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Abstract. This paleolimnological study aims to investigate how natural processes and
anthropogenic land-use changes have affected sedimentary phosphorus (P) forms and primary
producers in a small, temperate lake (Lake Fuglsø, Denmark) throughout the Holocene. Our
multi-proxy approach uses pollen, X-ray fluorescence scanning, carbon (C) and nitrogen con-
tents and stable isotopes, sequential P extraction, 31P nuclear magnetic resonance spectroscopy,
pigments, diatoms, and plant macrofossils from a 14C-dated sediment record. We found three
periods of human impact: (1) low disturbance from domestic grazing during the early/mid
Neolithic (~3600 to ~2600 BC), (2) higher disturbance because of animal husbandry and some
grain cultivation during the Late Bronze and Pre-Roman Iron Age (~800 BC to AD ~100), and
(3) strong disturbance caused by domestic grazing, intensified crop cultivation and, in particu-
lar, by retting of fiber plants during the Middle Ages and Renaissance (AD ~1000 to ~1700).
Cultural eutrophication during the latter phase caused unprecedented changes in the lake,
including altered species composition, high production, and strongly accelerated sediment
accumulation rates. Generally, catchment deforestation was related to elevated proportions of
metal (iron, aluminum, calcium)-bound P forms in the sediment, while high tree cover corre-
lated with elevated proportions of P forms associated with organic material (“organic” P,
humic-bound P, refractory organic P) and loosely bound P. During phases with forest in the
catchment, silicon (Si) inputs to the lake were insufficient and diatom frustules were mostly
absent in the sediments. In contrast, diatoms thrived in the lake when the landscape was open
and erosional Si influx was high. This study is the first to show long-term (~eight millennia)
and recurring Si limitation of diatoms, a finding that may explain the absence of diatoms in
sediment records of other sites too. In summary, human land-use with preceding deforestation
accelerated the transport of nutrients and elements from the terrestrial to the aquatic environ-
ment, leading to substantial and irreversible changes in Lake Fuglsø. Our study is a good
example of the tight links between catchment processes and lake status, indicating that catch-
ment dynamics should be considered in lake restoration projects, particularly for lowland lakes
with high catchment : lake area ratios.

Key words: aquatic-terrestrial coupling; biogenic phosphorus; cultural eutrophication; deforestation;
erosion; hemp retting; Holocene multi-proxy reconstruction; land-cover changes; phosphorus fractionation;
phototrophs; primary production; Si limitation.

INTRODUCTION

Lakes and their catchment areas are inseparably
linked. Soil development, changes in catchment vegeta-
tion and land-use are important factors that may affect
lake water characteristics, such as nutrient concentra-
tions or pH, and species composition (Renberg et al.

1990, Bradshaw et al. 2005a). Ecosystem changes can
happen rapidly or gradually and can be caused by cli-
matic changes and/or anthropogenic activities. Natu-
rally, most lakes globally are considered to be
phosphorus (P) limited (Schindler 1977) and nutrient
influx is controlled by processes in the catchment area,
i.e., long-term transformation from mineralized to
bioavailable P forms (Walker and Syers 1976, Filippelli
and Souch 1999). However, today numerous lacustrine
systems suffer from cultural eutrophication (nutrient
enrichment), leading to negative consequences regarding
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ecosystem health and services as well as to high manage-
ment costs. While naturally eutrophic lakes exist (Nis-
beth et al. 2019), in most cases eutrophication has been
caused by human activities. Fertilizers washed from agri-
cultural fields and sewage from households or industries
are among the main sources for excess nutrient supply to
freshwater systems (Carpenter et al. 1998, Moorhouse
et al. 2018a) This is often associated with rather modern
times, e.g., from AD 1850/start of industrialization or
from AD 1950/post World War II (Taranu et al. 2015).
Yet, local and global studies show that the onset of
anthropogenic impact on catchments and lakes often
began long before these time periods (e.g., H€ubener
et al. 2015, Jenny et al. 2016, 2019, Dubois et al. 2017,
Haas et al. 2019, Hillman et al. 2019, Stephens et al.
2019). Typically, early expansion of agricultural areas
through deforestation enhanced sediment and nutrient
input to adjacent water bodies and led to proliferation
of anoxia and/or altered species composition (Bradshaw
et al. 2005a, b, Rasmussen and Anderson 2005). Little is
known of how climate changes, and especially early agri-
cultural activities, i.e., changes in catchment vegetation
and land-use, have affected transfer of P and its specific
forms as well as and other nutrients (such as silicon, Si)
to lakes and how this has affected primary producers
and production. For instance, the growth of siliceous
algae can be limited by Si. Low Si:P ratios are caused by
low Si input or recycling and/or by high P availability
and may shift diatom species composition or overall
phytoplankton composition from siliceous diatoms and
chrysophytes to “soft taxa” of chlorophytes and
cyanobacteria (Kilham 1971, Stauffer 1986, Carrick and
Lowe 2007, Estepp and Reavie 2015).
Because of post-depositional mobility (Carignan and

