
XRF was used (Phedorin and Goldberg 2005; Liu et al.
2013; Davies et al. 2015). We further used the ratio of normal-
ized Fe to Mn total counts as proxy for redox conditions
(Naeher et al. 2013; Davies et al. 2015; Rothwell and
Croudace 2015). High/low ratios of Fe:Mn point to
reducing/oxidizing redox conditions. The non-processed
XRF data are available in Online Resource 1.
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Radioisotopic sediment dating was achieved by analyzing
abundance of 210Pb, 226Ra, 214Bi, 137Cs, 40K, and 7Be by γ-
spectroscopy using an n-type coaxial Ge-detector (Canberra
Industries). Using a constant flux:constant sedimentation
(CF:CS) model, in which the flux of 210Pb is assumed to be
constant, the chronology for TEG1 was formulated (Sanchez-
Cabeza and Ruiz-Fernández 2012; Bonotto and García-
Tenorio 2014).

Data analysis

XRF data were pre-processed as follows: (1) discarding of
element data due to unreliable measurement, noisy sig-
nals, or intensities close to background level and (2)
discarding of all elements with ubiquitously low intensity.
Furthermore, only those elements complying with these re-
strictions in all ten sediment cores were considered. Valid

A

B C

Fig. 1 Location of the sampling
sites (SWTP
surface water treatment plant),
black patches represent islands

Table 1 Morphological
parameters of investigated lakes Lake Tegel, Berlin Lake Großer

Wannsee, Berlin
Lake Userin, Mecklenburg-
Western Pomerania

Area [km2] 3.9a 2.8a 3.3b

Volume [Mio. m3] 26.1a 15.4a 17.2b

Maximum depth [m] 15.9a 9.8a 9.9b

Mean depth [m] 6.6a 5.5a 4.6b

a Jahn et al. (2002)
b Provided by the state departments for agriculture and environment, Mecklenburg Lake Plateau
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elements for statistical analysis were K, Ca, Ti, Rb, Zr, Sr, Mn,
Fe, Cr, Cu, Zn, and Pb.

To efficiently describe patterns in the multivariate dataset,
we used PCA based on data from all depth layers of all cores.
Data were logarithmically transformed to improve linear rela-
tionships between the elements, and scaled to a mean of zero
and a standard deviation of one to ensure equal weight of all
variables. We further computed the correlation of each ele-
ment to the respective PCs. For clustering, we used the k-
means method with the Hartigan-Wong algorithm, 25 random
starts, and a maximum amount of 1000 allowed iterative runs
(Hartigan andWong 1979). The pre-processed (logarithmical-
ly transformed) data were used to differentiate between a total
number of five clusters, which were chosen visually by the
Belbowmethod^. Here, the sums of squared errors for k from 1
to 20 were calculated and plotted (Everitt and Hothorn 2009).
The interpretation of the clusters was done using box-and-
whisker-plots. For filtering and smoothing, we either used a
moving average filter implemented by convolution kernel or
the Savitzky-Golay algorithm (Savitzky and Golay 1964). For
the latter, the smoothing was established by fitting a first order
polynomial model on the data set with a set window size of 31
data points.

For data visualization and further clustering, we addition-
ally used a SOM as implemented in the Bkohonen^ package
(Kohonen 1998; Wehrens et al 2007) in R (R Core Team
2016). We provided a hexagonal grid of six times six units.
This total number of 36 nodes was iteratively chosen to ensure
that the amount of empty nodes in the final grid is low. As
training data, the sediment data from sites of all lakes up to a
depth of 150 mm were used. For training, the default algo-
rithms of the package were applied (complete data was pre-
sented to the network 100 times, learning rate vector (0.05
0.01), circular neighborhood shape). The algorithm converged
the grid into a map with clustered units after 40 iterations. The

amount of clusters was determined by k-means clustering and
the Belbow method.^

Results

Sediment characteristics of Lake Tegel

Sediment cores of Lake Tegel were mainly composed of mud
and, in deeper layers, sapropel-like material. The sediment
core photographs and respective radiographs display that
brighter, brownish colored zonations in deeper sediment
layers appear in conjunction with dark grayscale values refer-
ring to denser material, especially in TEG2 and TEG4 (Fig. 2).
This agrees with a change in the visible sediment stratigraphy
changing from a brownish to a black sediment color in the
middle of most sediment cores together with a white grayscale
value and therefore less-dense material. This indicates two
general zonation types for most sediment cores: either denser
material visible by a brownish sediment color or less-dense
material with a black sediment color.

PCA model

The first two principal components capture 39 and 23% of the
overall variance, which totals to 62% (eigenvalues and
eigenvectors of the PCA are given in Appendix Table 3). The
distance bi-plot (Fig. 3a) displays a strong heterogeneity of
Lake Tegel’s sites with points scattered across bivariate space,
while Lake Großer Wannsee shows dominant dispersion along
PC1 and LakeUserin is constricted to relatively limited location
in the top left side. The clustering divided the data points into
five groups, plotted on the bivariate space of the first two com-
ponents. Clusters 2, 3, and 5 mainly consist of data points from
sites of Lake Tegel as well as Lake Großer Wannsee,

Table 2 Assessment of the different sites regarding their location and urban impact (SWTP surface water treatment plant,WWTPwastewater treatment
plant)

Site Location Core length [mm] Anticipated urban impact

USER1 Middle of Lake Userin 346 Weak: nature protection area

TEG1 Deepest site of Lake Tegel, main lake basin 790 Strong

TEG2 Inflow of treated wastewaters 652 Strong: inflow of SWTP and WWTP, close to harbor

