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a b s t r a c t

The continental silicon (Si) cycle, including terrestrial and freshwater ecosystems (lakes, rivers, estu-
aries), acts as a filter and modulates the amount of Si transported to the oceans. In order to link the
variation in the terrestrial Si cycle to aquatic ecosystems, knowledge on changes in vegetation cover, soil
disturbance and the impact of human activity are required. This study on varved lake sediments from
Tiefer See near Klocksin (TSK) in northeastern Germany investigates Si isotope variations in diatom
frustules (d30Sidiatom) over the last ~4300 years. d30Sidiatom values vary between 0.37 and 1.63‰. The
isotopic signal measured in centric (mostly planktonic) and pennate (mostly benthic) diatoms shows the
same trend through most of the record. A decrease in d30Sidiatom coinciding with early deforestation
between 3900 and 750 a BP in the catchment area, points to an enhanced export of isotopically light
dissolved silica (DSi) from adjacent soils to the lake. The burial flux of biogenic silica (BSi) observed in the
lake sediments increases with cultivation due to enhanced nutrient supply (N, P and Si) from the
watershed and nutrient redistribution caused by wind-driven increased water circulation. When the
cultivation intensifies, we observe a shift to higher d30Sidiatom values that we interpret to reflect a
diminished Si soil pool and the preferential removal of the lighter 28Si by crop harvesting. Human activity
influences the DSi supply from the catchment and appears to be the primary driver controlling the Si
budget in TSK. Our data shows how land use triggers variations in continental Si cycling on centennial
timescales and provides important information on the underlying processes.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

On geological timescales the sequestration of carbon via
weathering of silicate rocks regulates atmospheric CO2 concentra-
tions (Walker et al., 1981) and represents the starting point in the
global Si cycle. A growing number of studies have also documented
the importance of quantifying annual to centennial changes in
continental Si fluxes by investigating environmental factors that
influence the Si cycle on a regional scale (Bar~ao et al., 2015; Struyf
et al., 2010; Vandevenne et al., 2015). Short term changes of Si
ntke).
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budgets in terrestrial ecosystems hold the potential to control Si
fluxes to the ocean and therefore the global Si cycle. Since the
annual fixation of dissolved Si (DSi) as biogenic Si (BSi) in the
vegetation and its release to the soil pool can be several orders of
magnitude greater than Si release from mineral weathering,
terrestrial ecosystems (including terrestrial vegetation, pedo-
sphere, aquatic freshwater systems) act as a ‘filter’ between Si
export from the lithosphere and the ultimate Si transport to the
oceans (Dürr et al., 2011; Struyf and Conley, 2011). Variation in DSi
concentrations influence phytoplankton community composition -
in particular diatom abundances - and therefore the rate of carbon
sequestration. Changes in vegetation due to climate variability,
ecosystem succession, or human activity can alter the uptake and
recycling of Si in terrestrial ecosystems (Cornelis et al., 2011). In
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particular, increasing land cultivation can potentially change the
capacity of the terrestrial Si filter (Clymans et al., 2011). However,
the dominant processes and their contribution to the global Si
budget on a range of timescales remain poorly constrained.

The functioning of the terrestrial Si filter is locally determined
by biodiversity, hydrology and lithology (Struyf and Conley, 2011).
On geologically short time scales (decades to centuries), Si recycling
in soils and the utilization of DSi by plants create a so-called
“terrestrial loop” in the vegetation-soil system: DSi is taken up
from soil solutions by higher plants and fixed as phytoliths (hy-
drated amorphous SiO2 particles). After litterfall or plant death, the
Si returns to the soil system, where it either dissolves, producing
DSi, or contributes to replenish the soil amorphous Si (ASi), a pool
which also includes phases of pedogenic origin (clay-sized Si
minerals). These clay-sized secondary phases can (re)dissolve and
supply DSi to the soil system. However, their contribution differs
depending on physico-chemical conditions determining the rate of
particle dissolution in soil waters (Cornelis and Delvaux, 2016).

Human interferences to the Si cycle, including deforestation, the
plowing of soils, or intensive fertilizer use can impact the terrestrial
Si loop. Changes in vegetation cover that influence the Si pool in
plants (phytoliths) and soils (ASi), or the fluxes between them, have
been shown to alter the Si budget at local to regional scales
(Clymans et al., 2011; Conley et al., 2008; Vandevenne et al., 2012).
Compared to undisturbed environments, it is assumed that culti-
vated landscapes export larger amounts of DSi during relatively
short time periods (decades) until a lower steady-state soil pool of
ASi is achieved (Clymans et al., 2011; Struyf et al., 2010). The
depletion of Si in the soil ASi pool has implications for downstream
ecosystems and the long-term sustainability of cultivated land-
scapes. Yet, the lack of river chemistry data over decadal-centennial
timescales makes the above assumptions difficult to test.

Clymans et al. (2011) used a chronosequence approach to
compare the storage of ASi in temperate soils along a human impact
gradient in southern Sweden. Based on measured soil ASi in-
ventories of about 67,000 kg SiO2 ha�1 in an undisturbed forest site,
and ~27,000 kg SiO2 ha�1 in cultivated landscapes, they estimated a
reduction in the global soil ASi pool by about 10% since 4950 a BP,
based on expanding area of land used for agriculture. Distributed
globally over this time, this would be equivalent to about 20% of the
annual DSi flux transported by rivers to the ocean. Vandevenne
et al. (2015) further revealed an increase in silicon isotope ratios
in soil-water DSi (d30SiDSi) along a land use gradient, as the Si taken
from soil pools by crop harvest preferentially removes the lighter Si
isotopes. These studies provided clear evidence that human activity
can substantially and rapidly impact the pools and fluxes that
comprise the terrestrial Si cycle. To provide a longer-timescale
perspective, Nantke et al. (2019) used a sediment record to inves-
tigate the Si budget of the Chesapeake Bay estuary (northeastern
United States) through the Holocene. They demonstrate the impact
of catchment land use changes on the Si budget of the estuary since
European settlement ~250 a BP. However, Chesapeake Bay’s large
watershed (166,000 km2) with heterogeneous soils and a relatively
short period of large-scale (post-European settlement) human
impact (ca. 320 years) led to a superposition of simultaneously
occurring processes (including deforestation, changing nutrient
inputs, damming and agriculture). This made a clear distinction of
individual influences on the regional Si cycle challenging. To
improve our mechanistic understanding of continental Si cycling,
we investigate here the varved sediment record of Tiefer See in
northeastern Germany covering the last 4300 years. Its relatively
small catchment area (5.5 km2) and well-dated sediment record of
local human activity (Dr€ager et al., 2017) provide suitable condi-
tions to investigate the importance of land use and vegetation
changes for the continental Si cycle through time. Additionally, a
2

wealth of environmental proxy records from Tiefer See allows us to
identify and distinguish various influences on the Si fluxes (Dr€ager
et al., 2019).