Flett 1981), sedimentary TP contents are not commonly
used to infer past nutrient levels (Engstrom and Wright
1984, Rippey and Anderson 1996). In contrast, sequen-
tially extracted P forms are more frequently used to infer
past changes in lake conditions and catchment areas
(Loizeau et al. 2001, Selig et al. 2005, Ostrofsky et al.
2012, Kisand et al. 2017, Klamt et al. 2017). For chemi-
cal extraction, different reagents with increasing strength
are used and P forms are operationally defined as loosely
bound P, iron (Fe)-bound P, aluminum (Al)-bound P,
“organic P,” humic-bound P, calcium (Ca)-bound P, and
refractory organic P (e.g., Reitzel 2005). These sedimen-
tary P binding forms have been found to reflect the geol-
ogy, vegetation succession, soil development and/or
anthropogenic land-use of catchment areas (Ulrich
1997, Kop�a�cek et al. 2007) and to be influenced by the
trophic state of lakes (Gonsiorczyk et al. 1998, Torres
et al. 2014). Further, profiles of P species indicate soil
erosion and delivery of soil parent material to lakes
(Filippelli and Souch 1999, Filippelli et al. 2006). Ostrof-
sky (2012) showed that (refractory) organic P, and espe-
cially HCl-P (Ca-bound P), can be considered reliable
paleo-proxies for productivity and catchment distur-
bances, respectively. Hence, sequential P extraction has

the potential to deepen our understanding of the devel-
opment of lakes and their associated catchment
(Kop�a�cek et al. 2007, Norton et al. 2011, Kenney et al.
2016, Kisand et al. 2017, Klamt et al. 2017, L€u et al.
2018).
Besides sequential P extraction, 31P nuclear magnetic

resonance (NMR) spectroscopy allows detailed insights
into so-called biogenic P compounds. NMR spec-
troscopy can differentiate P species based on their indi-
vidual resonance frequencies, which depend on their
binding properties. Biogenic P forms comprise P monoe-
sters (e.g., inositol hexakisphosphates with the isomers
myo-, neo-, scyllo-, and D-chiro-IP6), P diesters (e.g.,
DNA), condensed phosphates (e.g., pyro- and poly-P),
and phosphonates. Myo-IP6 (phytate) for instance is an
important storage form of P in plant seeds. Biogenic P
forms play an important role in nutrient availability,
recycling and/or (permanent) storage in lakes and sedi-
ments, respectively (Hupfer et al. 1995, Reitzel et al.
2007, Turner and Weckstr€om 2009, Ahlgreen et al. 2011,
Ding et al. 2013). However, little is known about their
origin and long-term fate in freshwater environments
(Jørgensen et al. 2011, Turner et al. 2012).
In this multi-proxy paleo study, we investigated the

development of a small, temperate lake (Lake Fuglsø,
Denmark) and its catchment during the Holocene.
Specifically, we aimed to discover (1) if and how changes
in climate, vegetation, and especially anthropogenic
land-use are recorded in sedimentary P forms (using
sequential extraction and 31P NMR spectroscopy) and
(2) how primary producers (estimated using chlorophyll
[chl] and carotenoid pigments, diatoms, and macrofos-
sils) in the lake were affected by changes in the catch-
ment area. Besides giving detailed insights into the
Holocene history of a small, temperate lake, we aim to
improve the understanding of elemental cycling from the
terrestrial to the aquatic environment under natural and
human influenced conditions over millennial timescales.

MATERIAL AND METHODS

Study site

Lake Fuglsø is located in the National Park Mols
Bjerge on the hilly lowland peninsula Djursland (Den-
mark; 56°11029.17″ N 10°3206.95″ E; Fig. 1). It is situ-
ated at 55 m above sea level while hills to the northwest
rise to ~120 m above sea level The lake basin was formed
after the last glaciation ~11,000 yr ago upon melting of
a remnant ice block. Soils in the moraine landscape have
mostly developed in meltwater sands (Pedersen and
Petersen 1997) and are dominated by fine, slightly clayey
sand. Today, Lake Fuglsø is small, shallow (Table 1), of
almost circular shape, and has no surface in- or outlets.
It is partly surrounded by a gravel road. The catchment
is dominated by cultural grassland and arable fields.
Land-use during the 18th century was characterized by
so-called “græsmarksbrug uden tægter” where each field
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was cultivated for 2 yr followed by up to 6 yr of rest,
depending on the fertility of the soil (Gjelstrup et al.
2008). During the resting period, the fields were used for
livestock grazing. A cadastral map of AD 1794 shows
Fuglsø village to have consisted of seven farms, located
directly at the northern lake shore. By AD 1836, the
farms were reduced to five, which still exist today.
Another 20 smaller resident houses have been built in
the village over the last 60 yr. Lake Fuglsø received sew-
age from Fuglsø village until AD 1985 when the sewage
was redirected to local infiltration plants. Despite this
measure, TP concentrations are still in the hypereu-
trophic range. The climate in the region is cool-
temperate with the following average temperatures:
annual 8.3°C, January 1.4°C, and July 17.5°C and mean
annual precipitation of 679 mm (Danish Meteorological
Institute, data from 2006 to 2015 for Syddjurs munici-
pality). Water supply wells in the vicinity indicate the

presence of a 40-m deep primary aquifer, but the lake is
assumed to be maintained by a shallower secondary
aquifer gaining hydrological potential from the high hills
east of the lake. Information on historical fluctuations in
lake level is not available but the hydrological setting
suggests that changes in effective moisture have affected
the water table. Signals of changes in the catchment area
are expected to be well-reflected in the lacustrine sedi-
ment record because of a high catchment : lake area ratio
(Table 1), relatively steep sloping terrain and the absence
of surface in- or outlets.

Coring and subsampling

For coring, Kajak, Russian, and Usinger corers were
used. The Kajak corer (Pylonex AB, Ume�a, Sweden)
was used to extract the upper 40 cm of sediment, which
was sliced horizontally in 2-cm intervals. An initial

1 km

55° N        

54° N

57° N

56° N        

10° E

Lake Fuglsø

Fuglsø village

FIG. 1. Map showing the location of Lake Fuglsø in Denmark (left) and LiDAR (light detection and ranging)-based map show-
ing the relief of the landscape around Lake Fuglsø (right; color gradient is from light green, 0 m above sea level, to bright red,
120 m above sea level). Lake Fuglsø (blue area), Fuglsø village (thick black line), and the catchment boundary of Lake Fuglsø (thin
black line) are delineated.

