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Lake-level reconstructions are a key tool in hydro-climate reconstructions, based on the assumption that lake-level
changes primarily reflect climatic changes. Although it is known that land cover changes can affect
evapotranspiration and groundwater formation, this factor commonly receives little attention in the interpretation
of past lake-level changes. To address this issue in more detail, we explore the effects of land cover change on
Holocene lake-level fluctuations in Lake Tiefer See in the lowlands of northeastern Germany. We reconstruct lake-
level changes based on the analysis of 28 sediment records from different water depths and from the shore. We
compare the results with land cover changes inferred from pollen data. We also apply hydrological modelling to
quantify effects of land cover change on evapotranspiration and the lake level. Our reconstruction shows an overall
lake-level amplitude of about 10 m during the Holocene, with the highest fluctuations during the Early and Late
Holocene. Only smaller fluctuations during the Middle Holocene can unambiguously be attributed to climatic
fluctuations because the land cover was stable during that period. Fluctuations during the Early and Late Holocene
are at least partly related to changes in natural and anthropogenic land cover. For several intervals the
reconstructed lake-level changes agree well with variations in modelled groundwater recharge inferred from land
cover changes. In general, the observed amplitudes of lake-level fluctuations are larger than expected from climatic
changes alone and thus underline that land cover changes in lake catchments must be considered in climatic
interpretations of past lake-level fluctuations.
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Section 4.3 – Climate Dynamics and Landscape Evolution, GFZ German Research Centre for Geosciences,
Telegrafenberg, Potsdam 14473, Germany; Peter Feldens, Marine Geology Section, IOW Leibniz Institute for Baltic
Sea Research Warnemünde, Seestrasse 15, Rostock 18119, Germany; Knut Kaiser, Christoph Kappler and Frederike
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Climate reconstructions help to better understand the
climate system and hence improve projections of
future climate change. In the terrestrial realm, climate
reconstructions focus on temperature variables, as a
wide range of biotic and abiotic proxies respond to
temperatures directly, e.g. chironomid larvae, oxygen
stable isotopes and membrane lipids (GDGTs, e.g.
Stuiver 1970; Walker et al. 1991; von Grafenstein
et al. 1999; Leng & Marshall 2004; Blaga et al. 2010).
Other proxies provide a direct link to changes in
precipitation, e.g. stable oxygen isotopes in spe-
leothems (Affolter et al. 2015) or in Sphagnum mosses
(Kühl & Moschen 2012) and δ2H values in sedimen-
tary lipid biomarkers (Rach et al. 2017). Reconstruc-
tions of hydro-climatic changes, which at least in the
temperate-humid zone are equally if not more impor-
tant than temperature variations, are commonly based
on water level reconstructions from lakes or peat-
lands.

For lake-level reconstructions, two main strategies
exist. The more established strategy is using indicator
sediment layers from the lake shore, such as peat or
lacustrine sand layers (Digerfeldt 1986; Magny 1992;
Dearing 1997). The approach is accurate in terms of
absolute past lake levels but may provide low tempo-
ral resolution. Also, gaps in the reconstruction may
appear when evidence is missing for some periods.
Lake-level reconstructions may alternatively be based
on lake bottom sediments, which commonly provide a
continuous record for potentially high-resolution
reconstructions (e.g. Pleskot et al. 2018). However,
linking lake bottom sediment composition to past
lake-levels is far from trivial because sediment com-
position is influenced by numerous factors, not only
by water depth (e.g. Magny et al. 2007; Dietze et al.
2016).

A further challenge is to interpret reconstructed
lake-level variations in terms of hydro-climatic dynam-
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ics because lake-level variations may be related to
other factors as well. Those factors may be natural,
e.g. beaver dams or landslides, or artificial, e.g. the
construction of dams or drainages. Also, von Hum-
boldt (2000) suggested that lake levels have been
affected by land use intensity since more than 2000
years ago. He hypothesized that the rapid lake-level
lowering in tropical Lake Valencia (Venezuela) is the
result of intense land use and deforestation in the
catchment area. More recent studies support this
hypothesis by showing that the lake-level trend
reversed during the South American wars of indepen-
dence, when land use intensity was reduced (Crist &
Chardon 1941). Bradbury et al. (1981) also argue that
the very rapid modern lake-level lowering cannot be
explained by climatic fluctuations alone.

The land cover may influence lake-levels because it
affects evapotranspiration, a key element of the water
budget. In central Europe, for example, evapotran-
spiration in coniferous forests is significantly higher
than evapotranspiration in broad-leaved forests or
open vegetation (Bosch & Hewlett 1982; Peel et al.
2010; Müller 2011; Gan et al. 2021). Therefore, forest
conversion is well recognized as a measure to stabilize
and increase groundwater recharge (Lasch et al.
2012). Natkhin et al. (2012) and Kaiser et al.
(2014a) show that changes in forest structure and
climate effects are equally important drivers for recent
lake-level variations in northeastern Germany. Also
other studies from that region discuss that climatic
and non-climatic factors, including land cover
changes, contribute to lake-level variations (Kaiser
et al. 2012; Dietze et al. 2016). Similarly, studies from
northern Poland discuss the more complex impact of
land use intensity on peatlands (e.g. Lamentowicz
et al. 2020).

Nevertheless, the impact of the land cover is often
given limited attention and past lake-level variations
are commonly attributed to climatic factors (e.g.
Magny et al. 2011). We here hypothesize that besides
the climate, changes in land cover and land use have
influenced lakes in the study region during the
Holocene. To test this hypothesis, we (i) reconstruct
Holocene water level changes in Lake Tiefer See,
northeastern Germany, by combining analysis of
profiles from the shallow water, adjacent peatlands
and an exposed lake terrace; (ii) produce high-
resolution land cover reconstructions for the catch-
ment area of the lake; (iii) compare lake-level varia-
tions with reconstructed land cover changes and
known climate variations; and (iv) test potential
effects of land cover changes using water balance
modelling. The final goal is to estimate the impact of
land cover changes on the lake-level for a better
understanding and interpretation of past lake-level
changes.

Material and methods

Study site

Lake Tiefer See (latitude 53°35036″N, longitude
12°31046″E, Fig. 1) is a deep (62 m), medium-sized
(~0.75 km²) lake in the young morainic lowlands of
northeastern Germany. The lake is part of the Klocksin
Lake chain, which formed as a deep subglacial melt-
water channel crossing a terminal moraine of the
Pomeranian Phase of the Weichselian glaciation.
Today, the lake has a narrow permanent connection
with Lake Hofsee to the south and intermittently
receives inflow from Lake Flacher See to the north.
The setting likely changed through time depending on
the lake level and particularly after the construction of
a railroad dam between Flacher See and Tiefer See in
1884–1886. A 35-year gauging record from the adja-
cent Lake Hofsee shows high annual fluctuations, with
minima during autumn and maxima during spring.
The amplitude of annual fluctuations is mostly between
40–60 cm, in some years up to 1 m (State Agency for
Agriculture and the Environment Mecklenburg Lake
District). The surface catchment area of Lake Tiefer
See comprises ~5.5 km² mainly of glacial till (Kienel
et al. 2013; State Agency for Environment, Nature
Protection and Geology Mecklenburg-Vorpommern).
The catchment of the lake is mostly used for arable
farming (~90%), and pine forests occur ~2 km west of
the lake. The lake is surrounded by a fringe of mixed
deciduous trees and shrubs, including alder carrs to the
west and east (Fig. 1). Mean monthly temperatures
range from 0 °C in January to 18 °C in June, the mean
annual temperature is 8.1 °C. Mean annual precipita-
tion at the nearby weather station of Waren (Müritz)
for the period 1980–2020 is 591 mm (www.dwd.de).