The main aim of this study is to reconstruct and quantify
changes in Si cycling in the Tiefer See catchment and their driving
factors. We focus on the use of Si isotopes in diatom frustules
(expressed as d30Sidiatom) preserved in the lake sediments, sup-
plemented with a comprehensive multi-proxy dataset including
major element contents, macrofossil analysis, diatom assemblage
composition and pollen counts from the same archive (Dr€ager et al.,
2017; Kienel et al., 2013; Theuerkauf et al., 2015). The d30Sidiatom is
controlled by two main parameters: 1) d30Si of the ambient water
(d30SiDSi) during diatom growth and 2) the relative amount of DSi
utilization, i.e. the ratio of lake internal biogenic silica (BSi) pro-
duction to catchment DSi supply. This second parameter represents
a mass-balance control on the expression of Si isotope fraction-
ation. Both factors are, in turn, influenced by environmental con-
ditions (Nantke et al., 2019). A third parameter, the magnitude of Si
isotope fractionation factor by diatoms, is considered as a constant
value, independent of species composition (Alleman et al., 2005).
This allows us to investigate how both the Si import and Si uptake
have evolved in the Tiefer See ecosystem, including the lake and its
catchment.

We generate Si isotope records from hand-picked planktonic
(centric taxa, d30Sicentr) and benthic (pennate taxa, d30Sipenn)
diatom species that allow us to differentiate changes in Si fluxes in
different water layers with their specific conditions. Comprehen-
sive monitoring of Tiefer See waters and modern sedimentation
since 2012 provides a characterization of the lake system as basis
for our paleo-interpretations (Roeser et al., 2021).

2. Study site

Tiefer See (TSK ¼ Tiefer See Klocksin, 53�35.50N, 12�31.80E) is
located in northeastern Germany as a part of the Klocksin lake
chain, which formed as a sub-glacial channel system during the last
glacial maximum with water flow from north to south (Fig. 1). The
connections to its adjacent lakes, Flacher See (FS, the northern
inlet) and Hof See (HS, the southern outlet), depend primarily on
the lake level and seasonality. Today the outlet to HS is interrupted
and the inlet from FS is intermittent, consisting of only isolated
water pools in the transition area between the lakes. The lake has a
surface area of 0.75 km2 and a maximum water depth of 62 m
(Czymzik et al., 2015; Kienel et al., 2013). The relatively small
5.5 km2 catchment area is covered by glacial till and consist of a
heterogenous mix of clay minerals, limestone and sand. Mean
monthly temperatures vary between 0 �C in January and 18 �C in
July. A precipitation maximum occurs during summer (mean
annual precipitation ¼ 560 mm)(Dr€ager et al., 2017).

Modern land use in the watershed is dominated by crop culti-
vation (46.7%), grassland (14.9%) and forest (21.5%) (Theuerkauf
et al., 2015). However, Theuerkauf et al. (2015) also showed that
landscape management has caused frequent changes in plant
abundance and vegetation openness even within the last decade.
The lake is mono- or dimictic, depending also on the formation of
ice cover duringwinter (Dr€ager et al., 2019). Overturning events can
differ in strength and duration, directly controlling lake internal
sediment resuspension, as well as nutrient and oxygen distribution
within the water column. A diatom dominated phytoplankton
production peak occurs in late spring/early summer (Kienel et al.,
2013). However, sediment trap material and a second DSi minima
in the epilimnion, e.g. between 0.15 and 0.81 mg SiO2 L�1 in Oct/
Nov 2015, suggest that in modern times diatom blooms also occur
in autumn, dominated by pennate diatoms (Roeser et al., 2021).

The TSK sediments record the development of the lake and



Fig. 1. Bathymetric map of Tiefer See and its location in the Klocksin Lake Chain with sampling and coring locations. Historic Slavic settlements are marked as stars. Modified after
(Dr€ager et al., 2017).
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catchment during the Holocene (Dr€ager et al, 2017, 2019). Alter-
nating varved and non-varved (homogenous) sediment sections
reflect anoxic and oxic bottom water conditions, respectively, that
have been interpreted in terms of changing climate, vegetation and
land use in the catchment (Dr€ager et al., 2017; Kienel et al., 2013).
The detrital mineral assemblage in the TSK sediments comprises
mainly quartz (up to 25 w%) and minor amounts of rutile (~1e1.5 w
%). Aside these minerals, some authigenic carbonates and pyrite
were identified in the sediments. The varve composition varies
through the sediment core. Modern varves from the last decade
consist of three sub-layers: a planktonic diatom sub-layer, followed
by a summer calcite sub-layer, followed by a sub-layer of resus-
pended sediments (Roeser et al., 2021). In addition, varves from the
last century can hold up to five sub-layers: a planktonic diatom
layer, a mixed layer, a calcite layer, an organic layer, and a mixed
autumn layer (Dr€ager et al., 2017). Human colonization in north-
eastern Germany is evidenced since at least the early Mesolithic
(~12,000 a BP), with increasing population density, deforestation
and intensifying landscape cultivation occurring in the second half
of the Holocene (Kappler et al., 2018). As indicated by pollen as-
semblages, large-scale human activity in the catchment of TSK
started around 4000 a BP and shows different periods of defores-
tation and the cultivation of crops (Theuerkauf et al., 2015). Low
lake levels throughout the whole research period led to a discon-
nection from its adjacent lakes. Thus, d30SiDSi is assumed to be
determined by Si inputs from the catchment, groundwater and re-
dissolving BSi before and after deposition. With the construction of
a railroad track in the 1880s the natural connection between TSK
and FS became an artificial channel.
3

3. Methods

3.1. Water samples

Physical and chemical parameters (e.g. temperature, pH, oxygen
content) in the water column were measured at TSK using a multi-
parameter water quality probe (YSI 6600 V2) at 1 m intervals
throughout the entire water column, with an average daily reso-
lution in an ongoing monitoring program since May 2012.

Water samples from TSK were collected at monthly resolution
between January and December 2019. Six water samples were
taken along a depth profile (0, 7, 17, 25, 35 and 45 mwater depth) at
the central sampling station (Fig. 1). Additional surface water
samples were taken in the lake near the main inlet and outlet, as
well as from the main inlet itself, i.e. the artificial connection be-
tween TSK and FS (February to December 2019) (Fig. 1). All water
samples were filtered through 0.45 mm Nucleopore filters, acidified
with HCl to approximately pH 2 immediately after collection and
stored in a refrigerator at ~4 �C. DSi concentrations in all water
samples were analyzed with a SmartChem 200 discrete chemical
analyzer using the molybdate-blue methodology (Conley and
Schelske, 2001; Strickland and Parsons, 1972).
3.2. Sediment samples

3.2.1. Sediment core and age model
Seven parallel sediment cores consisting of 2 m long segments

were retrieved from the deepest part of TSK in 2011 and 2013
(TSK11 & TSK13). A continuous composite profile was constructed
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through core-to-core correlation of macroscopic lithological layers
(Dr€ager et al., 2017). The published age model is based on varve
counting, tephra layers and AMS 14C dates (Dr€ager et al., 2017;Wulf
et al., 2016). For this study, 120 sediment samples covering the last
~4300 years were extracted from the composite profile with a
resolution of 2 cm until 159 a BP, 5 cm from 897 to 159 a BP, 10 cm
from 2164 to 897 a BP and 5 cm from 4235 to 2164 a BP. This
sampling strategy was chosen to increase the data resolution dur-
ing periods of major vegetation changes, as indicated by pollen data
(Dr€ager et al., 2017). Sediment bulk densities were calculated for
each sample by dividing the dry weight by the wet sample volume.
In addition to the available XRF data (Dr€ager et al., 2017) bulk
phosphorus (P) and titanium (Ti) concentrations were obtained in
4 cm resolution, measured by inductively coupled plasma optical
emission spectrometry (ICP-OES; iCAP 7400 Duo, Thermo Fisher
Scientific) after acid digestion of the freeze-dried and homogenized
sediment material in closed PTFE vessels at 180 �C for 12 h using a
HNO3eHFeHClO4 mixture (Dellwig et al., 2019).