TEG3 Close to inflow of River Havel 572 Moderate

TEG4 Southern edge of main lake basin 730 Moderate

TEG5 Northern edge of main lake basin 401 Moderate

TEG6 Inflow of River Havel 235 Weak: inflow with agricultural impact

WANN1 Inflow/outflow of/to Lake Kleiner
Wannsee and Teltow Channel

234 Strong: receives discharges of treated
wastewaters and industry

WANN2 Deepest site of Lake Großer Wannsee 342 Strong

WANN3 Inflow/outflow of/to River Havel 316 Strong: River Havel catchment area now
includes the city of Berlin
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whereas cluster 1 incorporates data from all three lakes and
cluster 4 only data from Lake Tegel and Lake Userin. The
elements Cr, Pb, Zn, Cu, and Fe correlate positively with
PC1 relating this axis to heavy metals, whereas Ti, Rb, K, Sr,
Mn, and Ca are negatively correlated to PC2 (Fig. 3b). The
latter elements are predominantly lithogenic in origin (Rb, Zr
as well as Sr, in clay minerals or aluminosilicates) (Boës et al.
2011; Schreiber et al. 2014). Further support for PC2 being a
proxy for the geological background of the respective catch-
ment areas comes from Mn and Ca, which mostly originate
from sedimentary rock, e.g., carbonates like rodochrosite or
from calcareous mud (Pachur 1989). Masking Lake Großer
Wannsee and Lake Userin, the heterogeneity among individual
sites of Lake Tegel becomes obvious (Fig. 3c). The sites in or
close to the main basin (TEG1, TEG4, TEG5) disperse along
an axis from the upper left side to the lower right side indicating
a simultaneous increase of heavy metals and lithogenic ele-
ments. The inflow site TEG2 displays the highest horizontal

dispersion indicating pronounced changes in the abundance of
heavy metals while lithogenic elements remain constantly high
in abundance. In contrast, the inflow site of River Havel, TEG6,
displays only a vertical dispersion. The chronology of TEG1 by
radioisotopic dating suggested the 1950s as the timeframe for
the observed maximum abundance of heavy metals which co-
incides with the start of intensified wastewater discharge orig-
inating from sewage farms. Furthermore, we established clus-
ters using the data of all Lake Tegel sites, which overlap and are
close to identical with the previously formulated five clusters
are as follows:

– Clusters 1, 2, and 3 mainly include data points that show
the transition from deeper sediment layers to more recent
layers of sites from the main basin

– Cluster 4 contains the recent sediment layers of the sites
TEG2, TEG3, and TEG4, which are situated either close
to the inflow of the SWTP or are at the edge of the main
basin

– Cluster 5 incorporates recent sediment layers of sites from
themain basin (TEG1, TEG5) and the River Havel inflow
TEG6, as well as deep layers from the SWTP inflow site
TEG2

To show simplified stratigraphic patterns, a moving aver-
age filter over 100 data points (equal to 10 cm) was applied to
the scores of each core ordered along the depth axis (Fig. 3d).
In the deeper layers, the development of most sites is
marked by a sharp U-turn at times of heavy metal con-
tamination. In recent layers, most sites move towards
the lower left edge characterized by low heavy metal
contamination.

Clustering with k-means

The spatial distribution of the established five clusters
(Fig. 4a) over Lake Tegel as well as over the sediment depth
visualizes for TEG1, TEG2, TEG3, TEG4, and partially
TEG5 a sequence mostly changing from cluster 1 in deep
layers over cluster 2 and cluster 3 to cluster 4 in the upper
sediment layers. Cluster 5 occurs in recent sediment layers of
TEG5 and TEG6, as well as in the deep sediment of TEG2.
The box-and-whisker-plots (Fig. 4b) characterize the clusters
as follows (due to the negative correlation of lithogenic ele-
ments to PC2, high/low PC2 scores represent a low/high
abundance of lithogenic elements):

– Cluster 1: high organic carbon content, high Fe/Mn ratio,
low abundance of Zn, Fe, Ca, and K, low PC1 score, and
highest PC2 score

– Cluster 2: high abundance of Zn and Fe, high PC1 score,
high Fe/Mn ratio, high content of organic carbon, high
PC2 score, and low abundance of Ca and K

Fig. 2 High resolution photographs of all sediment cores from Lake
Tegel and the respective grayscale radiographs: darker grayscale values
correspond to a visibly lighter sediment color, indicating the settling of a
brown, dense material, e.g., visible in TEG2 and TEG4
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– Cluster 3: high abundance of Zn and Fe, high PC1
score, low Fe/Mn ratio, moderate PC2 score and
content of organic carbon, and low abundance of
Ca and K

– Cluster 4: high abundance of Ca, low PC2 score,
low abundance of Zn, Fe, and K, low PC1 score as
well as a low Fe/Mn ratio and organic carbon
content

– Cluster 5: high abundance of K, high PC1 score and low-
est PC2 score, high Fe/Mn ratio, similar abundance of Zn,
Fe, and Ca like the clusters 2 and 3, and lowest content of
organic carbon

Vertical distribution of redox zonations

For the sites TEG2, TEG3, and TEG4, a relationship between
the abundance of heavy metals (represented by PC1) and the
Fe/Mn ratio can be established (Fig. 5). Deep layers feature a
low Fe/Mn ratio probably related to oxidizing redox condi-
tions. In the vertical course of the sediment cores, we observed
an increase of the Fe/Mn ratio concomitant with increasing
abundance of heavy metals. The uppermost, recent sediment

layers still display an increased abundance of heavy metals,
compared to deeper layers, but mostly decreased Fe/Mn ratios.
The development of TEG1 begins with an already increased
abundance of heavy metals probably due to higher sedimen-
tation rates at this site. Afterwards, the stratigraphy is
similar to previously described ones. Both TEG5 and
TEG6 also feature the decrease of heavy metals resulting in
lower Fe/Mn ratios.