Lake Tiefer See is mostly surrounded by a lake terrace
that ranges from a few decimetres to ~1.5 m above the
mean lake level, roughly corresponding with the 65-m
NHN (~m a.s.l.) contour line. The terrace extends into
adjacent, peat filled basins. Partly, the terrace is followed
by a steep inactive and up to 10 m high cliff.

Lake marginal sediments

To reconstruct Holocene lake-level variations, we use 25
sediment cores from the lake margins and six profiles
from the 65-m NHN terrace (Table S1). Six of the
sediment cores were retrieved from surrounding peat-
lands, 19 from the shallow water, either from the ice or
raft. Most lake cores were taken with a piston-corer (ø
8 cm), the peat coresmainly with aRussian type corer (ø
7 cm).

Lake marginal cores were mostly sampled at 10-cm
intervals. Samples were air-dried, ground and homoge-
nized in amortar. Organic matter content was estimated
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by loss-on-ignition (LOI) at 550 °C for 2 h. Carbonate
content was estimated using the Scheibler method.
Grain-size distribution was determined by a FRITSCH
Analysette 22 Microtec laser particle sizer in a range of
0.08–2000 μm.

Lake marginal cores were sampled for microfossil
analysis at 10-cm intervals, or less when needed. Prepa-
ration of the 1-cm³ samples (cf. Fægri & Iversen 1989)
included treatment with HCl, 20% KOH, sieving
(120 μm) and acetolysis (7 min). Lycopodium tablets
(Lund University, Batch 1031 and 3862) were added to
estimate pollen concentrations (Stockmarr 1971). Sam-
ples were mounted in glycerine and counted at 400×
magnification or 1000×magnification for critical pollen
grains. Pollen identification mostly follows Moore et al.
(1991) andBeug (2004), indicatedwith suffix (m) and (b)
added to the pollen type names, respectively. Cerealia
pollen grains were separated as SECALE CEREALE,
HORDEUM GROUP, AVENA-TRITICUM GROUP (Moore et al.
1991), or as CEREALIA UNDIFF. With some exceptions,

pollen samples were counted until an upland pollen sum
of at least 300. To differentiate between plant taxa and
pollen types in the text, the latter are displayed in SMALL

CAPITALS (cf. Joosten & de Klerk 2002).
We use macrofossil analysis to reconstruct local vege-

tation and habitats to infer water levels. We studied the
three long peat sequences in TS-2, TS-3 and TS-17 and
several short peat sections. Samples (~2–3 cm thick,
25 cm³ in TS2 and TS3, 50 cm³ in TS17) were taken
mostly at 10-cm intervals, or less when needed. Samples
were boiled in 5% KOH for 5 min, and sieved at 1.0, 0.5
and0.25 mmmesh sizes. Each fractionwas scannedusing
a Zeiss Stereomicroscope with up to ×40 magnification.
When necessary, remnants were identified with a Zeiss
Axiolab microscope at ×100–400 magnification. Macro-
fossil identification followsMatjuschenko (1924), Katz&
Katz (1933), 1977, Beijerinck (1947), Körber-Grohne
(1964), Katz et al. (1965), Nilsson & Hjelmqist (1967),
Grosse-Brauckmann (1972), Schoch et al. (1988), Frahm
& Frey (1992), Grosse-Brauckmann & Streitz (1992) and
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Fig. 1. Topographic map of Lake Tiefer See, with location of coring sites (orange) and soil profiles (brown).
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Michaelis (2001). Diaspores were counted while the
amount of tissues was estimated as the per cent of total
subsample volume. To interpretmacrofossil data in terms
of water levels, we translate inferred local vegetation into
local water levels using the water level classification from
Succow & Joosten (2001) (Table 1).

Age-depth modelling

Age-depth models of most cores are based on pollen
stratigraphy, i.e. by correlation with the reference profile
DBCfromthedeepbasinofLakeTieferSee (Drägeretal.
2017). Pollen stratigraphical dating is feasible because of
the short distance to the reference profile, which is well
dated by varve counts, 13 AMS radiocarbon dates and
eight cryptotephras (Wulfet al. 2016;Dräger et al. 2017).
During the Late Holocene it includes numerous promi-
nent changes in pollen composition, which allow accu-
rate correlation.Long peat sections andbasal peat layers
have been radiocarbon dated (Table 2). Age-depth
models were produced with BACON in R (Blaauw &
Christen 2019, R core team 2020).

Sedimentology and geochronology of the dry lake terraces

From the terraces and lower slopes around Lake Tiefer
See, 24 auger cores (3 m deep) were taken. Moreover,
six soil pits were documented following Ad-hoc-AG
Boden (2005) and sampled for geochemical analysis
(n = 77; Fig. 1, Data S2). Samples were air dried and
hand-crushed. Humus and carbonate, when present,
were removed by 30% H2O2 and 10% HCl, respectively.
Grain sizes were estimated by laser diffraction (HOR-
IBA partica LA-950V2). Total organic carbon (TOC)
was measured by elemental carbon analysis (HEKA-
tech Euro EA-CHNSO). CaCO3 content was estimated
as total inorganic carbon (TIC), i.e. as total carbon
minus total organic carbon (TOC). Eight samples (six
from lacustrine sediments, two from colluvial sedi-
ments) from three sites were dated using optically

stimulated luminescence (OSL) dating at Humboldt
University Berlin (Data S2). Dating followed standards
of the Berlin laboratory, using the sand-size sediment
fraction of 90 to 200 μm (coarse grain technique,
Preusser et al. 2008). The OSL ages are reported as
years (a) with the year of measurement as reference year
(2016), as the term BP is reserved for radiocarbon ages
(Brauer et al. 2014).

Hydroacoustic survey

A hydroacoustic (bathymetry and backscatter intensity)
and seismic survey was carried out on 27th June 2017.
Hydroacoustic data were acquired using a portable
Norbit iWBMSe system operating at a centre frequency
of 400 kHz with 80-kHz bandwidth and a frequency-
modulated signal shape. Navigation data were provided
by a POSMV Seastar system utilizing the EGNOS
correction for a navigational accuracy of 40–50 cm in
each direction. Side-scan sonar-like maps of backscat-
ter intensity were generated from the beam time series
(snippets) of the multibeam echo-sounder. Processing
was done using the software Hypack 2017, and
involved application of a patch test, correction for
sound velocity profiles and removal of outliers. All
backscatter intensities represent relative values; there-
fore, no dB values are provided (Lamarche & Lurton
2018).