TABLE 1. Morphological and water quality parameters of Lake Fuglsø.

Parameters
Lake area,
LA (ha)

Catchment area,
CA (ha) CA:LA

Maximum
depth (m)

Year AD

1994 2002

Morphological ~1.4 ~31 ~22 ~3
Water quality†
TP (µg/L) 600 515
TN (mg/L) 3.6 1.6
Chl a (µg/L) 185 102

†Summer mean values.
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coring with a small-diameter Russian corer (Competition
Cars, Dalby, Sweden) documented the presence of a long
Holocene sequence. Therefore, an 8-cm diameter Usinger
corer (Pellegrini & Sternberg, Kiel, Germany; Mingram
et al. 2007) fitted to a Uwitech platform (Uwitech,
Mondsee, Austria) was used to recover the main core,
consisting of a series of six 2-m segments (depth interval
82–1,282 cm). Because of inevitable short slips between
each core segment, an additional series of 11 1-m core
segments with an overlap of 20 cm were taken with an 8
cm diameter Russian corer, resulting in a composite sedi-
ment core series (depth interval 20–920 cm). The coring
position of the Russian corer was ~1.5 m apart from the
first position. Sediment cores were cut into halves,
wrapped into plastic foil, and stored in a cool dark place.
In order to correlate single core segments precisely, ele-
mental profiles derived from X-ray fluorescence (XRF)
scanning were used to establish a continuous 1,282 cm
long sediment sequence. Wet sediment material was sub-
sampled for analyses of pollen, macrofossils (incl. mate-
rial for 14C dating), P forms (sequential P extraction and
31P NMR spectroscopy), and pigments. Another sub-
sample was dried to determine dry mass (dm), content of
organic matter, contents and stable isotopes of carbon
(C) and nitrogen (N), and diatom composition.

Dating and sediment accumulation rates

Terrestrial plant macrofossils, such as bud scales, seeds,
and net-veined leaf fragments from 18 sediment sections
(each 5 cm thick) between 342 and 1,059 cm were used
for 14C dating. The material was identified, picked from
the sediment, cleaned, and radiocarbon-dated following
standard protocols. Radiocarbon dates were calibrated
and age–depth modeled using OxCal version 3
(IntCal13; Ramsey 2017). Sedimentation rates (SR in
cm/yr) and sediment bulk densities (in g dm/cm3) were
used to calculate sediment accumulation rates (SAR in g
dm�cm�2�yr�1). Sediment AR and sedimentary counts or
contents of different parameters, i.e., XRF titanium (Ti),
XRF Si, XRF Ca, total organic carbon (TOC), total
inorganic carbon (TIC), total nitrogen (TN), sequentially
extracted and biogenic P forms, pigments, and diatoms,
were used to calculate their respective accumulation rates
(AR in XRF counts�cm�2�yr�1 or g dm�cm�2�yr�1 or
mol�cm�2�yr�1 or diatoms�cm�2�yr�1).

X-ray fluorescence scanning

To determine major element distribution and to corre-
late single core segments, high-resolution XRF core
scanning was conducted on split halves of the sediment
cores. The XRF scan was performed using an Itrax core
scanner (Cox Analytical Systems, M€olndal, Sweden)
with a molybdenum (Mo) tube operated at 30 kV and
30 mA. The step size was 3 mm and exposure time was
55 s per step. Counts were normalized by dividing by
Moincoherent + Mocoherent (Croudace et al. 2006) and

values shown are smoothed over three samples with
weight 0.25, 0.50, and 0.25, respectively. Here we report
results for the elements Ti, Si, and Ca.

Dry mass, organic matter content, contents and stable
isotopes of carbon forms and nitrogen, and TOC:TN

ratios

Fresh and dry mass were determined by weighing wet
sediment before and after drying for 24 h at 105°C (loss
of water) and organic matter content was determined by
weighing dried sediment before and after combustion
for 5 h at 520°C (loss on ignition, LOI). To analyze
stable C and N isotopes and C and N contents, roughly
1 mg of dried sediment was weighed into silver capsules.
Two samples were extracted from each layer, one of
which was treated with 1 mol/L HCl prior to analysis to
dissolve and remove any carbonates. The acid was care-
fully added dropwise until bubbling stopped. Stable iso-
tope analyses were performed on a mass spectrometer
(Delta V Advantage Isotope Ratio Mass Spectrometer,
Thermo Scientific, Bremen, Germany). Isotopic ratios
are expressed in per mil (&) as standard delta notations
relative to international standards (Pee Dee Belemnite
for C and atmospheric nitrogen for N): d13C or
d15N = (Rsample/Rstandard�1) 9 1,000, where R is
13C/12C for d13C and 15N/14N for d15N. Contents of C
and N were measured using an elemental analyzer
(Flash 2000, Thermo Scientific, Bremen, Germany).
Values for total carbon (TC) were derived from the
untreated samples and values for TOC were derived
from the acid-treated samples. The share of TIC was cal-
culated by subtracting TOC from TC. TOC and TN
data were used to calculate atomic TOC:TN ratios.