Classification with SOM

We clustered the converged SOM into 11 groups (Fig. 6a).
Lake Tegel is stretching from the lower left side of the map,
representing the inflow sites, to the upper right side, where the
edges of the main basin (TEG3, TEG4, and TEG5) are locat-
ed. The deepest site is at the center of the map close to Lake
Userin, which is located on the left side of the map close to the
SWTP inflow of Lake Tegel and next to Lake Großer
Wannsee’s Teltow channel inflow site. The remaining sites
of Lake Großer Wannsee are situated at the lower right corner
of the map. The scaled segment plots of each unit reveal dif-
ferent weighting towards the respective elements (Fig. 6b).
The heavy metal contamination consisting of Cr, Cu, Zn,

A B

C D

Fig. 3 Distance bi-plots for the
PCA. a Scores of the first and
second principal component. b
Arrows show structural coeffi-
cients of various elements on the
PCA axes with unit circle, PC1
correlates with Cr, Pb, Zn, and Fe
(heavy metals) whereas PC2 cor-
relates mainly with Sr, Ca, Rb,
Mn, K, and Ti (lithogenic ele-
ments). c Sites of Lake Tegel are
visualized separately; hereby,
deeper to recent layers are repre-
sented by the transition from dark
to lighter colors. d Filtered lines
(moving average of 10 cm) illus-
trate the historical change in sed-
iment composition of Lake
Tegel’s sites, arrows represent the
direction from deeper to recent
sediment layers
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and Pb is mainly related to the Havel inflow on the lower right
corner. The lithogenic elements like K, Ca, Ti, Rb, and Sr as
well as Zr are located at the lower left edge of the map. This is
the location of Lake Tegel’s SWTP inflow site as well as the
Havel inflow into Lake Tegel. For Lake Tegel, the part close to
the SWTP inflow shows increased loadings of the lithogenic
elements, whereas the sites near the River Havel are related to
an increased weighting to heavy metals. The recent layers in
the main basin of Lake Tegel still have a slightly increased
abundance of heavy metals in contrast to Lake Userin. But
nonetheless, the map converged to a close neighborhood
between Lake Tegel’s deepest site and Lake Userin. The
sites of Lake Großer Wannsee can be divided in the southern
site with only an increased weighting to Mn and Fe, and the
northern river-influenced sites showing higher contributions
by heavy metals.

Discussion

Reconstruction of the management history of Lake Tegel

PCA identified two main gradients of sediment composition:
heavy metals and geological background elements. This is in
accordance to similar studies that used XRF analysis and PCA
to assess the sediment composition of surface water systems, in
which the first two principal components were also mainly
correlated to either heavy metals or lithogenic elements
(Schreiber et al. 2014; Kleeberg et al. 2015). Lake Tegel’s sites
are especially heterogeneous; while main basin sites show a
high dispersion along the vertical axis and thus a change of
the abundance of lithogenic elements, the site close to the
north-eastern inflow features a horizontal dispersion implying
a change of the abundance of heavy metals. Nonetheless, all

A

B

Fig. 4 Clustered vertical profiles
of the sediment cores at Lake
Tegel. a Map of Lake Tegel,
rotated about 45°, the color
profiles at each site represents the
respective cluster established by
k-means for the vertical sediment
layers. b Box-and-whisker-plots
for the respective elements, scores
or proxies, the colors represent
again the respective clusters
established by k-means (here the
organic carbon is presented by the
ratio of incoherent to
coherent scatter)
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sites show a tendency towards low abundance of heavy metals
and increased abundance of lithogenic elements in recent
layers. In the past, the sediment of Lake Tegel was heavily
influenced by an excess of heavy metals, which predominantly
originated from the discharge of inadequately treated wastewa-
ters from sewage farms. Especially the elements Zn and Pb are
indicators for anthropogenic pollution (Grousset et al. 1995).
The established clusters identify a sequence pattern for the sed-
iment cores in the main basin. In deep sediment layers (cluster
1, TEG1, TEG4, TEG5), the sediment is characterized by high
organic carbon content, probably already reducing redox con-
ditions and low abundance of heavy metals and lithogenic ele-
ments. In the next step, the loading regime is changing (cluster
2, TEG1, TEG3, TEG4, and TEG5); the organic carbon content

is reduced and the abundance towards heavy metals as well as
lithogenic elements is increased. A slight increase of the Fe/Mn
ratio as well as higher abundance of Zn and Fe suggests that
during these times, the discharges from the sewage farms
reached Lake Tegel and, due to a time lag, the beginning eu-
trophication enforced reducing redox conditions. During this
transition, the sediment color changed from brownish to black
implying increased abundance of sapropel-like material proba-
bly due to eutrophication. Subsequently, in cluster 3 (TEG1,
TEG3, TEG4, TEG5), the organic carbon content and the Fe/
Mn ratio are decreasing, but the abundance of heavy metals
stays constant and the abundance of lithogenic elements is in-
creasing. The uppermost recent layers for the cores TEG1 and
TEG5 belong to this cluster, whereas the recent layers from