3.2.2. Diatom taxonomy
For diatom analyses the composite profile was subsampled

every 1e10 cm in 1 cm thick slices. Diatom sample preparation
followed Kalbe andWerner (1974) and Battarbee and Kneen (1982).
0.1 g dry sediment samples were treated with 10 ml of 30% HCL,
washed twice with distilled water, followed by centrifugation
(12 min, 4000 rpm) and treated with 10 ml H2SO4, 1 ml saturated
KMnO4 and a few drops of oxalic acid. The samples were rinsed
again prior to adding measured quantities of divinyl benzene mi-
crospheres (V. Jones, University College London) and embedding
diatoms into Naphrax®. Concurrent to counting a minimum of 500
valves, the microspheres were enumerated. Diatom frustule con-
centrations as number of valves/g DW was calculated using the
number of enumerated microspheres according to Battarbee and
Kneen (1982). The identification of diatoms was based on (Houk
et al, 2010, 2014; Krammer, 1997a, 1997b, 2000, 2002, 2003;
Krammer and Lange-Bertalot, 1988; Lange-Bertalot and Moser,
1994; Levkov, 2009).

3.2.3. Biogenic Si (BSi)
The BSi content in TSK sediment samples (n ¼ 141) was deter-

mined using a sequential alkaline extraction method (Conley and
Schelske, 2001; DeMaster, 1981) and carried out as described in
Nantke et al. (2019). Sediment samples are treated with NaCO3 to
dissolve the BSi, aliquots withdrawn after 3, 4, and 5 h of reaction,
neutralized with HCl and subsequently measured on a SmartChem
200 discrete chemical analyzer as described above. The BSi content
was calculated by determining the intercept of a least-squares
regression between total extracted Si and extraction time (Conley,
1998; Sauer et al., 2006). Duplicate measurements carried out for
17% of all samples (n ¼ 20) revealed a measurement precision of
<6%. Procedural blanks (n ¼ 8) were all below the detection limit.

3.2.4. Si isotope analysis
Sediment sample preparation before isotopic measurements

was performed following Morley et al. (2004). In brief, 30% H2O2
was used to remove the organic fraction, while heated to 50 �C.
Then 5% HCl was added for 2 days to remove carbonates. Heavy
liquid separation with sodium polytungstate (SPT) at a density of
2.25 g cm�3 was used to separate the mineral fraction from the
lighter diatom-bearing fraction, which was subsequently sieved to
retrieve the following size fractions: 5e25 mm, 25e53 mm and
>53 mm. SPT at a density of 2 g cm�3 was used to separate and
quantify the clay fraction in the samples 5e25 mm. From the largest
fraction (>53 mm) between 400 and 500 diatom frustules and
4

200e400 sponge spicules were hand-picked under a stereo mi-
croscope at 50x magnification. Among the diatom frustules centric
(mostly planktonic) and pennate (mostly benthic) diatoms were
separated. In samples with low total diatom content in the >53 mm
fraction (especially in the upper part of the core) ‘mixed’ samples
were picked (a combination of centric and pennate species) to
obtain enough material for the isotope ratio measurements.

The diatom frustules were dissolved in 0.3 ml 0.4 M NaOH at
35 �C for at least 5 days. Cation exchange chromatography
following the protocol of Georg et al. (2006) was applied to remove
the Na and any other cationic contaminants. All post-column so-
lutions were analyzed by ICP-OES to check for remaining contam-
ination. Samples were diluted to 0.6 (n ¼ 38), 0.5 (n ¼ 20) and 0.4
(n ¼ 8) mg g�1 Si in a 0.1 M HCl matrix, doped with a matching Mg
concentration and introduced to a Neptune MC-ICP-MS (multi
collector inductively coupled plasma mass spectrometer) via an
Apex-Q desolvation unit in the HELGES laboratory at the GFZ-
Potsdam. Mg isotopes (24Mg, 25Mg, 26Mg) were monitored in dy-
namic mode to correct for instrumental mass-bias following
Cardinal et al. (2003). The Si isotope ratios are expressed in con-
ventional ‘delta’ notation as a permille (‰) deviation from the same
ratio in bracketing analyses of the NBS28 quartz standard. Full
analytical protocols are given in Oelze et al. (2016a). Three indi-
vidual brackets (standard-sample-standard) were averaged for
d30Si and d29Si. The expected mass-dependent-fractionation
gradient of 0.51 in a three-isotope-plot of all 66 samples indicates
the absence of polyatomic interferences during mass spectrometry
(d30Si vs. d29Si, Fig. S1) (Reynolds et al., 2007).

Secondary reference materials were measured throughout the
analytical sessions and yielded results in good agreement with
expected values: Diatomite (n ¼ 11), with a mean of 1.23 ± 0.08‰
and BHVO-2 (n ¼ 3, mean: 0.26, ±0.07‰) (Reynolds et al., 2007).
Typical internal precision of all samples was ca. 0.05‰ and a long-
term reproducibility of 0.14‰ (2SD) based on multiple de-
terminations of BHVO-2 over multiple years (Oelze et al., 2016) was
used as a conservative estimate of analytical reproducibility.

4. Results

4.1. Water samples

4.1.1. DSi in TSK 2019
The DSi concentrations in the lake water vary between 0.02 and

6.2 mg SiO2 L�1, depending on season and water depth (Fig. 2A).
During January and February DSi is uniformly distributed
throughout the water column with values between
3.0e3.5 mg SiO2 L�1. In March the surface water DSi concentrations
(0e25 m) begin to decline until DSi becomes almost totally
depleted in the uppermost 3 m by the end of May. In June DSi
concentrations in the bottom waters (35e50 m water depth) start
to increase, until maximum values of around 6 mg SiO2 L�1 are
reached at the end of October (Fig. 2A). In December the stratifi-
cation breaks down again, distributing the DSi homogenously and
producing concentrations of ~3 mg SiO2 L�1 throughout the water
column (Roeser et al., 2021).