Phosphorus pools and total phosphorus

Sedimentary pools of P were determined following the
modified sequential extraction procedure of Psenner
et al. (1984), described in Paludan and Jensen (1995)
and Reitzel (2005). Approximately 1 g of wet sediment
was sequentially extracted in different reagents to extract
the following P pools: (1) water (H2O) for dissolved and
labile inorganic P (H2O-rP, loosely bound P) and non-
reactive (“organic”) P (H2O-nrP); (2) bicarbonate-
dithionate (0.11 mol/L NaHCO3 and 0.11 mol/L
Na2S2O4) for P bound redox sensitively to Fe (hydr)ox-
ides (BD-rP, Fe-bound P) and P bound in organic mate-
rial adsorbed to Fe (hydr)oxides (BD-nrP); (3) sodium
hydroxide (0.1 mol/L NaOH) for P bound to Al (hydr)
oxides or clay minerals (NaOH-rP, Al-bound P) and
organically bound P, as well as some of the P contained
in microorganisms and detritus (NaOH-nrP, main part
of “organic P”); (4) humic P or humic-material-
associated/acid-associated P (humic-bound P) by acidifi-
cation and filtration of the NaOH extract from step 3, as
described in Paludan and Jensen (1995); (5) hydrochloric
acid (0.5 mol/L HCl) for P bound onto carbonates and
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as apatite (HCl-P, Ca-bound P); (6) hot (120°C)
hydrochloric acid (1 mol/L HCl) for residual P (refrac-
tory organic P) after combustion of the sediment pellet.
Soluble reactive P (srP) was determined spectrophoto-

metrically in all fractions, as described in Hansen and
Koroleff (1999). Total P (TP) was determined for steps 1–
3 by addition of 1 mL 0.2 mol/L potassium persulfate to
a 5-mL sample, which was subsequently boiled for 1 h at
120°C (“wet oxidation”) and then measured as srP. Non-
reactive P (nrP) was calculated by subtracting srP from
TP of the particular fraction. The sum of nrP of steps 1–3
(without humic P; NRP) is termed organic P as it mainly
consists of organic P. Percentages of the different P pools
of the sum of all P pools were calculated. Furthermore,
~0.1 g of combusted sediment was boiled at 120°C for
1 h in 8 mL 1 mol/L HCl to determine TP (as srP). An
extraction efficiency (i.e., sum of P pools of TP) of
96.0% � 14.7% (mean � SD) was achieved.

Biogenic phosphorus forms

For identification of specific biogenic P forms, 31P
NMR spectroscopy was used. Approximately 14 g of
fresh sediment was pre-extracted in 42 mL 0.05 mol/L
EDTA solution for 1 h followed by a main extraction in
42 mL 0.1 mol/L NaOH solution for 18 h (Jørgensen
et al. 2011). After centrifugation, the supernatant was
decanted and a subsample of this NaOH supernatant
was used for TP measurement on an ICP-OES (induc-
tively coupled plasma with optical emission spectrome-
ter; Optima 2100 DV, Perkin Elmer, Shelton,
Connecticut, USA). The rest of the NaOH supernatant
was freeze-dried, re-dissolved in 0.1 mol/L NaOH solu-
tion and centrifuged at 61,000 g for 10 minutes. After-
ward, 630 µL of the supernatant were transferred to a 5-
mm NMR tube and mixed with 70 µL D2O.

31P NMR
spectra were recorded at 80.9 MHz on a 200-MHz mer-
cury NMR spectrometer (Varian, Palo Alto, California,
USA) at ambient temperature using a 90° observe pulse,
a 1 s acquisition time and a relaxation delay of 5 s,
acquiring ca. 14,000 transients. Chemical shifts were
indirectly referenced to external 85% H3PO4 via the lock
resonance, and the different organic and inorganic P
species were identified by comparison with literature
findings (Turner et al. 2012). The peaks were integrated
using the MestReNova software and quantification of
the P compounds was based on the TP concentration in
the NaOH extracts. The P compounds identified by 31P
NMR spectroscopy are referred to as biogenic P. Bio-
genic P includes P monoesters (e.g., inositol hexakispho-
sphates with the isomers myo-, neo-, scyllo-, and D-
chiro-IP6), P diesters (e.g., DNA), condensed phosphates
(e.g., pyro- and poly-P), and phosphonates.

Pollen

To prepare microscopic slides for pollen counting,
2 cm3 of sediment were freeze-dried and treated

following standard methods (Fægri et al. 1989). In short,
~50 mg of dry sediment was cleaned with HCl and
boiled in KOH and HF to remove carbonates, humic
acids, and inorganic material (especially Si), respectively.
Acetolysis (with acetic acid and sulfuric acid), prepara-
tion with ethyl alcohol and butanol and mounting in sili-
con oil followed. After each step, the residual material
was washed using distilled water. Pollen and spores of
terrestrial and aquatic origin as well as non-pollen paly-
nomorphs, such as Nymphaeaceae mucilaginous hairs,
were counted under a Leitz Laborlux 11 light micro-
scope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany) using 400–1,0009 magnification. Identifica-
tion was based on keys in Fægri and Iversen (1975),
Moore et al. (1991), and Beug (2004) as well as on com-
parison with a modern pollen reference collection. At
least 300 pollen grains of terrestrial plants were counted
in each sample. Relative proportions were calculated
using the sum of terrestrial pollen. The Cannabis type
was not included in the sum since the bulk of pollen
grains belonging to this type had a special non-aerial
origin through direct input of hemp plants to the lake
during hemp retting.

Macrofossils

For macrofossil analysis, 50 cm3 of sediment material
were washed over a 500-µm mesh and the residue was
examined under a stereo microscope using 10–1009
magnification. Macrofossils were isolated, identified and
counted. Numbers are presented per 50 cm3 of sedi-
ment.