Fig. 5 Normalized Fe/Mn ratio
vs. abundance of heavy metals
represented by PC1, data points
were filtered with Savitzky-Golay
algorithm, the color gradient goes
from red (lower or deeper sedi-
ment layers) to green
(upper or recent sediment layers);
for TEG 1, TEG2, TEG 3, and
TEG4, a lower Fe/Mn ratio in the
deep layers implying oxidizing
redox conditions in the past. With
an increase of heavy metals in
upper layers, the Fe/Mn ratio in-
creases (reducing redox condi-
tions); recent sediment layers are
mostly characterized by a lower
abundance of heavy metals and
lower Fe/Mn ratios
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TEG2, TEG3, and TEG4 are part of cluster 4. Here, the load-
ings of heavy metals are vastly reduced and the organic carbon
content as well as Fe/Mn ratio are low. The applied manage-
ment measures resulted in the decrease of nutrients, especially
phosphorus, and heavy metals entering Lake Tegel, therefore
enabling the restoration of the lake system. Our findings con-
tradict the apprehension by Pachur (1989) about a future remo-
bilization of heavy metals and indicate that the applied man-
agement measures are capable of restoring lakes and reducing
heavy metal abundance in the sediment. The latter is still a
threat for worldwide surface water systems (Chen et al.
2015). Nonetheless, for most cores (especially TEG2, TEG3
and TEG4), the abundance of heavy metals and the tendency
towards reducing redox conditions are still increased in the
upper sediment layers compared to deep ones in spite of the
reduction achieved by the management measures.

It should be noted that e.g. TEG2, TEG5, and TEG6 show
vertical zones belonging to the fifth cluster. These layers are
characterized by an increased abundance of heavy metals and
lithogenic elements (especially Fe and K), as well as a low
organic carbon content and an increased Fe/Mn ratio. This is
probably due to soil runoffs or erosion events causing the
leaching of elements from clay minerals and deposition at lake
sites close to the inflows. TEG5 can be considered as a special
case showing a different vertical sequence of clusters than the
other cores. This could be because of the hydraulic regime under
east wind conditions, when water from River Havel is entering
the lake over the northern passage and transported material is
settling down at the north-western sites of the main basin.

Assessment of recent sediment composition at Lake Tegel

The composition of the recent sediment cores at Lake Tegel
varies across the SOM encircling Lake Userin and edging sites
of Lake Großer Wannsee. Here, the deepest site of Lake Tegel
is located next to Lake Userin, indicating similar abundances

of heavy metals as well as lithogenic elements. The inflow site
close to the SWTP of Lake Tegel has the highest abundance of
lithogenic elements, whereas the sites close to the River Havel
feature increased loadings of heavy metals. The higher abun-
dance of heavy metals in the River Havel probably originates
from natural and anthropogenic sources in its catchment area
and appears only high in relation to the recent low heavymetal
effluents from the urban area.

The bays of the River Havel, Lake Tegel and Lake Großer
Wannsee, are characterized by their urban impact and applied
water management measures. This becomes apparent in the
gap between Lake Großer Wannsee’s channel inflow site and
its northern sites, which feature very dissimilar sediment com-
positions. The settling of heavy metals close to inflows and
near shores is in accordance with the findings of similar stud-
ies investigating the heavy metal accumulation in lake sedi-
ments (Thevenon et al. 2011; Pang et al. 2015). The Teltow
channel inflow, originally assumed to have an increased heavy
metal contamination by industrial runoffs, features a low
abundance of heavy metals and lithogenic elements. This is
probably due to the settling of most heavy metals in the chan-
nel bed upstream of Lake Großer Wannsee. Furthermore, the
increased abundance of heavy metals in the sediments of the
sites at Lake Großer Wannsee close to the River Havel prob-
ably originates from industrial activities in the city of Berlin.
In Hoelzmann and Zellmer (2008), the authors identified high
heavy metal concentrations in the sediments of the River
Spree in Berlin, which discharges into River Havel down-
stream of Lake Tegel. Heavy metals probably accumulated
in these sediments since the beginning of industrialization,
with a decline in loadings only occurring after 1990 due to
economic changes and a general decline of industrial produc-
tion in conjunction with improved industrial processes in
Berlin (Hoelzmann and Zellmer 2008). The increased abun-
dance of heavy metals in Lake Großer Wannsee is therefore a
direct consequence of urban effluent discharge.

A BFig. 6 Self-organizing map. a
Clustered map of the similar
neighborhoods, the TEG sites in
the center are bordering the less
heavy metal contaminated sites
on the left edge of the map (Lake
Userin, Lake Großer Wannsee
channel inflow) and the more
contaminated sites on the right
side (Lake Großer Wannsee bay
and river inflow). b Code map
showing contributions of
elements as segment plots, there is
a distinction between
lithogenically imprinted sites on
the left and heavy metal
contaminated sites on the right
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Conclusions

Using a rapid, high resolution technique and assessing the re-
sults with multivariate methods, the management history of
Lake Tegel could be visualized and interpreted. The manage-
ment measures were successful in reducing the abundance of
heavy metals in the sediment. In the past, the lake sediments
from the different sites succeeded in a largely similar sequence
pattern from low abundances of heavy metals as well as
lithogenic elements over reducing redox conditions with an
increased abundance of heavymetals to, again, low abundances
of both heavy metals and lithogenic elements in recent sedi-
ment layers. Still, the vertical sediment composition of some
sites differs vastly, especially close to the inflows and at the
edge of the main basin. The cause for the heterogeneity of the
sediment composition is probably the heavily modified urban
water management which aims to optimize and control the
water cycle for human needs. It results in altered inflow fluxes
and hydraulic regimes. For instance, the SWTP at Lake Tegel
artificially increases and maintains the inflow. Nowadays, the
sediment composition of Lake Tegel, even if heterogeneous,
shows reduced heavy metal contamination than in the past, less

than a proximate urban lake and is, at some sites, similar to the
heavy metal abundance of a less-impacted lake.