Constructing the lake-level curve

Primarily we infer past lake-levels from the type of
deposit in littoral, peatland and terrace profiles. We
assume that gyttja indicates a water depth of 0.5 m or
more. Peat typically forms with the water level near the
surface, yet there may be some variations represented in
on-site vegetation. Peat sections may also include trans-
formed gyttja layers. To refine interpretation of peat we
employmicro- andmacrofossil analysis (Table 1). Based
on the resulting information we for each core compile

Table 1. Interpretation of cores andmacrofossil data in terms of vegetation type andwater level.Water level classeswere attributed to vegetation
units following Succow & Joosten (2001).

Sediment type and indicators Reconstructed habitat Water level class Corresponding
water level limits (cm)

Peat with above and below ground remnants of trees Forest (mainly alder carr) 5+ –10 to +10

Peat mainly with remnants of reed plants (including Eupatorium
canabinum, Thelypteris palustris,Urtica dioica), aquatic remnants
may be present

Semi-aquatic reed 6+/5+ –10 to +100

Peat with abundant aquatic remnants from aquatic plants (e.g.
Nymphaea and Potamogeton endocarps), aquatic animals
(Christatella mucedo) and reed plants

Aquatic reed 6+ +10 to +100

Peatwithmainlyaquatic remnantsandrareabovegroundremnantsof
terrestrial plants

Lake phase >+50

Gyttja (organic or calcareous) Lake phase >+50
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inferred lake-levels in ~100-year intervals. We finally
overlay results to infer themost probableHolocene lake-
level curve.

Reconstructing catchment vegetation

To infer past vegetation composition on the different soil
types occurring in the Lake Tiefer See catchment we use
the extended downscaling approach (EDA; Theuerkauf
& Couwenberg 2017). EDA requires numerous pollen
records from a region; we here apply it with pollen data
from in total 53 pollen records from northeastern
Germany (Table 3, Fig. S1). We selected sites with

prevailing atmospheric pollen deposition, i.e. medium-
sized to large lakes with circular shape and no major
inflow. For each recordwe summedup (if present) pollen
data from six distinct andwell-detectable time slices: the
Early Holocene BETULA period (around 11 550–
11 450 cal. a BP), the Early Holocene PINUS period
(around 11 200–10 800 cal. a BP), theMiddle Holocene
forest period (8000–6000 cal. a BP), the Bronze Age
settlement period (4000–3000 cal. a BP), the Migration
Period (1550–1350 cal. a BP) and the Medieval Period
(750–650 cal. a BP).

TheEDAfurthermore requires landscapedata.Wehere
focus on soils, which primarily determine vegetation

Table 2. Radiocarbon dates.

Core Depth (m) Lab. code Material Dry
weight

14C age
(a BP)

1δ range (cal. a BP),
probability

TS-00 2.09–2.10 Poz-62025 Carex nuts, charred material 2.05 g 3420�40 3614–3719, 0.96
TS-1 0.71–0.74 Poz-83790 Leaf fragments, Betula nuts, bud scales 2.6 mg 1185�30 1065–1142, 0.90

1160–1169, 0.10
TS-1 1.12–1.15 Poz-83791 Leaf fragments, Betula nuts, bud scales 2.1 mg 1640�35 1423–1431, 0.05

1442–1458, 0.10
1115–1571, 0.71
1582–1601, 0.13

TS-2 2013 1.62–1.63 Poz-60077 Betula nuts, Alnus nuts, bud scales,
Schoenoplectus fruit

2.38 mg 905�30 778–803, 0.24
809–830, 0.22
855–905, 0.55

TS-2 2012 1.53–1.54 Poz-60078 Carex nuts, Betula nuts,Urtica fruits,
Schoenoplectus fruit, leaf

2.2 mg 3200�30 3391–3445, 1

TS-2 2012 2.58–2.60 Poz-60079 Charcoal 2.25 mg 7420�40 8189–8220, 0.29
8236–8310, 0.71

TS-2 2012 3.78–3.82 Poz-60080 Carex nuts, Betula nuts, Schoenoplectus
fruit, leaf, bud scale

1.79 mg 2975�30 2973–3075, 1

TS-2 2012 4.315–4.33 Poz-60081 Phragmites leaves + stem basis 17.5 mg 8130�40 9010–9091, 0.92
9107–9116, 0.08

TS-2 2012 3.77–3.80 Poz-68592 Betula nuts, Carex nuts 2.1 mg 2975�30 3080–3094, 0.12
3107–3128, 0.17
3139–3212, 0.70

TS-2 2012 2.34–2.37 Poz-68591 Cladium fruits 4.1 mg 7910�30 8637–8770, 1
TS-3 2014 2.41–2.42 Poz-83789 Carex nuts,Urtica dioica nut, seeds of

Eupatorium, Cyperus fuscus, Typha,
Juncus, Caryophyllaceae, Alisma
plantago-aquatica embryo

2.6 mg 3920�35 4296–4331, 0.33
4349–4420, 0.66

TS-3 2014 3.20–3.21 Poz-83788 Populus bud scale 8.0 mg 6170�40 7012–7129, 0.91
7146–7157, 0.09

TS-3 2014 3.39–3.40 Poz-68593 Cladium fruit, Alnus nuts, Carex
lasiocarpa nuts

2.3 mg 6665�35 7509–7544, 0.63
7555–7577, 0.37

TS-6 0.40 Poz-62030 Bud scale, leaf nodes, charred material 0.8 mg C 11 310�70 13 129–13 249, 1
TS-15 5.83–5.85 Poz-62036 Betula bud and fruit scales 9960�60 11 261–11 409, 0.69

11 434–11 477, 0.14
11 487–11 491, 0.01
11 552–11 600, 0.16

TS-17 2.50 Poz-74945 Carex nuts, Betula nuts, bud scales 3.0 mg 3100�30 3267–3290, 0.29
3323–3368, 0.71

TS-17 3.50 Poz-74946 Carex nuts, Betula nuts, Lycopus seeds 2.1 mg 5175�30 5910–5941, 0.80
5973–5984, 0.20

TS-17 4.50 Poz-74947 Carex nuts, Betula nuts, Alnus nuts 4.3 mg 5975�35 6749–6765, 0.15
6775–6806, 0.34
6812–6856, 0.50

TS-17 5.30 Poz-74948 Carex nuts, Betula nuts, further seeds
and bud scales

2.8 mg 7280�40 8033–8063, 0.26
8085–8161, 0.74

Lake Flacher See
53°360530 0N
12°320340E

5.60 Poz-132064 Wood of tree stump 9330�50 10 693–10 378,
0.94
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patterns in the study region.For each site,we extracted the
cover of major soil and substrate types in concentric rings
from 0.1- to 50-km radius from the digital soil map
BÜK200 (1:200 000, Ad-hoc-AG Boden 2005). Soil
classification follows IUSSWorkingGroupWRB (2015).