Diatoms

Diatom sample preparation followed Kalbe and Wer-
ner (1974) and Battarbee and Kneen (1982). Exactly
0.1 g of dried sediment was treated with 10 mL 30%
HCl, washed twice with distilled water, centrifuged
(12 minutes, 4,000 rpm), and then treated with 10 mL
H2SO4, 1 mL saturated KMnO4, and a few drops of oxa-
lic acid. The samples were rinsed again prior to adding
microspheres (V. Jones, University College London, Lon-
don, UK) and embedding diatoms into Naphrax (Brunel
Microscopes Ltd, Chippenham, UK) on microscopic
slides. Microspheres were counted together with diatom
valves (minimum of 500 valves), which allowed the calcu-
lation of diatom contents as n valves per g dm, according
to Battarbee and Kneen (1982), and of diatom AR using
SAR. The identification of diatoms was based on Kram-
mer and Lange-Bertalot (1986, 1988, 1991a, b), Lange-
Bertalot and Moser (1994), Krammer (1997a, b, 2000,
2002, 2003), Levkov (2009), and Houk et al. (2010, 2014).

Pigments

Pigments were extracted overnight at �5°C in an ace-
tone :methanol :water (80:15:5) mixture, filtered with a
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PTFE (polytetrafluoroethylene) 0.2-lm filter, and dried
under nitrogen gas following the methods in Moorhouse
et al. (2018b). A known quantity was re-dissolved into
an injection solution of a 70:25:5 mixture of acetone,
ion-pairing reagent, and methanol and injected into an
Agilent 1200 series HPLC (high performance liquid
chromatography; Agilent, Santa Clara, California,
USA) system for separation using the conditions
described in Moorhouse et al. (2018b). Eluted pigments
were scanned in a photo-diode array detector for identi-
fication based on spectral characteristics and retention
time. Commercial standards (DHI, Hørsholm, Den-
mark) were used to quantify pigments, and concentra-
tions are reported as molecular masses of pigments per
unit mass (in sediments), subsequently converted to pig-
ment AR using SAR. The chl a : chl a derivatives ratio
was calculated to infer the degree of pigment preserva-
tion. Chl a derivatives comprise chl a0 (chl a epimer),
pheophytin a and b, pyropheophytin a, and phaeophor-
bide a. The siliceous algae : chlorophytes + cyanobacteria
ratio was calculated to estimate shifts in the overall phy-
toplankton composition. Siliceous algae are represented
by the sum of diatoxanthin and fucoxanthin, and
chlorophytes + cyanobacteria are represented by the
sum of lutein-zeaxanthin, myxoxanthophyll a, and can-
thaxanthin.

Numerical analyses

The program R (R Core Team 2020) was used for
numerical analyses. Since the length of the first axis of
the detrended component analysis (DCA; vegan package
in R) for P forms and pigment data was <3 SD, linear
methods were used for ordination analyses (Lep�s and
�Smilauer 2003). Principal components analysis (PCA;
vegan package in R) was performed on P form (AR and
percentage data) and pigment (AR) data sets to identify
major shifts and directions of changes. Significant PCs
were identified through the Broken-stick method. Prior
to PCA, data were square-root transformed.
Linear correlations between different proxies were

performed. Since data of percentage of deciduous tree
pollen, PCA axis 1 scores of P forms (%), ratio of chl
a: chl a derivatives, AR of TP, chl a, and b-carotene,
were not normally distributed, and due to their rela-
tively low sample size, Kendall correlations were con-
ducted.

RESULTS

Dating and sediment accumulation rates

Dating results showed consistently younger ages mov-
ing upward in the core, and since all dates had an agree-
ment index >60%, no samples were excluded from the
dating model. Using the OxCal age–depth modeling
option, a P_Sequence with k = 1, and interpolation of
0.2 resulted in a model with an overall agreement index

of 98.2%. Four near-linear segments were observed in
the age–depth model (Fig. 2). The first was from the
oldest sediment layers to ~3400 BC (average SR:
0.04 cm/yr), the second had an increased slope to ~900
BC (average SR: 0.06 cm/yr), the third had a further
increase in slope to AD ~1100 (average SR: 0.10 cm/yr),
and the forth showed a strong increase to the sediment
surface (average SR: 0.67 cm/yr). The age of the deepest
sediment layer (analysed by XRF scanning; 1,098 cm)
was estimated by extrapolation to be 9328 � 540 BC.
SARs were relatively low and stable from the beginning
of the development of Lake Fuglsø to AD ~1000 (on
average 106 g dm�m�2�yr�1; Fig. 3e), but exhibited
peaks in the deepest sediment layers (501 g
dm�m�2�yr�1), at ~3300 BC (98 g dm�m�2�yr�1) and at
~500 BC (250 g dm�m�2�yr�1). Strong increases were
observed from AD ~1000 and ~1300, leading to a peak
at AD ~1700 (>1,900 g dm�m�2�yr�1), which was fol-
lowed by a decrease. High SARs were also observed at
AD ~1560, ~1870 and ~1940. Roughly 50% (>5 m;
Fig. 3e) of the sediment at the coring site was deposited
within the last ~1,000 yr.

Accumulation rates of titanium, silicon, and calcium

AR of Ti XRF counts were elevated in the lowermost
sediment layers (before ~9000 BC; Fig. 3f), decreased
subsequently and then showed low values with minor
peaks at ~8500, ~8200, and ~6200 BC. Ti AR then
increased between ~800 and ~200 BC and strongly
increased between AD ~1000 and the early 20th century,

FIG. 2. Age–depth model based on 18 dates of terrestrial
plant macrofossils represented by their age distribution. The
model (dark green line) is shown with associated standard devi-
ations (light green lines).
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reaching maximum values. In between, Ti AR was low
and stable. AR of Si XRF counts followed a similar pat-
tern as Ti AR, i.e., elevated and decreasing values before
~9000 BC (Fig. 3g), slightly higher values between ~800
BC and AD ~200 and strongly increasing and maximum
values between AD ~1000 and the upper sediments. In
between these times, Si AR was low with small peaks,
e.g., at around 3300 BC. AR of Ca XRF counts showed
high and rapidly decreasing values in the oldest sediment
layers (before ~9000 BC; Fig. 3h) and increasing values
between AD ~1000 and the youngest sediment layers
with a maximum around AD 1600. In between, Ca AR
were low but showed minor peaks.