Acknowledgements The authors would like to thank Christian
Ohlendorf and Sabine Stahl for conducting XRF core scanning with the
ITRAX (CS-8) at the Chair of Geomorphology and Polar Research
(GEOPOLAR), University Bremen, Germany. We are grateful to Manuel
Pérez Mayo for the radioisotopic sediment dating at the Chair of
Environmental Physics, University Bremen, Germany. We thank Mike
Oestermann as well as the staff of the Berliner Wasserbetriebe (BWB) for
assisting us during the sampling. Our colleagues Christiane Herzog, Sylvia
Jordan, and Hans-Jürgen Exner provided technical and analytical support.
We would also like to thank Gunnar Lischeid and Thomas Petzoldt for
helpful discussions and critics on a former version of the manuscript.

Funding This study was funded by the German Research Foundation
(DFG) within the project BUrban Water Interfaces^ (GRK 2032) and was
supported by the Senate of Berlin.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Appendix

References

Alvarez-Guerra M, González-Piñuela C, Andrés A et al (2008)
Assessment of self-organizing map artificial neural networks for
the classification of sediment quality. Environ Int 34:782–790.
https://doi.org/10.1016/j.envint.2008.01.006

Arambarri I, Garcia R, Millán E (2003) Assessment of tin and butyltin
species in estuarine superficial sediments from Gipuzkoa, Spain.
Chemosphere 51:643–649. https://doi.org/10.1016/S0045-
6535(03)00154-1

Battarbee RW, Bennion H (2011) Palaeolimnology and its developing
role in assessing the history and extent of human impact on lake
ecosystems. J Paleolimnol 45:399–404. https://doi.org/10.1007/
s10933-010-9423-7

Table 3 Eigenvalues and eigenvectors for the first 12 principal components of the PCA (PC principal component)

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12

Eigenvalues [%] 38.6 22.4 12.5 8.6 5.7 4.3 2.5 1.6 1.3 1.1 0.9 0.4

Eigenvectors [−]
K 0.22 − 0.43 0.27 − 0.03 0.16 − 0.28 0.19 − 0.59 0.40 0.06 0.20 0.05

Ca − 0.19 − 0.48 − 0.22 − 0.24 0.07 0.03 − 0.16 − 0.05 − 0.10 0.52 − 0.53 − 0.20

Ti 0.30 − 0.28 0.33 0.02 0.19 − 0.38 0.37 0.53 − 0.32 − 0.05 − 0.15 0.00

Rb 0.13 − 0.31 0.19 0.33 − 0.85 0.10 − 0.06 0.03 − 0.02 0.05 − 0.04 0.01

Zr − 0.08 − 0.17 0.64 0.04 0.29 0.63 − 0.25 0.06 − 0.03 − 0.04 0.03 − 0.06

Sr 0.02 − 0.51 − 0.28 − 0.27 0.00 − 0.06 − 0.43 0.14 − 0.07 − 0.55 0.26 0.08

Mn 0.16 − 0.28 − 0.46 0.35 0.17 0.50 0.48 − 0.07 − 0.17 − 0.03 0.13 0.03

Fe 0.33 0.00 − 0.17 0.53 0.25 − 0.10 − 0.43 0.30 0.43 0.21 − 0.01 − 0.03

Cr 0.40 0.15 0.01 0.19 0.11 − 0.11 − 0.35 − 0.47 − 0.63 − 0.05 − 0.15 − 0.01

Cu 0.42 0.10 − 0.04 − 0.32 − 0.11 0.11 0.02 0.07 0.01 0.14 0.32 − 0.75

Zn 0.40 0.06 − 0.03 − 0.41 − 0.07 0.19 − 0.07 0.12 − 0.04 0.42 0.21 0.62

Pb 0.42 0.11 − 0.04 − 0.22 − 0.05 0.22 0.10 − 0.05 0.34 − 0.42 − 0.64 0.04

25176 Environ Sci Pollut Res (2017) 24:25166–25178

http://doi.org/10.1016/j.envint.2008.01.006
http://doi.org/10.1016/S0045-6535(03)00154-1
http://doi.org/10.1016/S0045-6535(03)00154-1
http://doi.org/10.1007/s10933-010-9423-7
http://doi.org/10.1007/s10933-010-9423-7


Battarbee RW, John Anderson N, Jeppesen E, Leavitt PR (2005)
Combining palaeolimnological and limnological approaches in
assessing lake ecosystem response to nutrient reduction. Freshw
Biol 50:1772–1780. https://doi.org/10.1111/j.1365-2427.2005.
01427.x

Bindler R, Rydberg J, Renberg I (2010) Establishing natural sediment
reference conditions for metals and the legacy of long-range and
local pollution on lakes in Europe. J Paleolimnol 45:519–531.
https://doi.org/10.1007/s10933-010-9425-5

Boës X, Rydberg J, Martinez-Cortizas A et al (2011) Evaluation of con-
servative lithogenic elements (Ti, Zr, Al, and Rb) to study anthro-
pogenic element enrichments in lake sediments. J Paleolimnol 46:
75–87. https://doi.org/10.1007/s10933-011-9515-z