EDA was applied with ‘edar’ from the ‘disqover’ R
package with ‘LSM unstable’ as the distance weighting

option and PPEs from PPE.MV 2015 (Theuerkauf et al.
2015,Rcore team2020).ThesePPEswereproducedwith
a state-of-art Lagrangian stochastic dispersal model
(LSM) in the study region itself and from similar sites.
They are hence the most suitable PPEs. The EDA
produces mean plant abundances on the various soil
types/soil substrates in the landscape, from which we

Table 3. Pollen records used for EDA analysis, with the number of samples summarized for each time slice.

Site Early Holocene
BETULA period

Early Holocene
PINUS period

Middle
Holocene

Bronze
Age

Migration
Period

Medieval
Period

Reference/data contributor

Ahlbecker Seegrund 6 Fukarek in de Klerk (2005)
Amtssee Chorin 3 2 10 4 Schoknecht (unpubl.)
Bixbeerenbruch 3 Müller (1962)
Byhlegurer Bagen 3 Strahl (2005)
Carwitzer See 2 3 4 1 Mrotzek (2017)
Diebelsee 1 2 Schlaak & Schoknecht (2002)
Drewitzer See 2 2 6 4 4 2 Schult (unpubl.)
Dudinghauser See 3 2 4 Dörfler in Dreßler et al. (2006)
Felchowsee 2 2 Jahns (2000)
Gabelsee 6 Jahns (unpubl.)
Gadowsee 3 3 1 Theuerkauf (unpubl.)
Galenbecker See Rinne 3 4 Fukarek in de Klerk (2004)
Gorinsee 2 1 Theuerkauf (unpubl.)
GroßRadener Binnensee 2 4 5 2 3 Jeschke & Lange (1987)
GroßRehberg 2 4 Schoknecht (1996)
Großer Serrahnsee 3 4 2 3 3 3 Müller (1962)
Heinrichswalder Damm 4 5 Fukarek in de Klerk (2004)
Hoher Birkengraben 10 10 de Klerk (2002)
Hüttendamm 4 2 Fukarek in de Klerk (2004)
Kargowseen 3 4 4 2 4 2 Schoknecht (1996)
KieshoferMoor 2 2 4 3 Theuerkauf (unpubl.)
Klädener Plage 2 3 Theuerkauf (unpubl.)
Kleiner Fauler See 3 3 Herking (2002)
Klinker Plage 3 3 Theuerkauf (unpubl.)
Löddigsee 2 7 17 5 2 3 Jahns (2007)
Moor am Schwarzen See 3 Müller (1962)
Moorer Busch 2 3 Fukarek in de Klerk (2007)
Moosbruch 5 5 Fukarek in de Klerk (2004)
Neubrück 5 3 Müller (1962)
Neu Heinder See 2 2 5 Theuerkauf (unpubl.)
Pelsiner See 5 3 3 4 Theuerkauf (unpubl.)
Plasterinsee 2 Müller (1962)
Postbruch III 3 3 Müller (1962)
Potremser Moor 2 3 Theuerkauf et al. (2014)
Rugensee 2 4 2 2 Dörfler (2011)
Schönwolder Moor 2 3 Theuerkauf (unpubl.)
Schulzensee (Dörfler) 2 2 Dörfler in Schwarz (2006)
Schulzensee Zechow 1 3 11 2 Schoknecht in Gärtner (1998)
Serrahn 112 1 3 Müller (1962)
Starvitzer See 8 4 5 3 Schoknecht (1996)
Stassower See 2 Theuerkauf (unpubl.)
Stinthorst 8 Schoknecht (1996)
Tangahnsee 2 3 2 2 Theuerkauf (unpubl.)
Tessiner See 4 2 2 Theuerkauf (unpubl.)
Teufelsbruch 1 3 Müller (1962)
Teufelsmoor am
Schwarzen See

2 Müller (1962)

Tiefer See (Demen) 2 3 5 3 4 2 Dörfler in Schwarz (2006)
Tiefer See (Klocksin) 7 5 4 Dräger et al. (2017)
Tollensetal Trollenhagen 2 3 Kloss (unpubl.)
Vielbecker See 11 4 4 3 Dörfler (unpubl.)
Waldsee 2 2 Müller (1962)
Wedendorfer See 1 3 3 2 Theuerkauf (unpubl.)
Weißes Moor 3 3 Theuerkauf (unpubl.)
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calculated mean vegetation composition in the catch-
ment area of Lake Tiefer See.

The pollen record from the deep basin is translated
into past vegetation composition with ROPES (Theuer-
kauf & Couwenberg 2018). Unlike REVEALS (Sugita
2007), ROPES does not require PPEs as an input
parameter. It hence avoids the assumption that PPEs,
which represent present-day pollen productivity, repre-
sent pollen productivity in the past. ROPES was applied
with the ‘LSM unstable’ dispersal model option, the
extent of the region set to 100 km and a maximum
number of 10 000 iterations.

Water balance modelling

Vegetation influences evapotranspiration (ET) and thus
groundwater recharge by interception and root water
uptake. Both depend on species-specific plant characteris-
tics, e.g. leaf area index (LAI), rooting depth, surface
roughnessandstomatacontrol.ETis likelyhigher inforests
than for grassland or crops (Zhang et al. 2001; Peel et al.
2010), most likely due to deeper roots and a higher LAI.

Our hydrologicalmodelling is based on a simplewater
balancewith the following assumptions: (i) soilmoisture
storage isat steady-stateandchanges inETdirectlyaffect
groundwater recharge; (ii) surface runoff is neglected
(most water not subject to ET ends up in the subsurface
because of the flat relief of the study region); (iii) today’s
climate serves as the basis with which to estimate the
influence of land cover changes; and (iv) only land cover
is changing, climate is kept constant.

Basedontoday’sclimateweuse theequationproposed
by Zhang et al. (2001):

ET
P

¼ 1þ wE0
P

1þ wE0
P þ E0

P

� ��1 (1)

with actual evapotranspiration ET (mm), annual pre-
cipitation P (mm), potential ET E0 (determined with
Hargreaves equation, Aguilar & Polo 2011) and plant
available water coefficient w (dependsmainly on rooting
depth). We used w = 2 for forests and w = 0.5 for
grassland and crops (Zhang et al. 2001). We calculated
precipitation as the 30-year mean and E0 as the 10-year
mean based on data from the DWD meteorological
stationWaren (Müritz).

For catchments with mixed land use we then apply
(Zhang et al. 2001):

ET ¼ fETf þ ð1� fÞETh (2)

with total annual evapotranspiration ET (mm),
fraction of forest cover f, annual ET from a forest
ETf (mm), and annual ET from herbaceous vegeta-
tion ETh (mm).

To determine the newly developing steady-state
groundwater level, the model was combined with an
outflow function following Darcy’s Law. Based on
groundwater level observations at the nearby Klocksin
well, today’soutflowisestimatedas120 mm a−1andthis
is used as the initial outflow value. The initial gradient is
roughly estimated as 0.0013 m m−1 (from the state
hydrogeological map), the initial height of the water
column is set to 10 m and porosity to 30%.

To test the sensitivity of the response and account for
the uncertainties in parameters we repeated the calcula-
tionswith a groundwater outflowof 150 mm a−1 and an
initial height of the water column of 20 m. In total, we
calculated four groundwater levels for each time slice.