4.2. Sediment samples

4.2.1. Diatom taxonomy
The diatom taxonomy shows the dominance of planktonic,

bloom forming diatom species from the genera Cyclotella, Stepha-
nodiscus and Aulacoseira in Tiefer See. The c/p (centric/pennate)
ratio however has a minimum around 250 a BP indicating more
benthic (pennate) diatom species in the lake (Fig. 4). The dominant



Fig. 2. A Chlorophyll-a concentration (mg L�1) in the TSK water column measured with a multiparameter profiler in 2 m intervals between 1 and 53 m water depths measured
within the monitoring of Tiefer See since May 2012 (Roeser et al., 2021). Displayed are the results for March 2017 until September 2019. B Contour-plot of the DSi (SiO2L L�1)
concentrations in the water column of TSK during 2019. The underlying DSi profiles were measured using molybdate-blue methodology at six different water depths (Eggimann
et al., 1980). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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benthic species belong to the genus Staurosira. A complete tax-
onomical study on the diatoms from Tiefer See will be published
elsewhere.
4.2.2. Biogenic Si (BSi)
The contents of BSi in TSK sediments vary between 1 and 38%

SiO2 within the investigated upper 600 cm TSK sediments covering
the last ~4300 years (Fig. 3). In the lower part of the record
Fig. 3. Sediment accumulation rate (SAR), measured biogenic silica (BSi) in %, calculate
samples ¼ black dots) in TSK sediments in the uppermost 600 cm of the sediment composite
referred to the Web version of this article.)

5

(600e570 cm depth, 4230e4000 a BP) BSi contents are moderate
(between 5 and 10%) and then decrease to values between 1 and 2%,
with a minimum of 0.97%, around 550 cm depth (3680 a BP). An
increasing amount of BSi between 510 and 360 cm sediment depths
(3170e1870 a BP) varies between 2.5 and 9.8%. Between 360 and
110 cm (1870e370 a BP), the BSi content is generally high (above
10%) with the exception of a few isolated samples, and reaches a
maximum of 38% at 240 cm, 1070 a BP. Between 110 and 80 cm
d BSi flux and d30Sidiatom (pennate ¼ blue dots, centric ¼ orange dots and mixed
profile. (For interpretation of the references to colour in this figure legend, the reader is
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sediment depth (370e200 a BP) BSi contents are lower (3.5e6.6%)
but increase again to values between 8.6 and 37.5% throughout the
topmost 75 cm (last ~270 years). BSi fluxes are calculated using
sediment accumulation rates (SAR ¼ sedimentation rate*bulk
density) (Fig. 3). The resulting BSi fluxes range from 0.003 to 0.421 g
SiO2 m2 a�1. Since the SAR is relatively stable through nearly the
entire period, BSi contents and BSi fluxes resemble each other.
However, increasing sedimentation rates in the top 35 cm of the
core (last ~90 years), driven by calcite precipitation within the lake,
lead to a ca. 5x increase in SAR and consequently in BSi flux within
only 40 years (47e7 a BP, 1903e1943 CE). Because the BSi flux data
is dominated by this large increase, masking the changes in the
older part of the record, we focus on BSi contents in the discussion.

4.2.3. d30Si isotopes in diatom frustules
The Si isotope composition of the hand-picked diatoms varies

between 0.37 and 1.63‰, with a mean of 0.95‰ (Fig. 3). Both
centric and pennate diatom data-series, (d30Sicentr and d30Sipenn,
respectively) show similar trends during the last 4230 years. Values
vary between 0.76 and 1.24‰ at the beginning of the record from
600 to 580 cm sediment depth (4230e4040 a BP). A lack of suffi-
cient diatom frustules in the >53 mm fraction between 580 and
480 cm depth (4040e3000 a BP, see BSi section above) precluded
determination of diatom d30Si here, but from 480 to 190 cm sedi-
ment depth (750e300 a BP) the data show a gradual decline to a
minimum d30Sicentr value of 0.42‰. From 190 to 75 cm (300e200 a
BP) the isotope values increase again to a d30Sicentr maximum of
1.33‰. Simultaneously a decline with a minimum of 0.37‰ for
d30Sipenn (39 cm, 36 a BP) is followed by a steep increase at 37 cm
sediment depth (26 a BP) to 1.19‰ in d30Sipenn. The topmost 35 cm
(last 90 years) of the TSK sediment core show Si isotope composi-
tions of 1.02e1.26‰; note that these data comprise centric and
pennate diatoms (see methods).

4.2.4. Phosphorus (P) and titanium (Ti) in the sediment core
Phosphorus (P) contents vary between 0.06 and 3.42 wt%, and

titanium (Ti) fluctuates between 0.005 and 0.36 wt% within the
investigated period. Their pathways through time are anti-
correlated: if Ti is high, P is low and vice versa. We calculated
fluxes for both elements to correct for changes in sediment accu-
mulation rates as described for BSi (element content (%) * SAR). As
with BSi, the calculated fluxes describe the same trends as the
element content (Fig. 4).

5. Discussion

Previously published paleolimnological data frommultiple sites
demonstrate considerable human activity since around 4000 a BP
in northeastern Germany (Kappler et al., 2018; Selig et al., 2007;
Wieckowska et al., 2012). At TSK deforestation and the establish-
ment of agriculture have been shown to impact both the terrestrial
ecosystem and the lake development (Dr€ager et al., 2017). Previous
work on TSK sediments has demonstrated (via XRF Si/Ti ratios), a
>10 fold variability in BSi concentration for the last 4300 years
(Dr€ager et al., 2017), corroborated here with our alkali leaches. The
diatom composition of the last 2000 years show variations in
centric/pennate “c/p” ratio together with BSi concentrations, indi-
cating changes in habitat and nutrient conditions (Fig. 4) (Cooper,
1995). In combination, these studies suggest that the Si cycle in
TSK and its catchment has changed in response to human activity.
Limnological monitoring at the lake since 2012 including pH, O2
and Chlorophyll-a measurements, can help to improve our under-
standing of the modern lake system (Dr€ager et al., 2017; Roeser
et al., 2021; Theuerkauf et al., 2015) and Si cycling in particular.
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5.1. Modern phytoplankton abundance and DSi availability

To guide our paleo-interpretations, we use Chlorophyll-a (Chl-a)
and DSi concentrations measured in the water column of TSK
(Fig. 2A and B) to constrainmodern Si cycling in the lake ecosystem.
The concentrations of Chl-a showa large spring bloom and a second
but less pronounced peak in productivity in autumn. Decreasing
DSi concentrations in the uppermost water layers during April
reflect the dominance of diatoms during this period, which de-
pletes DSi until late summer/autumn (Fig. 2B).

Annual differences in the timing and length of the spring diatom
bloom, and the phytoplankton population size are linked to
changes in water column mixing (length and timing), winter tem-
peratures (ice cover), nutrient input and recycling rates. During
winter, homogeneous temperatures of 4e5 �C, imply a well-mixed
water body explaining uniform DSi concentrations in the water
column. The onset of lake stratification in late March/April com-
bined with diatom production and DSi uptake in the surface photic
layer during the spring bloom leads to essentially complete DSi
depletion down to 0.2 mg SiO2 L�1 in the surface water in 2019
(Fig. 2B) (Dr€ager et al., 2017; Kienel et al., 2013).