Bonotto DM, García-Tenorio R (2014) A comparative evaluation of the
CF:CS and CRS models in 210Pb chronological studies applied to
hydrographic basins in Brazil. Appl Radiat Isot 92:58–72. https://
doi.org/10.1016/j.apradiso.2014.06.012

Borůvka L, Vacek O, Jehlička J (2005) Principal component analysis as a
tool to indicate the origin of potentially toxic elements in soils.
Geoderma 128:289–300. https://doi.org/10.1016/j.geoderma.2005.
04.010

Chen G, Shi H, Tao J et al (2015) Industrial arsenic contamination causes
catastrophic changes in freshwater ecosystems. Sci Rep 5:17419.
https://doi.org/10.1038/srep17419

Comero S, Locoro G, Free G et al (2011) Characterisation of Alpine lake
sediments using multivariate statistical techniques. Chemom Intell
Lab Syst 107:24–30. https://doi.org/10.1016/j.chemolab.2011.01.002

Core Team R (2016) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna

Croudace IW, Rindby A, Rothwell RG (2006) ITRAX: description and
evaluation of a new multi-function X-ray core scanner. Geol Soc
Lond Spec Publ 267:51–63. https://doi.org/10.1144/GSL.SP.2006.
267.01.04

Davies SJ, Lamb HF, Roberts SJ (2015) Micro-XRF core scanning in
Palaeolimnology: recent developments. In: Croudace IW, Rothwell
RG (eds) Micro-XRF studies of sediment cores. Springer
Netherlands, Dordrecht

Everitt B, Hothorn T (2009) A handbook of statistical analyses using R,
2nd edn. Chapman and Hall/CRC, Boca Raton

Gessner MO, Hinkelmann R, Nützmann G et al (2014) Urban water inter-
faces. J Hydrol 514:226–232. https://doi.org/10.1016/j.jhydrol.2014.
04.021

Ginzel G, Nützmann G (1998) Changing ecohydrological and
hydrochemical conditions in a former sewage farm in Northeastern
Berlin. Bodenökologie Bodengenese 26:73–85 (in German)

Gredilla A, Amigo JM, Fdez-Ortiz de Vallejuelo S et al (2012) Practical
comparison of multivariate chemometric techniques for pattern rec-
ognition used in environmental monitoring. Anal Methods 4:676.
https://doi.org/10.1039/c2ay05636d

Grousset FE, Quetel CR, Thomas B et al (1995) Anthropogenic vs.
lithogenic origins of trace elements (As, Cd, Pb, Rb, Sb, Sc, Sn,
Zn) in water column particles: northwestern Mediterranean Sea.
Mar Chem 48:291–310. https://doi.org/10.1016/0304-4203(94)
00056-J

Hartigan JA, Wong MA (1979) Algorithm AS 136: a K-means clustering
algorithm. J R Stat Soc Ser C Appl Stat 28:100–108. https://doi.org/
10.2307/2346830

Heberer T (2002) Tracking persistent pharmaceutical residues from mu-
nicipal sewage to drinking water. J Hydrol 266:175–189. https://doi.
org/10.1016/S0022-1694(02)00165-8

Heberer T, Reddersen K,Mechlinski A (2002) Frommunicipal sewage to
drinking water: fate and removal of pharmaceutical residues in the
aquatic environment in urban areas. Water Sci Technol 46:81–88

Heinzmann B, Chorus I (1994) Restoration concept for Lake Tegel, a
major drinking and bathing water resource in a densely populated
area. Environ Sci Technol 28:1410–1416

Hilt S, Van de Weyer K, Köhler A, Chorus I (2010) Submerged macro-
phyte responses to reduced phosphorus concentrations in two peri-
urban lakes. Restor Ecol 18:452–461. https://doi.org/10.1111/j.
1526-100X.2009.00577.x

Hoelzmann P, Zellmer D (2008) Heavy metals contamination in the sed-
iments of River Spree. In: Die Spree - Zustand, Probleme,
En twick lungsmögl i chke i t en . E . Schweize rba r t ’sche
Verlagsbuchhandlung, (in German)

Horner C, Engelmann F, Nützmann G (2009) Model based verification
and prognosis of acidification and sulphate releasing processes
downstream of a former sewage field in Berlin (Germany). J
Contam Hydrol 106:83–98. https://doi.org/10.1016/j.jconhyd.
2009.01.004

Jahn D, Witt H, Wassmann H (2002) Atlas of water bodies in Berlin.
Senatsverwaltung für Stadtentwicklung, Bereich Kommunikation
(in German)

Kleeberg A, Köhler A, Hupfer M (2012) How effectively does a single or
continuous iron supply affect the phosphorus budget of aerated lakes?
J Soils Sediments 12:1593–1603. https://doi.org/10.1007/s11368-
012-0590-1

Kleeberg A, Neyen M, Schkade U-K et al (2015) Sediment cores from
kettle holes in NE Germany reveal recent impacts of agriculture.
Environ Sci Pollut Res 23:7409–7424. https://doi.org/10.1007/
s11356-015-5989-y

Kohonen T (1998) The self-organizing map. Neurocomputing 21:1–6.
https://doi.org/10.1016/S0925-2312(98)00030-7

Lin Q, Liu E, Zhang E et al (2016) Spatial distribution, contamination and
ecological risk assessment of heavy metals in surface sediments of
Erhai Lake, a large eutrophic plateau lake in southwest China.
Catena 145:193–203. https://doi.org/10.1016/j.catena.2016.06.003

Liu X, Colman SM, Brown ETet al (2013) Estimation of carbonate, total
organic carbon, and biogenic silica content by FTIR and XRF tech-
niques in lacustrine sediments. J Paleolimnol 50:387–398. https://
doi.org/10.1007/s10933-013-9733-7