Results

Acoustic data

Acoustic data (Fig. 2) confirma lake depth from30 m in
the northern to>60 m in the southern basin. Two ridges
of glacial till protrude from the north and southwest.
High backscatter intensities (Fig. 2) indicate more con-
solidated and/or coarser grained sediments on these
ridges.TS-12 (westernridge) andTS-18,TS-19 (northern
ridge) confirm presence of only a thin gyttja layer
(<20 cm) above glacial sediments, indicating that gyttja
deposition on the ridges is likely hampered by internal
currents.

Our main discovery is a structure at approx. 8–9 m
belowmodern lake levelandall aroundthe lake,whichwe
interpret as a former lake terrace (Fig. 2). Along the
terrace, we frequently observe small-scale landslide
deposits with exposed boulders. At the eastern shore,
backscatter data also indicate deposits of a known
landslide from summer 2011. Surface sediment cores
showthat the landslidedepositedmm- to cm-scalemixed
event layers of fine detrital sand and reworked littoral
deposits.

Interpretation of lake-level dynamics

Lateglacial. – The onset of limnic deposition in the deep
basin at around 13 000 cal. a BP indicates that dead ice
remained in the basin during most of the Lateglacial
(Data S1). Limnic deposition in cores from the western
(TS-14, TS-15 and TS-17) and northern (TS-11) shores
only starts in the Early Holocene, suggesting that locally
dead-ice melting was further delayed. Such late dead-ice
melting is reported also from the neighbouring Lake
Hofsee (Homann et al. 2002) and other lakes in north-
eastern Germany (e.g. Kaiser et al. 2012, 2018a) and
Poland (Błaszkiewicz et al. 2015).

Early Holocene (11 600–9000 cal. a BP). – The Early
Holocene period is, at least partly, covered in eight lake
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marginal cores. Deposition of calcareous gyttja in TS-0
at −2.6 m indicates that the lake level was high, possibly
near to modern values, after the Younger Dryas -
Holocene transition, possibly temporarily near to mod-
ernvalues (Fig. 3). Between 11 000 and 10 000 cal. aBP,
the lake level dropped to aminimumof−8 to−9 m. This
level represents the Holocene minimum, and corre-
sponds to the lake terraceobserved in the acoustic survey
(Fig. 2). A tree stump found at 5.6 m below the modern
lake level in the neighbouring Lake Flacher See, dated to
10 693–10 378 cal. a BP, supports a lake-level minimum
at that time. At 10 000 cal. a BP, the level of Lake Tiefer
See increased again to about −4.5 m by 9000 cal. a BP.
Overall, the Early Holocene was a period with high
amplitude lake-level fluctuations.

Middle Holocene (9000–4000 cal. a BP). – Middle
Holocene sediments are present in only four cores, i.e.
peat sections fromTS-2,TS-3,TS-17andgyttja fromTS-
11. The peat sections indicate a long-term lake-level
increase from about −4.5 m at 9000 cal. a BP to about
−2.6 m at 4000 cal. a BP. Themacrofossil evidence from
TS-2, TS-3 andTS-17 points at some fluctuations on top

of this trend. Higher lake-levels of about −3 m are
indicated at ~7800 to 7600 cal. a BP and ~6500 cal. a BP.
Some lake level lowering is indicated at 7000 cal. aBP (to
about −4.5 m) and at 6000 cal. a BP (to about −3.5 m).

Late Holocene (4000 cal. a BP to today). – The Late
Holocene iswell represented in all but three littoral cores
from Lake Tiefer See. Peat formation in TS-0 and TS-00
indicates that the lake level increased to at least −1.6 m
soon after 4000 cal. a BP. Seeds of the amphibious
Cyperus fuscus point at pronounced, annual to decadal,
lake-level fluctuations at around that time. Peat and
gyttja sections e.g. in TS-3 and TS-17 indicate that the
lake level has beenmostly above−3.1 m after 3000 cal. a
BP and mostly above −1.6 m after 2000 cal. a BP.
Lacustrine sands in TSK12 and TSK23 (Fig. 3) even
suggest maxima above the modern lake level at
~2400 cal. a BP (+0.4 m), ~1800 cal. a BP (+0.2 m),
~600 cal. a BP (+0.6 m) and 270 cal. a BP (+1.0 m).
During these periods, the lake level may have occasion-
ally reached the overflow of the lake chain at Lake
Bergsee (Fig. 1). The outflow is at a level of +0.7 m
(63.7 m NHN) today, and likely was at +2.0 m (65 m

Fig. 2. A.BathymetricmapofLakeTieferSee.B.Mapof surfacebackscatter intensity,withdarkspots indicatinghigh intensities.The inset indetail
shows the terrace that is detactablearound the lake. It is recognizedby reducedbackscatter intensities, i.e. anacoustic shadow, indicatedbybrighter
colours. This effect is caused by the morphological step formed by the terrace and the locally increased slope angles. Coordinates in UTM33,
WGS84.
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NHN) in the past. As indicated by peat layers in lake
sediments inTS-8, TS-9 andTS-14 (Fig. 3), periodswith
high lake-levelswere interrupted bypronouncedminima
at ~3000 cal. a BP (−2.0 m), at ~2000 cal. a BP (−1.5 to
−2.0 m) and between 1500 and 800 cal. a BP (−2.5 to
−3.5 m). All these minima occurred during periods of
reduced land use intensity and increased forest cover
(Fig. 3).

Periods with a higher lake level during the Late
Holocene are also indicated at the neighbouring Lake
Flacher See – findings of Bronze Age swords and other
objects in the lake indicate a lake levelwell above−5 mat
~3000 cal. a BP, above−6 m at 2770 cal. a BP and above
−2 mat 2550-2600 cal. aBP (Schmidt 2017, 2019, 2020).

EDA analysis

EDA analysis shows major changes in land cover on
different soil types during the Holocene in northeastern
Germany (Table 4). During the two Early Holocene
periods, forest cover was still limited and forests were
dominated by birch and pine. From 8000 to 6000 cal. a
BP forests cover was high on all soil types (>90%); areas
with Cambisols were dominated by Betula, Pinus, areas
with Luvisols by Corylus, Fraxinus, Pinus, Ulmus, areas
with Gley-/Stagnosols by Alnus, Corylus, Fraxinus,
Tilia, Ulmus and areas with Histosols by Alnus,
Fraxinus. From 4000–3000 cal. a BP (Bronze Age

period) the cover of open taxa increased to 30–45%
on all soil types. Intense land use in the area is
confirmed by rich archaeological evidence from the
neighbouring Lake Flacher See (Schmidt 2017, 2019,
2020). From 1350–1550 cal. a BP (Migration Period),
forest cover was again higher, i.e. ~90% on Cambisols
and 50–70% on the other soil types (Table 4). Forests of
that period were dominated by Fagus and Carpinus.
From 750–650 cal. a BP (Medieval Period) open
vegetation prevailed on all soil types; forest cover was
reduced to between ~10% on Gley-/Stagnosols and
~40% on Histosols. Today, the forests cover of the study
region is about 20%, i.e. slightly higher than during the
Medieval Period.