Accumulation rates and stable isotopes of carbon forms
and nitrogen, and TOC:TN ratios

The AR of TIC was high in the oldest sediment layer
(31 g�m�2�yr�1) and decreased rapidly. TIC ARwas low
or 0 until AD ~1000 (Fig. 3h) when it increased and
fluctuated strongly, showing a peak at AD ~1680
(33 g�m�2�yr�1). Values of d15TN were high in the oldest
sediments (3.1&) and showed peaks at ~3300 and ~400
BC (1.5& and 3.3&, respectively; Fig. 3i). Between the
peaks, d15TN values fluctuated slightly around 0&. A
strong increase was observed from ~1000 AD, after
which d15TN values remained high (8.5& � 1.1&). AR

of TN and TOC showed similar trends as d15TN values
with high values around ~9000 BC (3.3 g TN�m�2�yr�1

and 39 g TOC�m�2�yr�1) and then relatively low and
stable values until AD ~1000 (2.4 � 0.9 g TN�m�2�yr�1

and 28.8 � 11.1 g TOC�m�2�yr�1) with peaks at ~3300
and ~800 BC (3.2 and 3.6 g TN�m�2�yr�1 and 50 and
45 g TOC�m�2�yr�1, respectively; Fig. 3j). From AD
~1000, TN and TOC AR increased strongly, showed
maxima of 24 g TN�m�2�yr�1 and 248 g TOC�m�2�yr�1

at AD ~1880 and decreased toward the sediment surface
(9.3 g TN�m�2�yr�1 and 74 g TOC�m�2�yr�1). Values of
d13TOC were high in the oldest sediment layers
(�28.1&), fluctuated around �38.0& until AD ~1000
and then increased strongly to a maximum value of
�25.6& at AD ~1730 from when they decreased toward
the sediment surface (�31.3&; Fig. 3k). Atomic TOC:
TN ratios were highest in the oldest sediment layers
(19.7), then fluctuated around 14 until AD ~1000,
decreasing gradually to a minimum of 9.3 at the sedi-
ment surface (Fig. 3l). A peak was observed at ~3300
BC (18.1). The plot of TOC:TN against d13TOC values
revealed two groups (Fig. 4). One group with high TOC:
TN and low d13TOC values comprising samples from
the oldest analyzed layers to AD ~1000 and another
group with low TOC:TN and high d13TOC values com-
prising samples from AD ~1100 to the youngest sedi-
ment layer.

FIG. 3. Time series of (a–h) selected pollen and macrofossils, lake depth, sediment accumulation rate (SAR), accumulation rates
(AR) of Ti, Si, and Ca X-ray fluorescence (XRF) counts, AR of diatoms, and total inorganic carbon (TIC) and (i–r) stable total
nitrogen (d15TN) and total organic carbon (d13TOC) isotopes, ARof TN and TOC, atomic TOC:TN ratio, ARof total phosphorus
(TP), scores of PCA axes 1 using AR and percentage data of P forms, respectively, percentage of benthic diatoms, scores of PCA
axes 1 and 2 using AR of pigment data, and siliceous algae : chlorophytes + cyanobacteria ratio. Blue bar highlights strong changes
after formation of the lake and red bars indicate three periods of anthropogenic catchment disturbance. Dotted gray line marks
~6000 BC when changes in many proxies occurred and dotted red line indicates the end of retting activities. Cnts, counts; dm, dry
mass; gray boxes, no data because of too low diatom valve contents in the sediment.
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Phosphorus pools and total phosphorus

The profiles of AR of TP and of all seven P forms fol-
lowed a similar pattern with slightly elevated values in
the oldest sediment layers and then very low and stable
values until AD ~1000 (Fig. 3m and Appendix S1:
Fig. S1). AR of loosely bound P showed a peak at ~3300
BC and AR of all P forms were elevated between ~900
BC and AD ~400 (Appendix S1: Fig. S1). A strong
increase in ARwas observed from AD ~1000 that led to
maximum values between AD ~1700 and ~1800, except
for Ca-bound P, which peaked around AD 1600 and “or-
ganic P,” which showed a maximum at the sediment sur-
face. AR for all other P forms decreased toward the
sediment surface. For the PCA using AR of P forms, the
first axis was significant and explained 94.9% of the vari-
ance. All P forms were correlated positively with PCA
axis 1. Sample scores of PCA axis 1 were low and stable
until AD ~1000, but showed a minor increase between
~900 BC and AD ~400 (Fig. 3n). From AD ~1000 sam-
ple scores increased strongly toward positive values and

reached a maximum at AD ~1700. Afterward, scores
decreased toward the sediment surface.
The relative share of loosely bound P increased with