Massmann G, Knappe A, Richter D, Pekdeger A (2004) Investigating the
influence of treated sewage on groundwater and surface water using
wastewater indicators in Berlin, Germany. Acta Hydrochim
Hydrobiol 32:336–350. https://doi.org/10.1002/aheh.200400543

Nadal M, Schuhmacher M, Domingo JL (2004) Metal pollution of soils
and vegetation in an area with petrochemical industry. Sci Total
Environ 321:59–69. https://doi.org/10.1016/j.scitotenv.2003.08.029

Naeher S, Gilli A, North RP et al (2013) Tracing bottomwater oxygenation
with sedimentary Mn/Fe ratios in Lake Zurich, Switzerland. Chem
Geol 352:125–133. https://doi.org/10.1016/j.chemgeo.2013.06.006

Nützmann G,Wiegand C, Contardo-Jara Vet al (2011) Contamination of
urban surface and ground water resources and impact on aquatic
species. In: Endlicher W, Hostert P, Kowarik I et al (eds)
Perspectives in urban ecology. Springer, Heidelberg

Olawoyin R, Nieto A, Grayson RL et al (2013) Application of artificial
neural network (ANN)–self-organizing map (SOM) for the catego-
rization of water, soil and sediment quality in petrochemical regions.
Expert Syst Appl 40:3634–3648. https://doi.org/10.1016/j.eswa.
2012.12.069

Pachur H-J (1989) Geoecological aspects of the Late Pleistocene and
Holocene evolution of the Berlin lakes. In: Landforms and landform
evolution in West Germany: published in connection with the
Second International Conference on Geomorphology, Frankfurt
a.M., September 3–9, 1989. Catena-Verl, Cremlingen-Destedt,

Pandey M, Pandey AK, Mishra A, Tripathi BD (2015) Application of
chemometric analysis and self Organizing Map-Artificial Neural
Network as source receptor modeling for metal speciation in river
sediment. Environ Pollut 204:64–73. https://doi.org/10.1016/j.
envpol.2015.04.007

PangH-J, Lou Z-H, Jin A-M et al (2015) Contamination, distribution, and
sources of heavy metals in the sediments of Andong tidal flat,

Environ Sci Pollut Res (2017) 24:25166–25178 25177

http://doi.org/10.1111/j.1365-2427.2005.01427.x
http://doi.org/10.1111/j.1365-2427.2005.01427.x
http://doi.org/10.1007/s10933-010-9425-5
http://doi.org/10.1007/s10933-011-9515-z
http://doi.org/10.1016/j.apradiso.2014.06.012
http://doi.org/10.1016/j.apradiso.2014.06.012
http://doi.org/10.1016/j.geoderma.2005.04.010
http://doi.org/10.1016/j.geoderma.2005.04.010
http://doi.org/10.1038/srep17419
http://doi.org/10.1016/j.chemolab.2011.01.002
http://doi.org/10.1144/GSL.SP.2006.267.01.04
http://doi.org/10.1144/GSL.SP.2006.267.01.04
http://doi.org/10.1016/j.jhydrol.2014.04.021
http://doi.org/10.1016/j.jhydrol.2014.04.021
http://doi.org/10.1039/c2ay05636d
http://doi.org/10.1016/0304-4203(94)00056-J
http://doi.org/10.1016/0304-4203(94)00056-J
http://doi.org/10.2307/2346830
http://doi.org/10.2307/2346830
http://doi.org/10.1016/S0022-1694(02)00165-8
http://doi.org/10.1016/S0022-1694(02)00165-8
http://doi.org/10.1111/j.1526-100X.2009.00577.x
http://doi.org/10.1111/j.1526-100X.2009.00577.x
http://doi.org/10.1016/j.jconhyd.2009.01.004
http://doi.org/10.1016/j.jconhyd.2009.01.004
http://doi.org/10.1007/s11368-012-0590-1
http://doi.org/10.1007/s11368-012-0590-1
http://doi.org/10.1007/s11356-015-5989-y
http://doi.org/10.1007/s11356-015-5989-y
http://doi.org/10.1016/S0925-2312(98)00030-7
http://doi.org/10.1016/j.catena.2016.06.003
http://doi.org/10.1007/s10933-013-9733-7
http://doi.org/10.1007/s10933-013-9733-7
http://doi.org/10.1002/aheh.200400543
http://doi.org/10.1016/j.scitotenv.2003.08.029
http://doi.org/10.1016/j.chemgeo.2013.06.006
http://doi.org/10.1016/j.eswa.2012.12.069
http://doi.org/10.1016/j.eswa.2012.12.069
http://doi.org/10.1016/j.envpol.2015.04.007
http://doi.org/10.1016/j.envpol.2015.04.007


Hangzhou bay, China. Cont Shelf Res 110:72–84. https://doi.org/10.
1016/j.csr.2015.10.002

Phedorin MA, Goldberg EL (2005) Prediction of absolute concentrations
of elements from SR XRF scan measurements of natural wet sedi-
ments. Nucl Instrum Methods Phys Res Sect Accel Spectrometers
Detect Assoc Equip 543:274–279. https://doi.org/10.1016/j.nima.
2005.01.240

Reid MK, Spencer KL (2009) Use of principal components analysis
(PCA) on estuarine sediment datasets: the effect of data pre-treat-
ment. Environ Pollut 157:2275–2281. https://doi.org/10.1016/j.
envpol.2009.03.033