We projected the EDA results on the surface catch-
ment of Lake Tiefer See (Table 5). The catchment
(~4.6 km²) is dominated by Luvisols (56.3%) and
Gley-/Stagnosols (40.4%) while Cambisols are rare
(6.3%) and Histosols absent. We estimate a high cover
of pine in the Early Holocene, i.e. ~35% by 11 500 cal. a
BPandof~57%by11 000 cal. aBP.Openvegetation still
covers~28%by11 500 cal. aBPand~25%by11 000 cal.
a BP. From 8000–6000 cal. a BP, broad-leaved trees
(73%) dominated, pine (17%) and open vegetation were
rare (3%).From4000–3000 cal. aBP (BronzeAge), open
vegetation (66%) prevailed and broad-leaved trees (30%)
were rarer. From 1550 to 1350 cal. a BP (Migration
Period) broad-leaved trees, including beech, were again

A

B

Fig. 3. A. Reconstructed water level of Lake Tiefer See during the Holocene. Dots represent sediment layers from the lake marginal profiles
interpretedas lakephase (blue), reedphase (green)and forest phase (brown).B.Lake level reconstruction for thepast4000 years,withkey indicator
points. Proportion of open vegetation in the surroundings of Lake Tiefer See (green silhouette) was inferred from the DBC pollen record using
ROPES.
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dominant (62%) and open vegetation (37%) rarer.
Finally, from 750–650 cal. a BP (Medieval Period) open
vegetation 84% was again dominant and trees (15%)
correspondingly rare. The present cover of open vegeta-
tion is ~90%.

Water balance modelling

We estimated potential evaporation with theHargreaves
equation and actual ET from climate data. The resulting
fraction ET/P is 74% for forests and 59% for open
vegetation. Furthermore, for pine forests in the study
region the fraction is 86% (Müller 2011). From that, we
calculated ET/P fractions for the reconstructed land
cover during six Holocene periods (Table 6).

ETwas highest in theEarly andMiddleHolocenewith
ahigh forest cover (>425 mm a–1) and lowest in the open
periods of the Late Holocene (<390 mm a−1, Table 6).
The estimated groundwater recharge (the difference
between P and ET) is hence lower in forest periods and
higher in open vegetation periods (Table 6). Recharge is
10–89 mm a−1 (= 4–39%) lower than today in all six
periods (Table 6). Assuming that the lake level is mainly
groundwater controlled, our simple incremental ground-
water inflow–outflow calculations suggest that the lower
groundwater recharge results in a lake level between
0.6 m lower than today in theMedieval Period and ~6 m
lower than today around 11 000 cal. a BP (Table 7). For
most periods, the lake-level estimates based on water-
balance modelling match the reconstructed lake-levels
(R² of 0.94 for meanvalues, Table 7). Only at 11 000 cal.
a BP, the reconstructed lake-level (−6.1 to −9.1 m) is
about 2 m lower than the lake-level estimate by water
balance modelling (−4.2 to −7.7 m), pointing at other,
most likely climatic, influences on the lake level.

Discussion

The present lake-level reconstruction of Lake Tiefer See
is built on a unique data set of 28 sediment sequences
from the lakemargin, combinedwith detailed land cover
reconstructions andwater balance modelling.

The lake level ofTiefer Seewas lowest during theEarly
Holocene followed by a long-term increase tomaximum
levels between c. 1250 and 250 cal. a BP. This general
development agrees with previous regional lake-level
reconstructions except that for Lake Drewitzer See
(Lorenz 2007; Kaiser et al. 2012; Fig. 4). Low Early
Holocene lake-levels are reported also fromwestern and
southern Germany, i.e. Degersee, Steißlinger See and
Hämelsee (Kleinmann et al. 2000;Kalis et al. 2003), from
Poland (Gałka et al. 2014, 2015; Pleskot et al. 2018) and
from southern Sweden (Gaillard & Digerfeldt 1991;
Digerfeldt et al. 2013). In contrast, Magny et al. (2011)
found high lake-levels during the Early Holocene.

The high temporal resolution of the present lake-level
reconstruction furthermore revealed a brief lake-level
increase between ~10 800 and 10 500 cal. a BP, inter-
rupting the lowstand, and short-lived lake-level fluctu-
ations in the Late Holocene, which have not been
reported from other lakes. We also find evidence for an
as-yet unknown lake levelmaximum in the first centuries
of the Holocene.

During the Middle Holocene (9000–4000 cal. a BP)
the level of Lake Tiefer See increased from ~–4.5 to
−2.5 m. Reconstructions from the lakes Krakower See,
Krummer See andMüritz show a similar pattern with a
rising lake level from about 9000–7000 cal. a BP, a
maximum between 7000 and 6000 cal. a BP and a stable
or slightly lower lake level from 6000 to 4000 cal. a BP
(Fig. 4). The only exception is a reconstruction for lake

Table 5. Reconstructed summarized plant abundances in % of total area in the catchment area of Lake Tiefer See during six study periods and
today.

Periods Pinus Fagus Other broad-leaved
trees

Arable land Grassland/open vegetation Sum

Today 0.8 0.0 2.5 78.7 11.7 93.8
750–650 cal. a BP 1.0 6.1 8.0 36.1 48.3 99.5
1550–1350 cal. a BP 0.7 33.7 28.2 13.4 23.5 99.5
4000–3000 cal. a BP 1.7 1.6 29.8 4.7 61.3 99.1
8000–6000 cal. a BP 17.1 0.7 72.9 0.2 2.7 93.5
~11 000 cal. a BP 57.0 0.0 18.0 0.0 25.0 100.0
~11 500 cal. a BP 35.0 0.0 28.0 0.0 28.0 100.0

Table 6. Results of water balance modelling: mean annual water budget parameters for each period.

Period ET/P (mm mm–1) ETact (mm a–1) P-ET =GWrecharge (mm a–1) Difference from today’s
recharge (mm a–1)

Today 0.61 361 230 –
750–650 cal. a BP 0.63 371 220 10
1350–1550 cal. a BP 0.70 415 176 55
4000–3000 cal. a BP 0.66 389 202 28
8000–6000 cal. a BP 0.72 425 166 65
~11 000 cal. a BP 0.76 449 142 89
~11 500 cal. a BP 0.72 427 164 66
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Drewitzer See, which shows a Middle Holocene lake-
level decline. At Lake Tiefer Seewe furthermore observe
twobriefmaximaaround 7500 and6500 cal. aBP,which
appear synchronous to wet phases observed in Poland
and in western central Europe (Fig. 4). The second
maximum is also synchronous to aperiodwith high lake-
levels in Lake Fürstenseer See. Indications of further
short-lived highstands reported from other studies
(Fig. 4) have not been found at Lake Tiefer See.