By contrast, the bottom waters remain more enriched in Si
throughout the year. Bottom-water DSi maxima in summer and
autumn of 5e6 mg L�1 most likely reflect a combination of sinking
diatom dissolution, pore water DSi diffusion back into the water
column following diatom dissolution in the sediment, and DSi in-
puts via groundwater. Diffusion of DSi across the sediment-water
interface is a potentially important mechanism of recycling for
dissolved elements, including DSi, as demonstrated for marine
ecosystems (Frings, 2017; Geilert et al., 2020). As the stratification
breaks down in autumn/early winter, andwith onlyminor amounts
of winter biosiliceous production, DSi becomes again distributed
throughout the water column until the beginning of the following
spring bloom (Fig. 2B).

In TSK we estimate a Si residence time tres (defined as tres ¼
MSi=Fin

, whereMSi is the inventory of Si in the lake water and Fin is

the total annual input of DSi) of about 3 years. Briefly, we calculate
the inventory based on the average DSi concentration measured
through thewater column in 2019 (3.1mg L�1 SiO2) and the volume
of the lake (~13.5 km3), to yield an inventory of 41.9 t SiO2. Since the
modern lake has no continuous in- and outlet, fluxes of DSi from
the watershed are hard to monitor or estimate and we therefore
take an average DSi yield from a variety of North American catch-
ments of 2.68 t SiO2 km�2 a�1 (Jansen et al., 2010) as a first-order
approximation. Combined with the watershed area of TSK
(5.5 km2), this yields annual inputs of 14.7 t SiO2 a�1. In the end, a
residence time of 2.8 years (i.e. 41.9 t/14.7 t a�1) can be estimated.
While only an order-of-magnitude approximation, this implies that
after about 3 years the Si inventory of the lake is replaced, and
changes in Si isotope ratios over longer timescales are more likely
driven by inputs than e.g. internal redistribution. Recycling of di-
atoms in the water column, or other processes internal to the lake,
only play a role for short term (<3 years) changes. This residence
time serves as an approximation andmay be an overestimate, since
it is not known to what degree possible sources like groundwater,
are integrated in the estimate of Jansen et al. (2010). For our study
we consider 3 years as the maximum Si residence time in TSK.
5.2. Mid to late holocene evolution of BSi burial in TSK sediments

Biogenic silica accumulation rates and diatom community
compositions are well-established tools to reconstruct aspects of
past lake productivity and provide the basis for d30Si data in-
terpretations. In TSK, Dr€ager et al. (2017) identified two important



Fig. 4. c/p (centric/pennate) ratio, BSi (%), d30Si (centric diatoms (orange dots), pennate diatoms (blue dots), mixed diatoms (black dots), titanium in % and calculated flux in g cm�2

a�1 (red dots), phosphorous in % and calculated flux in g cm�2 a�1 (green dots), total organic carbon (%, TOC) and varve quality index (VQI) plotted for the last 4300 years (Dr€ager
et al., 2017). Units I-IV are highlighted by alternating grey and white shaded areas. Higher VQI values reflect improved varve preservation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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influences on the strength and intensity of water column over-
turning and varve preservation within the last 6000 years: 1)
climate (especially wind stress), and 2) vegetation openness, due to
human activity. Phases with more frequent and/or intense water
column overturning cause oxygenation of the bottom water that
impedes varve formation. These phases alternate with periods
characterized by longer and/or stronger stratification, conditions
that promote the preservation of varves, due to anoxic bottom
waters. These changes are encapsulated in the ‘varve quality index’
(VQI), describing the preservation of varves in the sediment core
(Fig. 4, from Dr€ager et al., 2017). The frequency of lake overturning
is also a key influence on physical and chemical conditions in a lake,
including the availability and distribution of nutrients, oxygen, pH,
light conditions and temperature. These parameters directly or
indirectly influence diatom growth, species composition and BSi
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dissolution (Loucaides et al., 2008; Williams and Crerar, 1985).
Correspondingly, the changing BSi contents and composition in TSK
sediments over the last 4300 years can be linked to environmental
conditions and corroborate previous paleolimnological
interpretations.

In the beginning of the record (4300e4000 a BP) both diatoms
and siliceous sponges are present in the sediments at sizes up to
80 mm, identified with light microscopy and SEM. Most likely
spicules are redistributed from shallower, oxygenated parts of the
lake, likewise resuspended sediment becomes integrated in the
varved sections (Roeser et al., 2021). The available data suggests a
forested catchment (e.g. high tree pollen counts, Fig. 5) and low
detrital input (indicated by low Ti fluxes, Fig. 4).

Awindier period between 4000 and 3100 a BPwith an increased
vegetation openness (Dr€ager et al., 2017), favored turbulent water



Fig. 5. Pollen counts from the Tiefer See composite profile since 4500 a BP: the sum of tree taxa pollen forest cover, the sum of grass taxa pollen indicating land openness in-
dependent from agriculture and land use pollen (comprising Rumex, Secale and Cerealia) showing land cultivation in the catchment. Vegetation openness was calculated from pollen
percentage data using the REVEALS model. Grey shaded areas indicate settlement phases in the TSK catchment after Dr€ager et al. (2017).
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column conditions and the transport of suspended detrital material
(indicated by bulk Ti concentrations and Ti fluxes). An increased
frequency and/or intensity of lake overturning enhanced the
redistribution of oxygen and nutrients in the lake, favored the
growth of benthic sponges and the accumulation of their spicules.
In contrast, diatom frustules in the sediment are rare and mostly
<20 mm, implying adverse growth conditions that lead to an in-
crease in vegetative proliferation of cells, most likely caused by
decreasing light availability and perhaps even by increased
competition for DSi with sponges. Additionally, oxygenated bottom
waters favor aerobic decomposition at the sediment water interface
and thus decrease BSi preservation (Bidle et al., 2003). Relatively
small diatoms likely favored BSi re-dissolution in the water column
and in the sediments after deposition. At the same time, increases
in Rumex and decreases in tree pollen suggest a more open land-
scape caused by intensified human land use in the lake catchment
since ~3900 a BP leading to a reconstructed vegetation openness
exceeding 50% (Dr€ager et al., 2017) (Fig. 5).

The reappearance of well-preserved varves around 3000 a BP,
which largely persist until about 750 a BP, reflects a shift back to a
predominantly stratified lake with anoxic bottom waters, a loss of
benthic habitats and a diatom-dominated ecosystem. Increasing
BSi contents around 1500 a BP likely reflects additional DSi inputs
from catchment soils into the lake that further favor the dominance
of diatoms within the phytoplankton community in TSK (Fig. 4). At
around 750 a BP, the varve quality abruptly drops to zero, implying
largely oxic bottom waters and more frequent overturning.
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Elevated Ti fluxes at the same time imply slightly increased detrital
inputs during the Little Ice Age in Europe (550e250 a BP) (Fig. 4)
(Mann et al., 2009). Pollen counts imply an increasingly deforested
catchment, and BSi contents and accumulation rates decrease
(Fig. 5). Together, the implication is that windier conditions induce
water mixing and sediment resuspension, and thus increase water
column turbidity that in turn limits diatom production. The last 150
years are more challenging to characterize. The return of varved
sediments, abrupt variations in BSi contents and very small mostly
planktonic diatom frustules i.e. dominated by Aulacoseira sub-
arctica, Stephanodiscus medius (Kienel et al., 2013) and Stephano-
discus parvus, suggest an eutrophic environment with elevated
fluxes of nutrients, as observed in other northern European lakes
(Bradshaw et al., 2005).