some fluctuations (e.g., peak at ~3300 BC) from the old-
est sediment layers until AD ~100 (from 1.6% to 13.1%),
and then decreased toward the sediment surface (3.5%;
Appendix S1: Fig. S1). Before AD ~1000, Fe-bound P
fluctuated around 24%. It showed an increase within the
first ~1,500 yr, then stable values and a decrease from
~6000 BC. An increase from ~3600 BC was followed by
a generally decreasing trend from ~2700 BC. A strong
increase occurred from AD ~1000, leading to a peak at
AD ~1500 (39%) and a maximum at AD ~1700 (52%)
and then decreasing values toward the sediment surface.
The proportion of Al-bound P exhibited relatively stable
values around 6% from the beginning of the develop-
ment of Lake Fuglsø to AD ~1000 with peaks at ~8300
(9.0%) and 300 BC (10%). From AD ~1000, Al-bound P
increased strongly, peaked at AD ~1700 and ~1900 (16%
each) and decreased toward the sediment surface.
Humic-bound P increased strongly from 6.9% to 26%
between the two oldest analysed sediment layers
(~120 yr). Eventually, values fluctuated strongly around
23% until ~2700 BC (decrease from ~9000 BC, increase
from ~6000 BC and decrease from ~3600 BC). Between
~2700 and ~800 BC, values were relatively stable, then
increased until ~100 BC (25%) and decreased steadily to
values <6% at AD ~1700 from when they increased
toward the youngest sediment layers. Overall, humic-
bound P showed an inverse trend to Fe-bound P. The
proportion of organic P increased in the oldest sediment
layers and showed stable values around 11% between
~9000 BC and AD ~1000 from when values decreased to
a minimum (3.4%) at AD ~1700. A strong increase
between AD ~1700 and the sediment surface (32%) was
observed. The proportion of Ca-bound P showed high-
est values (50%) in the oldest analysed sediment layer,
decreased strongly to values <3% within the first
<1,000 yr and remained low until AD ~1000. Elevated
values were observed between ~2700 and ~1900 BC
(11%). From AD ~1000, values increased and fluctuated
strongly, showed a peak at AD ~1600 (34%) and then
decreased toward the sediment surface. Refractory
organic P increased within the first ~1,000 yr (from 14%
to 26%). Eventually, values fluctuated around 27% until
AD ~1000, showing decreasing trends from ~3600 BC,
~900 BC and AD ~400 followed by increases. From AD
~1000, values decreased to a minimum of 6.0% at AD
~1730 and then increased slightly toward the sediment
surface. Overall, refractory organic P showed an inverse
trend compared to Ca-bound P. The strongest change in
the proportions of P forms occurred between AD ~1000
and the sediment surface with loosely bound P, humic-
bound P, organic P, and refractory organic P showing
low values and Fe-, Al- and Ca-bound P showing high
values. Considering the entire sediment record and aver-
age data, the relative share of Fe-bound P was domi-
nant, followed by refractory organic P, humic-bound P,

FIG. 4. Stable total organic carbon (d13TOC) values plotted
against atomic TOC:TN ratios, reflecting the shift from a het-
erotrophic, deep lake with anoxic bottom water and methano-
genesis/chemoautotrophy (probably humic due to
allochthonous input) before AD ~1000 (green, filled squares) to
a modern system with high autochthonous production by phy-
toplankton after AD ~1730 (gray triangles). Values from the
time of intense catchment changes (deforestation and agricul-
tural activities) and usage of Lake Fuglsø for retting (AD ~1100
– ~1700; gray squares) indicate both high allochthonous input
(mainly from retting plants; TOC:TN) as well as autochtho-
nous production by phytoplankton (d13TOC).
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Ca-bound P, organic P, Al-bound P, and loosely bound
P. For the PCA using percentage data of P forms, the
first axis was significant and explained 68.4% of the vari-
ance. Refractory organic P, humic-bound P, organic P,
and loosely bound P were associated with positive PCA
axis 1 scores, while Ca-, Fe-, and Al-bound P were corre-
lated with the negative direction. Sample scores of PCA
axis 1 increased strongly from negative to positive values
within the first ~1,000 yr and remained positive, but
exhibited fluctuations including an increase at ~6000 BC
and decreases at ~3200 BC, ~1000 BC, and AD ~400
(Fig. 3o). From AD ~1000, scores decreased strongly
toward negative values, remained low between AD
~1400 and ~1800, and increased afterward.

Biogenic phosphorus forms

It total, 13 samples were analysed for biogenic P forms
(indicated by dashed lines in Appendix S1: Fig. S2a,b)
of which eight samples were from <1,000-yr-old sedi-
ment layers. Scyllo-IP6, myo-IP6, neo-IP6, D-chiro-IP6,
phospholipids, P diester, DNA-P, pyrophosphates/
polyphosphate end groups, and a-D-glucose-1-
phosphate were identified from the signals of NMR
spectra. Myo-IP6 was detected in the oldest analyzed
sediment layer (~9200 BC) and at ~3700 BC and D-
chiro-IP6 at ~7700 and ~1000 BC. Neo-IP6 was found at
~1000 and ~400 BC and DNA-P was detected at ~400
BC. However, contents (<25 µg/g dm) and AR
(<2 mg�m�2�yr�1) were low. Within the past ~1,000 yr,
myo-IP6, neo-IP6 and DNA-P contents and AR
increased with time (i.e., decreasing with sediment
depth), and D-chiro-IP6 showed increasing contents but
stable AR. Pyrophosphates/polyphosphate end groups
were solely found in the surface layer and in the sedi-
ment layer below and a-D-glucose-1-phosphate only in
the surface layer. The highest content of each biogenic P
form was usually found in either the surface layer or in
the sediment layer below (AD ~1980), except for scyllo-
IP6 (only found at AD ~1560). The highest content of all
compounds was found in the surface layer for pyrophos-
phates/polyphosphate end groups (347 µg/g dm).
Throughout the entire sediment core, myo-IP6, D-chiro-
IP6, and DNA-P showed high contents (~ myo-
IP6 > DNA-P > D-chiro-IP6) and were found most fre-
quently.