During the Late Holocene (4000 cal. a BP–today), the
level of Lake Tiefer See has mostly been higher than
during the Middle Holocene, but has also shown high
fluctuations. The highest lake level of ~+1.5 mwas found
following theMedievalPeriod, from~600 to200 cal. aBP

(1350–1750 CE). High Late Holocene lake-levels are a
common feature in the region, e.g. in the lakes Drewitzer
See, Krakower See, Krummer See, Müritz and
Fürstenseer See (Fig. 4). Maxima during and after the
Medieval Period have been observed repeatedly (Kaiser
et al. 2014b; Dietze et al. 2016). Increasing lake-levels
during the Late Holocene have also been reported from
LakeCerin in thewesternAlps (Magnyetal. 2011;Fig. 4).
However, the Tiefer See record shows more fluctuations
than earlier records, including maxima at ~2500 and
~1800 cal. a BP and minima at ~2000 cal. a BP and
between 1200 and 800 cal. a BP.

Note thatweareable to identifycentennial andshorter
lake-level fluctuations in the Late Holocene but mostly

Table 7. Water levels estimatedwith the simplewater balancemodel (assuming that the land cover changedbut not the climate) compared to lake-
levels reconstructed frommarginal cores.Minimum,maximumandmeanvaluesof the calculated lake-levels arebasedona rangeofdifferent initial
conditions, thus accounting for some of the uncertainty in the assumptions. All values given relative to the mean present water level.

Periods Water level reconstructed from sediment cores (m) Water level from water balance modelling (m)

Min. Mean Max. Min. Mean Max.

750–650 cal. a BP 0.4 0.7 0.9 −0.8 −0.6 −0.5
1350–1550 cal. a BP −4.1 −3.6 −3.1 −4.2 −3.3 −2.4
4000–3000 cal. a BP −2.6 −2.1 −1.6 −1.8 −1.4 −1.1
8000–6000 cal. a BP −5.1 −4.1 −3.1 −5.1 −3.9 −2.9
~11 000 cal. a BP −9.1 −7.6 −6.1 −7.7 −5.8 −4.2
~11 500 cal. a BP −6.1 −4.1 −2.1 −5.2 −4.0 −2.9
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only longer trends in the Early and Middle Holocene
because the sedimentary evidence is much richer for the
Late Holocene. Due to the high water depth of >60 m,
the continuous sediment record from the deepest lake
basin is not suited to refining the lake-level reconstruc-
tion.

Drivers of Holocene lake-level fluctuations in Lake Tiefer
See

Early Holocene (11 600–9000 cal. a BP). – Our recon-
struction showsa largeamplitudeof the lake level (>8 m)
during the Early Holocene. It dropped from a near
modern level during the first centuries of theHolocene to
at least −8 m between 11 000 and 10 000 cal. a BP and
increased to −5 m after 10 000 cal. a BP. During that
time, vegetation in the study region changed repeatedly.
First, the onset of the Holocene triggered the expansion
of birch and pine, so that the forest cover increased from
~30%at 11 600 cal. aBP to~80%by11 200 cal. aBP (de
Klerk et al. 2008; Theuerkauf et al. 2014). Likely due to
furtherwarming, and influenced byother factors such as
soil formation and migration, birch and pine were later
partly replaced by warm-loving tree taxa, starting with
hazel after 10 800 cal. a BP, followed by elm, lime and
oakafter~10 000 cal. aBP.Thepine coverdeclined from
>50% by ~11 000 cal. a BP to <20% after 10 000 cal. a
BP.Waterbalancemodelling suggests that thepeakcover
of pine from 11 000 to 10 000 cal. a BP corresponds to a
minimum in groundwater recharge of 142 mm a−1,
89 mm a–1 less than today, because evapotranspiration
frompine forests is higher than evapotranspiration from
deciduous forestsandopenvegetation. Inourmodel, this
recharge minimum translates into a lake level of −4.2 to
−7.7 m,while our reconstruction shows a lake level at−8
to −9 m. The difference likely points at the climatic
influence. With pine being partly replaced by deciduous
trees after 10 000 cal. a BP, our model indicates an
increase in recharge from142 to166 mm a−1, resulting in
a lake level of −2.9 to −5.1 m. This level is similar to the
reconstructed lake level of about −4 m by ~9000 cal. a
BP.

Since we do not have evidence to reconstruct the
lake level during the Younger Dryas, we are not able
to investigate the influence of the major warming at
the onset of the Holocene on the lake level. However,
we suggest that the largely open vegetation and
related high groundwater recharge can explain the
high lake level in the first centuries of the Holocene.
Since the peak in pine cover between 11 000 and
10 000 cal. a BP coincides with the major lake-level
lowering, we infer that Early Holocene land cover
changes significantly contributed to the lake-level
dynamics.

Early Holocene lake-level lowstands have been
observed repeatedly across central Europe and com-

monlywereattributed todryorwarmclimatic conditions
(Kalis et al. 2003; Kaiser et al. 2012). Lauterbach et al.
(2011) explained regionally dry climate in the Baltic
region with the remaining Scandinavian ice shield that
led to the formation of an anticyclonic circulation and
blocking of moist westerlies. Persistent dry climatic
conditions during the Early Holocene have also been
described for the Balkans (Wright et al. 2003; Connor
etal. 2013).Aprominent short-liveddecline in treepollen
(mainly PINUS) in eastern central Europe, tentatively
dated to 11 200 cal. a BP, may indicate that the dry
conditions temporarily expanded into central Europe
(Theuerkauf et al. 2014). However, there is no consistent
evidence for one or several dry periods between 11 000
and 10 000 cal. a BP across central Europe. A dry event
may be indicated by a synchronous, low level of Lake
Kojle-Perty in northeastern Poland (Gałka et al. 2015).
Intensified fires just after ~11 200 cal. a BP in south-
eastern Poland (Kołaczek et al. 2017, 2018) may also
pointatadryevent,yetacomposite charcoal record from
northeastern Germany shows low burning intensity
around 11 000 cal. a BP (Dietze et al. 2018). Stančikait _e
et al. (2015) report higher lake-levels between 11 300 and
10 800 cal. aBP inLithuania. InwesternEurope,vander
Plicht et al. (2004) separate two climatic events; the
assumed dry Rammelbeek phase around 11 400 cal. a
BP and a wetter period starting at 11 250 cal. a BP.
Magny et al. (2011) suggest that rather wet conditions
prevailed in eastern France until the final decay of the
Fennoscandian Ice Sheet at around 9000 cal. a BP.

As another cause of hydrological changes in lakes and
river system during the Early Holocene, Błaszkiewicz
et al. (2015) and Kaiser et al. (2012, 2018a) discuss
delayed melting of dead-ice blocks. Dead-ice melting
during the Early Holocene has also been reported from
LakeHofsee just southofLakeTiefer See (Homann et al.
2002). Due to the connection of the two lakes, late dead-
ice melting in Lake Hofsee may have also affected Lake
Tiefer See. In summary, the high amplitude of lake-level
fluctuations in Lake Tiefer See likely relate to a combi-
nation of factors – the direct impact of the changing
climate and the more indirect impact of the changing
land cover.