5.3. d30Sidiatom as a proxy for changing Si inputs

Previous studies have highlighted how changes in Si isotope
composition can provide additional insight into climate or human
impacts on the alteration of the Si cycle in freshwater ecosystems
(e.g. Nantke et al., 2019a; Swann et al., 2010). Working on an East
African crater lake, Street-Perrott et al. (2008) were the first to
attempt to link diatom d30Si to catchment Si cycling. Subsequently,
large-scale changes in land use, especially extensive deforestation
for agricultural use, have been shown to increase d30Si of soil waters
and adjacent aquatic ecosystems through the preferential export of
28Si from soil pools, via erosion and crop harvest (Nantke et al.,
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2019; Vandevenne et al., 2015). Elsewhere, diatom d30Si data from
the Siberian lakes El’gygytgyn and Baikal indicate the importance of
large-scale temperature changes and nutrient recycling for con-
trolling d30Sidiatom values in oligotrophic lakes in the absence of
human activity (Swann et al, 2010, 2020). In Lake Edward and Lake
Victoria (East Africa), Cockerton et al. (2015) inferred a climatic
control on the d30Si of DSi delivered to the lakes over the last
deglacial cycle. Increasing temperatures and humidity favor
chemical weathering and increased DSi fluxes from river catch-
ments. Consequently, enhanced DSi concentrations in the lakes
cause a shift towards lower d30Sidiatom. For TSK, different lines of
evidence suggest the importance of the d30Si of DSi supplied to the
lake in determining the d30Sidiatom record.

Our data show that high BSi burial fluxes are associated with
high nutrient conditions and anoxic bottomwaters, as indicated by
both elevated P contents and enhanced varve preservation
1600e750 a BP and since 150 a BP, Fig. 4. However, a lack of cor-
relation between d30Sidiatom and BSi contents (r2 ¼ 0.13, p ¼ 0.31)
(Fig. 6) in TSK sediments, indicates the dominance of the d30SiDSi in
setting d30Sidiatom. If utilization was the important control, we
would expect a correlation between productivity (proxied by BSi
MAR) and diatom d30Si. The short-inferred residence time for DSi in
the lake (see above), relative to the timescale of our d30Si record,
also implies that transient effects or recycling of BSi are unlikely to
affect d30Si over decadal or longer timescales.

Further, the similar trends between d30Sicentr and d30Sipenn for
most of our record, independent from changing lake conditions
through time (indicated by VQI, OM and BSi; see above) also sug-
gest the d30Si of the DSi inputs to be the predominant influence on
d30Sidiatom. Since the centric diatoms that we hand-picked are
bloom-forming species living in the surface water column and the
pennate taxa are more frequently benthic and non-bloom forming,
the similarity between both isotope signals could tell us about the
source of DSi. The long-term agreement between both isotope
signals, despite changing circulation pattern and preservation of
organic matter (Fig. 4), suggests that the d30SiDSi is more influenced
by inputs than by internal cycling in the lake. If this were not the
Fig. 6. BSi content (%) plotted against d30Sidiatom for the last ~4300 years in Tiefer See.
Centric diatoms (orange dots), pennate diatoms (blue dots) and mixed diatom samples
(black dots). The regression lines are shown for centric diatom values (orange line) and
pennate diatom values (blue line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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case, we would expect to see larger deviations between the trends
of both records (d30Sicentr and d30Sipenn) over time: making the
assumption that the pennate and centric diatoms grow in different
periods of the year and live in different parts of the water column,
changes in internal nutrient recycling would impact the Si isotopes
of both groups in unequal ways. Slight divergences between the
two signals (Fig. 3) could be caused by smaller shifts in the growing
season, species composition (i.e. species-specific fractionation) or
onset of stratification.

In the modern lake DSi is depleted during the spring diatom
bloom, which makes d30Sidiatom in the sediment dependent upon
the d30Si of DSi supplied to the photic zone. As described in the
introduction, and in Nantke et al. (2019), d30Sidiatom values are
determined by two key parameters: the d30Si of DSi during the
growth period (d30SiDSi, Si source) and the relative DSi utilization
controlled by diatom production (as recorded by the BSi burial flux,
e.g. the Si sink). The formation of diatom frustules is associated
with a Si isotope fractionation around �1‰, which means that the
residual DSi becomes enriched in 30Si (higher d30Si) (De la Rocha
et al., 1997). However, when all available DSi is converted to
diatom BSi, then d30Sidiatommust equal the source d30SiDSi, since the
isotope difference between initial d30SiDSi and d30Sidiatom is zero at
complete conversion of DSi to BSi. The available data from sediment
trap studies (Closset et al., 2015; Panizzo et al., 2015) suggests that
the fraction of diatom BSi that survives dissolution preserves the
initial signal, with no associated fractionation. Assuming a near-
complete DSi utilization (Fig. 2B) throughout the late Holocene
(at least the last 4000 years), the d30Sidiatom in TSK provides a
faithful record of the d30SiDSi supplied to the diatoms through the
growing season. However, this assumption is not necessarily valid
for the whole record, for example between 3900 and 3000 a BP
(Fig. 4) low BSi fluxes might have led to higher DSi concentrations
in the water column of TSK, if the spring and autumn blooms were
not sufficiently large to deplete the water of DSi.

The silicon isotope record from TSK sediments can be divided
into four main units reflecting the (I) initial situation before major
human activity (4300e3900 a BP), (II) a period of early deforesta-
tion (3900e750 a BP), (III) intensified cultivation period (750e150 a
BP) and (IV) the modern eutrophic period (last 150 years)(Fig. 4).

5.3.1. Unit I: ‘Initial setting before major human activity’
4300e3900 a BP

Unit I represents the initial situation before the onset of major
human activity in the TSK catchment. Pollen data point to a largely
forested landscape with an ‘openness’ of ~30% (Fig. 5). The lake
level was 2e3 m lower than today, suggesting the isolation of TSK
from its neighboring lakes Flacher See to the North and Hofsee to
the South (Fig. 1). With only a few d30Sidiatom data points, it is hard
to conclusively characterize the Si cycle, but relatively high isotope
ratios (average of 1.06‰) provide a baseline with which to compare
the later, human impacted system. Using the conceptual model
from Struyf et al. (2010) the catchment Si cycle was likely domi-
nated by intensive Si cycling at the vegetation-soil interface and
characterized by a large inventory of amorphous Si in the soil. In a
pre-human ecosystem at steady-state, with a constant Si inventory,
the isotopic composition of Si exported from soils must equal the Si
entering the system. With weathering of silicate minerals as the
only significant Si input into the soil-plant system, the measured
d30Sidiatom value of ~1‰must reflect the d30Si of DSi released during
the net weathering process. A large Si soil pool buffers small-scale
changes in the terrestrial loop (see introduction) (Cornelis and
Delvaux, 2016; Vandevenne et al., 2012).

Individual benthic diatom frustules aremaximum80 mm in their
longest dimension, however the population is dominated by
smaller planktonic species. Sponge spicules found in this period
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were probably laterally transported from more shallow lake areas
(see above). This relatively undisturbed period of the lake system
before intensified anthropogenic land use serves as the initial sit-
uation to discuss changes in Si cycling linked to human activity.