Richter D, Massmann G, Taute T, Duennbier U (2009) Investigation of
the fate of sulfonamides downgradient of a decommissioned sewage
farm near Berlin, Germany. J Contam Hydrol 106:183–194. https://
doi.org/10.1016/j.jconhyd.2009.03.001

Rothwell RG, Croudace IW (2015) Twenty years of XRF core scanning
marine sediments: what do geochemical proxies tell us? In: Micro-
XRF Studies of Sediment Cores. Springer Netherlands, Dordrecht,

Rydberg J, Martinez-Cortizas A (2014) Geochemical assessment of an
annually laminated lake sediment record from northern Sweden: a
multi-core, multi-element approach. J Paleolimnol 51:499–514.
https://doi.org/10.1007/s10933-014-9770-x

Rydberg J, Lindborg T, Sohlenius G et al (2016) The importance of eolian
input on lake-sediment geochemical composition in the dry
proglacial landscape of Western Greenland. Arct Antarct Alp Res
48:93–109. https://doi.org/10.1657/AAAR0015-009

Sanchez-Cabeza JA, Ruiz-Fernández AC (2012) 210Pb sediment
radiochronology: an integrated formulation and classification of dat-
ing models. Geochim CosmochimActa 82:183–200. https://doi.org/
10.1016/j.gca.2010.12.024

Savitzky A, Golay MJE (1964) Smoothing and differentiation of data by
simplified least squares procedures. Anal Chem 36:1627–1639.
https://doi.org/10.1021/ac60214a047

Schauser I, Chorus I (2007) Assessment of internal and external lake
restoration measures for two Berlin lakes. Lake Reserv Manag 23:
366–376. https://doi.org/10.1080/07438140709354024

Schauser I, Chorus I (2009) Water and phosphorus mass balance of Lake
Tegel and Schlachtensee—a modelling approach. Water Res 43:
1788–1800. https://doi.org/10.1016/j.watres.2009.01.007

Schimmelpfennig S, Kirillin G, Engelhardt C, Nützmann G (2012) Effects
of wind-driven circulation on river intrusion in Lake Tegel: modeling
study with projection on transport of pollutants. Environ Fluid Mech
12:321–339. https://doi.org/10.1007/s10652-012-9236-5

Schreiber N, Garcia E, Kroon A et al (2014) Pattern recognition on X-ray
fluorescence records from Copenhagen Lake sediments using prin-
cipal component analysis. Water Air Soil Pollut. https://doi.org/10.
1007/s11270-014-2221-5

Subida MD, Berihuete A, Drake P, Blasco J (2013) Multivariate methods
and artificial neural networks in the assessment of the response of
infaunal assemblages to sediment metal contamination and organic
enrichment. Sci Total Environ 450–451:289–300. https://doi.org/10.
1016/j.scitotenv.2013.02.009

Thevenon F, Graham ND, Chiaradia M et al (2011) Local to regional
scale industrial heavy metal pollution recorded in sediments of large
freshwater lakes in central Europe (lakes Geneva and Lucerne) over
the last centuries. Sci Total Environ 412–413:239–247. https://doi.
org/10.1016/j.scitotenv.2011.09.025

Wehrens R, Buydens LM et al (2007) Self-and super-organizing maps in
R: the Kohonen package. J Stat Softw 21:1–19

Yang Y, Wang C, Guo H et al (2012) An integrated SOM-based multivar-
iate approach for spatio-temporal patterns identification and source
apportionment of pollution in complex river network. Environ
Pollut 168:71–79. https://doi.org/10.1016/j.envpol.2012.03.041

25178 Environ Sci Pollut Res (2017) 24:25166–25178

http://doi.org/10.1016/j.csr.2015.10.002
http://doi.org/10.1016/j.csr.2015.10.002
http://doi.org/10.1016/j.nima.2005.01.240
http://doi.org/10.1016/j.nima.2005.01.240
http://doi.org/10.1016/j.envpol.2009.03.033
http://doi.org/10.1016/j.envpol.2009.03.033
http://doi.org/10.1016/j.jconhyd.2009.03.001
http://doi.org/10.1016/j.jconhyd.2009.03.001
http://doi.org/10.1007/s10933-014-9770-x
http://doi.org/10.1657/AAAR0015-009
http://doi.org/10.1016/j.gca.2010.12.024
http://doi.org/10.1016/j.gca.2010.12.024
http://doi.org/10.1021/ac60214a047
http://doi.org/10.1080/07438140709354024
http://doi.org/10.1016/j.watres.2009.01.007
http://doi.org/10.1007/s10652-012-9236-5
http://doi.org/10.1007/s11270-014-2221-5
http://doi.org/10.1007/s11270-014-2221-5
http://doi.org/10.1016/j.scitotenv.2013.02.009
http://doi.org/10.1016/j.scitotenv.2013.02.009
http://doi.org/10.1016/j.scitotenv.2011.09.025
http://doi.org/10.1016/j.scitotenv.2011.09.025
http://doi.org/10.1016/j.envpol.2012.03.041

	Sediment core data reconstruct the management history and usage of a heavily modified urban lake in Berlin, Germany
	Abstract
	Introduction
	Material and methods
	Study sites
	Sampling
	Analytical methods
	Data analysis

	Results
	Sediment characteristics of Lake Tegel
	PCA model
	Clustering with k-means
	Vertical distribution of redox zonations
	Classification with SOM

	Discussion
	Reconstruction of the management history of Lake Tegel
	Assessment of recent sediment composition at Lake Tegel

	Conclusions
	Appendix
	References