Middle Holocene (9000–4000 cal. a BP). – During the
Middle Holocene, we observe a lake-level increase from
about −4.5 to −2.5 m, with two brief maxima at ~7500
and ~6500 cal. a BP. The forests established during the
Early Holocene remained largely stable until 6000 cal. a
BP, whenNeolithic farmers started transforming forests
into open land (Feeser et al. 2019). Until 4000 cal. a BP,
forest opening affected less than 25% of the landscape in
the Lake Tiefer See area (Dräger et al. 2017), and hence
likely played a minor role for the observed Middle
Holocene lake-level increase. Rising Middle Holocene
lake-levels have commonly been attributed to changes in
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solar insolation, particularly to the decline in summer
insolation (e.g. Magny et al. 2011). Direct effects of
changes in insolation on evapotranspiration were prob-
ably small (Fig. 4), but they likely triggered changes in
atmospheric circulation resulting in cooler and wetter
conditions in the northernmid-latitudes and higher lake
levels (Davis &Brewer 2011; Routson et al. 2019). In our
water balance calculations, a lake-level increase of ~2 m
corresponds to an increase in recharge of ~30 mm. To
produce such an increase in recharge by changes in
precipitation alone would require an increase in precip-
itation of at least 30 mm a–1. Pollen-based climate
reconstructions do not show climatic changes of such
magnitude for central Europe (Litt et al. 2009; Kühl &
Moschen 2012; Mauri et al. 2015). The two brief
highstands in Lake Tiefer See at 7500 and 6500 cal. a
BP are synchronous with elevated lake-levels in Ger-
many, Poland and France (Fig. 4) and likely relate to
centennial-scale wet periods (e.g. Magny et al. 2011;
Starkel et al. 2013).

Late Holocene (4000 cal. a BP–today). – For the Late
Holocene, our reconstruction suggests predominantly
higher levels of Lake Tiefer See with repeated fluctu-
ations from −3.5 to +1.5 m, i.e. approaching the
natural outflow of the lake chain. The pollen record
from Lake Tiefer See shows recurrent changes in forest
cover, including six prominent settlement periods
(forest cover 10–50%) interrupted by reforestation
periods (forest cover >75%, Fig. 3). Moreover, forest
composition changed after about 2800 cal. a BP due to
regional expansion of beech (Fagus sylvatica) and
hornbeam (Carpinus betulus). We find that all lake-
level maxima occurred during settlement periods
(4000–3000, ~2500, ~1800, ~1200, ~1000 and 600–
200 cal. a BP), while the minima occurred during
reforestation periods (~3000, ~2000, ~1250, ~1100
and ~900 cal. a BP), supporting our hypothesis that
the land cover changes have influenced the lake level.
Water balance modelling suggests that groundwater
recharge was ~55 mm a–1 higher during open vege-
tation periods than during forest periods, which
translates into a lake-level increase of about 2–3 m
from forest to open vegetation periods. Our lake-
level reconstruction shows similar changes. We hence
infer that the anthropogenic land cover changes at
least partly explain the reconstructed lake-level
changes.

A second likely driver for the higher lake level
during the Late Holocene is the proposed hemispheric
shift to a cooler and wetter climate in response to
changes in solar insolation (e.g. Routson et al. 2019).
However, pollen-based climate reconstructions for
central Europe show very small changes in tempera-
tures and precipitation only (Litt et al. 2009; Kühl &
Moschen 2012; Mauri et al. 2015). Alpine flood
records show more prominent changes, yet are diffi-

cult to interpret in terms of annual precipitation
(Czymzik et al. 2013; Wirth et al. 2013).

Besides the long-term climatic changes, pronounced
cool-wet conditions likely prevailed during the 2.8 ka
event and the Little Ice Age (e.g. van Geel et al. 1996;
Martin-Puertas et al. 2012; Engels et al. 2016). At Lake
Tiefer See, the 2.8 ka event is likely represented in a first
lake-level maximum abovemodern levels at ~2500 cal. a
BP.During the Little Ice Age, the lake level was also very
high, although the period with high lake-levels had
already started during the Medieval Period ~300–
400 years earlier, likely in response to near-complete
deforestation of the study region. The lake level had
possibly already reached its maximum, defined by the
natural overflowof the lake chain at~65 mNHN,during
the Medieval Period. Elevated water levels in lakes and
river systems across northeastern Germany and north-
ern Poland since the Medieval Period have also been
favoured by the construction of river and stream dams
and relatedwater mills (Starkel 2003; Starkel et al. 2013;
Kaiser et al. 2018b; Brykała & Podgórski 2020), with a
regional influence on the hydrography since the 13th
century AD (Kaiser et al. 2012). Historic documents
show the presence of awater mill in the 17th century CE
downstream of the Klocksin lake chain, near the village
of Jabel.With an altitude of ~65 mNHN, i.e. close to the
natural threshold, the mill may have had little effect on
Lake Tiefer See.

Conclusions

The present lake-level reconstruction from Lake Tiefer
See, northeastern Germany, confirms long-term lake-
level trends known from the region, yet has also
identified hitherto unknown short-term fluctuations
(decades to centuries) particularly during the Early and
Late Holocene. The lake-level amplitude was highest
during the Early Holocene, with the lake level ranging
from high, near modern levels toHolocene minima of at
least 8 m lower than today. The lake level then steadily
increased during the Middle and Late Holocene, with
again prominent fluctuations over the past 4000 years.

The long-term increase during the Middle and Late
Holocene corresponds to declining Northern Hemi-
sphere summer insolation and proposed higher precip-
itation.The short-termfluctuationsduring theEarlyand
Late Holocene are instead synchronous with major
changes in land cover. Moreover, the combination of
water balance modelling and land cover reconstructions
suggests that the magnitude of short-term lake-levels
fluctuations can – at least partly – be explained by
changes in groundwater recharge thatwere caused by the
changes in land cover.

We hence conclude that the Holocene lake-level
fluctuations in Lake Tiefer See have been driven by
interactions between changes in climate, namely precip-
itation, and natural as well as anthropogenic changes in
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land cover. The influence of land cover is recognizable
during both the Early and the Late Holocene, but it
probablywas strongest during anthropogenic land cover
changes. We suggest that a robust interpretation of past
lake-level changes requires quantification of land cover
changes in the catchment area and cannot be limited to
climate change alone.
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Branched glycerol dialkyl glycerol tetraethers in lake sediments: can
they be used as temperature and pH proxies? Organic Geochemistry
41, 1225–1234.

Błaszkiewicz, M., Piotrowski, J. A., Brauer, A., Gierszewski, P.,
Kordowski, J., Kramkowski, M., Lamparski, P., Lorenz, S.,
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Schwarz, A. 2006: Rekonstruktion der Entwicklung des Schulzensees
und des Tiefen Sees (Mecklenburg-Vorpommern) seit dem Spätgla-
zial mittels Diatomeenanalyse unter besonderer Berücksichtigung
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Data S1. Summarized description of the sediment cores.
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Fig S1. Map of pollen records used in EDA analysis.

Table S1. Cores from the margin of Lake Tiefer See and
the surrounding peatlands (see also Fig. 1). The mean
level of the period 1988–2018, measured at the
neighbouring Lake Hofsee, is at 63.10 m NHN.
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