5.3.2. Unit II: ‘Early deforestation period’ 3900e750 a BP
Unit II is generally characterized by deforestation in favor of

cultivation and a declining trend in d30Sidiatom of around 0.7‰ over
~3000 years. Based on shifts inwater overturning and detrital input
(Fig. 4), we divide this unit into sub-units IIa (3900e3000 a BP), IIb
(3000e1600 a BP) and IIc (1600e750 a BP).

In sub-unit IIa the BSi contents decrease abruptly to ~1%,
implying low diatom production and/or low frustule preservation
in the sediment. The few preserved diatoms are small (<25 mm).
Enhanced water overturning, indicated by the absence of varves
(Kienel et al., 2013) favor oxygenated bottom waters and the
presence of siliceous sponges in sub-unit IIa (Fig. 4). A decreasing
trend in d30Sidiatom between 3000 until 750 a BP (sub-units IIb and
IIc) is recorded in both d30Sicentr and d30Sipenn and coincides with
intensified land use and deforestation, supported by the increase in
pollen counts associated with land use (Figs. 4 and 5) (Dr€ager et al.,
2017). During the early deforestation period (~3900e1500 a BP), as
evidenced by decreasing tree taxa pollen (Fig. 5), we interpret an
enhancement of DSi export rates from the catchment as the
dominant process influencing the Si cycle in TSK. The uptake of
preferentially light 28Si of crops and grasses and the removal via
harvesting seems to be negligible here, since the size of the soil pool
in this period is still rich in light Si isotopes and the cultivation
might not be intense enough to deplete it (Cornelis et al., 2014).

Part of the explanation for the long-term decrease in d30Sidiatom,
lies in the transient depletion of the lowd30Si soil ASi pool. As
suggested by Struyf et al. (2010) it is likely that DSi export rates
from the soil ASi pool were enhanced, releasing 28Si-enriched DSi
to the soil water, and ultimately the lake. Expected low d30SiDSi in
the soils of the catchment thus led to a decreased d30SiDSi in the
water column of TSK and consequently d30Sidiatom. Based on the
findings by Clymans et al. (2011), Vandevenne et al. (2015) and
Nantke et al. (2019a) we would expect to see a transient
enhancement in Si export following deforestation as the soil ASi
pool depletes to persist on decadal timescales, followed by a sta-
bilization, when it reaches a new, lower, steady-state. The long-
term trend, with continuously decreasing d30Sidiatom through Unit
II (>2000 years), therefore suggests other processes involved.
Secondary clay minerals are also associated with low d30Si (Frings
et al., 2016) and may dissolve and contribute to the DSi soil pool
available for plant uptake (Cornelis and Delvaux, 2016). Having a
longer reactivity time than ASi (phytholiths), their importance as
the main Si source might increase as the ASi soil pool gets depleted.
In a controlled soil-plant-solution experiment Li et al. (2020) have
shown that clays and ASi both contribute to the vegetation feed-
back loop: with dissolving clays being the ultimate source for Si
while ASi dissolution is the proximate control on plant Si uptake. To
investigate this source of Si in the catchment of TSK, the mea-
surement of Ge/Si ratios or d30Si in clay minerals would be needed.
We surmise that a change in Si (re)cycling at the vegetation-soil
interface, as forested ecosystems are replaced with croplands and
meadows, would alter weathering reactions and the export fluxes
of DSi, clay minerals and BSi.

There are several mechanisms that could alter Si isotope parti-
tioning as a function of ecosystem structure. For example, below
ground pCO2, organic acid concentrations, soil-solution chemistry,
and the presence and abundance of mycorrhiza fungal networks
are all related to the aboveground biomass. They also all affect the
rate at which primary silicate minerals are attacked, and secondary
minerals precipitate. Since the ratio of secondary mineral
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formation to primary mineral dissolution is the key control on
silicon isotope distributions in the Critical Zone (Bouchez et al.,
2013; Frings et al., 2016), it is expected that Si isotope partitioning
will change as the ecosystem is altered. The precise combination of
processes is hard to define, but the net result likely includes a
change in clay-mineralogy. We arrive at this conclusion by
observing that the same mass-balance constraints that apply to
diatom silica production (see above) also apply to secondary clay
mineral precipitation (Opfergelt et al., 2012). A decrease in DSi
d30Si, as we interpret from our diatom records, therefore means
that progressivelymore Si is partitioned towards DSi at the expense
of Si in clays. This means that weathering beneath cropland and
meadows produces more Si-poor clays than forests. Altogether this
could explain the decrease in d30Si. While detailed studies are
necessary to better understand and disentangle these processes,
the data presented here is strong empirical evidence for a change in
net weathering-reaction stoichiometry e and therefore d30Si of DSi
e in response to changing ecosystem structure (Tye et al., 2009). To
further investigate the sources of Si in the catchment of TSK, future
work could seek to exploit geochemical proxies sensitive to clay
mineral formation, e.g. lithium or magnesium isotope ratios.

A further intensification of agriculture in sub-unit IIc (1600e750
a BP) e as indicated by elevated P fluxes (Fig. 4) e occurs syn-
chronously with an increase in c/p ratio and BSi flux to a maximum
of ~0.1 g cm�2 a�1 (38% BSi) 1073 a BP). The dominance of the
diatom species Cyclotella comensis in this sub-unit between ~2000
and 700 a BP might point to longer ice cover in spring favoring
short, but deep-water column mixing and enhanced nutrient
recycling. Specific diatom species, e.g. Cyclotella comensis benefit
from these conditions in TSK, due to their competitive advantage of
growing under the ice (Kienel et al., 2017).

5.3.3. Unit III: ‘Intensified cultivation period’ 750e150 a BP
In Unit III an increase in d30Sidiatom is probably driven by an

increase in land cultivation and the associated harvest of crops,
which preferentially take up 28Si. Due to the enhanced export of
light 28DSi in unit II we here assume an already depleted Si soil
pool.

Low varve preservation implies shorter seasons of stratification
and prolonged periods of oxygenated bottom waters in TSK be-
tween ~750 and ~150 a BP (VQI, Fig. 4). The climate deterioration
observed in Europe during the Little Ice Age (550e250 a BP) was
manifest in northern Germany as cooler, wetter and windier con-
ditions (Mann et al., 2009). Consequently, water circulation
improved nutrient and oxygen distribution in the lake favoring
benthic living organisms as suggested by the low c/p ratio (Fig. 4).
At the same time, increasing abundances of Secale und Cerealia
pollen document an intensification in crop cultivation in the
catchment of TSK (Fig. 5). Simultaneously, increasing d30Si values
(by ~0.8‰ over 500 years) indicate a shift to a heavier Si source
compared to the early deforestation period between 3000 and 750
a BP (Units IIb and c). In Unit III, the BSi content is relatively low
(average of 10% and Si flux of 0.04 g cm�2 a�1) and probably not the
main control on the d30Sidiatom signal (Fig. 4): low DSi utilization
would result in lower diatom d30Si, considering all other Si inputs
and outputs to be stable.

The most likely explanation for an increasing d30Sidiatom is a
heavier isotope pool in the watershed. The growth and harvest of
an increasing number of crops in the catchment, which also
discriminate against the heavier isotopes of Si during uptake,
would lead to a preferential removal of the lighter 28Si isotopes
from the catchment (Frick et al., 2020; Vandevenne et al., 2015). The
high DSi demand of many crop species (Cooke et al., 2016) en-
hances the Si removal from the soil pool. Low Si export rates from
depleted soils with a30Si enriched isotope composition then
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determines the local terrestrial Si cycle in the watershed and
potentially the adjacent lake (Struyf et al., 2010). The relatively
small catchment of TSK allowed small-scale agriculture, but an
open question is the degree to which harvested crops were
exported from the area (and thus the catchment Si pool). Only few
settlements directly adjacent to the lake would support the inter-
pretation that the harvested Si was consumed elsewhere, and thus
not returned (via humans) to the lake system (Dr€ager et al., 2017;
Selig et al., 2007). This crop-Si therefore became largely unavailable
for the diatom production in the lake. Thus, we infer that the ca.
0.8‰ increase in diatom d30Si in Unit III reflects crop harvesting,
associated with a preferential removal of the lighter 28Si.

5.3.4. Unit IV: Modern eutrophication since ~150 a BP
Themodern Si isotope signal since around 150 a BP ismost likely

influenced by the interplay between agriculture (including inten-
sified fertilizer application) and increased diatom production.
Increasing air and water temperatures since the Little Ice Age
favored productivity and summer stratification, leading to anoxic
bottom waters and the reappearance of varves in the sediment
record.

Within the last century the vegetation in the catchment of TSK
changed as a result of more intensive landscape cultivation than in
the rest of the human-inhabited period (Theuerkauf et al., 2015).
This is reflected in a further steep increase in Cerealia pollen, which
co-occurs with the dominance of centric (planktonic) diatom taxa,
especially Stephanodiscus parvus, that are associated with eutro-
phication. Abruptly increasing SAR since around 1930 CE is driven
by calcite precipitation (Dr€ager et al., 2017), triggered by increases
in pH that follow peaks in primary production. Sediment BSi con-
tents vary between 10 and 37% (equivalent of fluxes of 0.01e0.42 g
cm�2 a�1) indicating rapid changes in Si input, Si source and/or DSi
utilization. Elsewhere, it is well established that BSi fluxes are
sensitive indicators of eutrophication (e.g. Heathcote et al., 2014):
given sufficient DSi, diatoms often tend to outcompete other
phytoplankton groups in competition for P. Schelske et al. (1983)
showed how ongoing eutrophication in the North American Great
Lakes led to diatom production depleting the water DSi inventory,
and thus switching the diatoms from P-limited to Si-limited. This
was manifest in the sediment record as a transient increase fol-
lowed by a new, lower, steady-state BSi accumulation rate. After the
DSi reserve in the lake is depleted the Si cycle is more sensitive to
inputs from the watershed, i.e. it lacks the buffering capacity that
covers small scale changes in DSi supply.

d30Sicentr and d30Sipenn both vary around 1‰, except in the 1920s
when the records deviate from each other for the only time in the
last 4300 years, with lower d30Sipenn and higher d30Sicentr (min:
0.37‰, ~36 a BP, d30Sipenn; max: 1.63‰, ~36 a BP, d30Sicentr)(Fig. 7).
This difference might be caused by long winter ice covers and a
maintained stratified water column during the main diatom bloom
of the following year. Alternatively, enhanced dissolution of BSi in
the uppermost sediments and diffusion of DSi across the sediment-
water interface might impact benthic diatom d30Si, especially when
water column stratification is stronger.

Relatively stable d30Sidiatom since the 1920s with values between
1.02 and 1.15‰ were measured on mixed diatom samples (i.e.
mixtures of pennate and centric frustules), masking any potential
differences between planktonic and benthic Si cycling. Conspicu-
ously, there are high amplitude variations in the BSi flux. A
maximum in BSi accumulation during the 1940e60s (37.5% or
0.42 g cm�2 a�1 BSi flux) (Fig. 7) is probably triggered by additional
nitrogen inputs, as indicated by enhanced Artemisia pollen during
that period described by Theuerkauf et al. (2015). The abrupt
decline in BSi contents during the 1980s to 10% (~0.1 g cm�2 a�1 BSi
flux) might be linked to other planktonic groups outcompeting
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diatoms, which are limited by Si availability as found in a number of
other freshwater systems (e.g. Kemp et al., 2005; Schelske et al.,
1983). Advanced eutrophication and limited Si availability are
also the most likely explanations for declining frustule sizes during
the last 60 years. Increased nutrient concentrations in Tiefer See
favoring vegetative proliferation of diatom cells, result in smaller
frustule sizes as shown e.g. for the Chesapeake Bay (Cooper, 1995).
Smaller frustule sizes again would favor BSi re-dissolution in the
water column or the uppermost sediment.

A higher resolution d30Sidiatom record of the last 150 years would
be necessary to analyze the importance of the catchment devel-
opment and human activity in the modern ecosystem. Typically,
small diatom frustules (<40 mm), hinder the separation of sufficient
material for isotope measurements by our hand-picking protocol.
However, if we consider the ASi pool in the catchment soils to be
depleted, and the connection to Flacher See reduced due to lower
lake levels in the last 200 years, the BSi production would pre-
dominantly depend on Si recycling within the lake.

6. Conclusions

Lake sediments, and in particular varved sediments, have a great
potential for recording changes in terrestrial Si cycling. Our results
from Tiefer See, northeastern Germany, show systematic changes
linked to climate variations and human activity causing vegetation
shifts in the catchment. Our data suggest DSi export from soil pools
in disturbed environments to be the dominant control on the local
Si budget. DSi input-rates are linked to vegetation changes and
influence the d30SiDSi whereas diatom production (BSi flux) de-
pends on nutrient inputs and food-web composition (competition
for nutrients). The modern system since ca 150 a BP seems to
depend on interconnected processes: increasing temperatures,
eutrophication, and intensified land use cause short-term changes
inwater circulation and nutrient inputs. Lake internal processes are
probably more important for the modern Si budget of the lake.
However, further investigations with higher data resolution would
be required here.

Overall, the changes in our d30Sidiatom record from Tiefer See
sediments are caused by a variation of inputs and can be linked to a
conceptual model describing soil disturbance periods from a
forested catchment, via an early-deforested landscape, to an
intensely cultivated ecosystem influencing continental Si cycling
(Struyf et al., 2010). Initially, changes in Si cycling at the vegetation-
soil interface associated with deforestation and low intensity
agriculture lead to a lowering of the d30SiDSi supplied into the lake.
The intensification of agriculture with increased removal of light
28Si from the catchment as a result of harvesting crops adjusted the
terrestrial Si isotope budget and as a consequence diatom d30Si
increased around 750 a BP. Overall, our data provide longer-term
empirical support for the concept of human-induced changes to
terrestrial Si cycling via land use change, crop harvesting, and fer-
tilizer usage.
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