Pollen and other non-siliceous palynomorphs (selected)

At ~9200 BC, the vegetation in the catchment was
dominated by (dwarf) shrubs and Poaceae (grasses,
>60%; Fig. 3a,c). The percentage of the sum of tree pol-
len increased strongly in the oldest sediment layers and
showed constantly high values (>90%) between ~8500
and ~1800 BC, with minor declines at ~6000 BC and
between ~3600 and ~2600 BC, during which periods
Poaceae became more abundant. Abundant tree pollen
types were initially Pinus and Betula, and later Corylus

avellana, Alnus glutinosa, Quercus, Ulmus, Tilia, and
Fraxinus excelsior (Appendix S1: Fig. S3). The relative
abundances of Pinus, Betula, and Corylus avellana
decreased clearly at ~6000 BC and were balanced by
increased abundances of other tree species (Alnus gluti-
nosa, Quercus, Ulmus, Tilia, and Fraxinus excelsior).
From ~1800 BC, the sum of tree pollen decreased
slightly and then more strongly from ~850 BC to <30%
at ~500 BC, ceding to Poaceae and apophytes (Plantago
lanceolata and Rumex; Fig. 3a, b and Appendix S1:
Fig. S4). The first cereal pollen grains were recorded at
~1900 BC for Hordeum type, ~800 BC for Avena/Triti-
cum type and ~600 BC for Secale cereale. Tree pollen
percentages remained low between ~500 BC and AD
~100 and then increased steadily to >85% at AD ~1000.
During this period, Betula initially increased, but then
Fagus sylvatica became the dominant pollen type, reduc-
ing the proportion of grasses. From AD ~1000, the per-
centage of tree pollen decreased strongly (by almost 40%
within ~100 yr) to a minimum of 3.5% at AD ~1700
from when it increased with some fluctuations to 38% in
the youngest sediment layers. Proportions of Poaceae,
herbs, and cultivated plants (especially Secale cereale,
Hordeum type, and Fagopyrum) increased from AD
~1000 and pollen of apophytes, especially indicators of
domestic grazing, such as Rumex and Plantago lanceo-
lata, increased strongly from AD ~1000 to a maximum
of 42% at AD ~1700. Similarly, the percentage of the
Cannabis pollen type increased strongly from AD ~1000
to a maximum of 82% (calculated outside the terrestrial
pollen sum) at AD ~1600, decreased abruptly in the fol-
lowing century and was <1% in the upper sediment lay-
ers (Fig. 3d). Mucilaginous hairs of Nymphaeaceae
leaves were present since ~7300 BC and very abundant
between ~700 and ~100 BC and from AD ~1100
(Appendix S1: Fig. S5).
There was a significant positive correlation between

the percentage of deciduous tree pollen and PCA axis 1
scores of percent P form data (Kendall’s s = 0.610,
P < 0.001; Fig. 5a).

Macrofossils (selected)

Net-veined leaf fragments occurred frequently in the
sediment record from ~6200 BC (Appendix S1: Fig. S3).
Nuphar seeds were found once at ~6200 BC
(Appendix S1: Fig. S5). Highest numbers of Potamoge-
ton sp. fruits were found at ~6200 BC, after which they
decreased abruptly and increased from AD ~1600. Cer-
atophyllum submersum fruits showed a maximum at
~5200 BC. Seeds and seed fragments document the pres-
ence of Nymphaea in the early Holocene and higher
abundances from about ~6200 BC onward with a maxi-
mum at ~3300 BC and low abundances from AD ~600.
Myriophyllum spicatum fruits were found between AD
~1550 and ~1650. Macrofossils of Linum usitatissimum
were predominately found between AD ~1000 and
~1600 (Fig. 3d).
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Diatoms

In general, the diatom composition showed strong
fluctuations. Within the first ~1,000 yr, the dominant life
form shifted abruptly between benthic and planktonic,
reflecting changes in abundances of Staurosira (mainly
S. mutabilis, S. venter, and S. construens), Pseudostau-
rosira brevistriata, and Stephanodiscus spp., respectively
(Fig. 3p and Appendix S1: Fig. S6). During Stephan-
odiscus spp. dominance (mainly S. alpinus, >60% at
~9000 BC), benthic species were primarily represented
by the genera Fragilaria, Gomphonema, Epithemia, and
Navicula. Between ~9000 and ~6000 BC, S. parvus domi-
nated the assemblage (≥80%) and co-occurred with
mainly planktonic Asterionella formosa and benthic
Fragilaria spp., Achnanthes minutissima var. minutissima,
A. conspicua, and Nitzschia dissipata. Diatoms were
either absent, or not preserved in sufficient quantity in
the sediments accumulated between ~6000/latest ~5400

BC (oldest sample with no diatoms/low diatom content)
and ~1000/latest ~400 BC (youngest sample with suffi-
cient diatom content). At ~400 BC Staurosira spp.
(~50%, mainly S. venter and S. construens) and Cycloste-
phanos dubius (~40%) dominated the diatom assemblage.
This balance between benthic and planktonic species
shifted to planktonic dominance at ~100 BC when
Cyclotella radiosa and Cyclostephanos dubius (each
>40%) were the most abundant taxa. From ~100 BC, the
benthic diatom abundance increased strongly from 15%
to 75% within ~200 yr and then decreased steadily to
<10% at AD ~1100. Benthic species were mainly repre-
sented by Tabularia fasciculata and by Fragilaria, Stau-
rosira, Navicula (mainly N. radiosa), Cymbella, and
Epithemia spp., and were replaced successively by pre-
dominantly planktonic Stephanodiscus spp. (mainly S.
parvus) and Asterionella formosa, which were accompa-
nied by minor abundances of benthic species (Gyrosigma
acuminatum and Rhopalodia gibba as well as Fragilaria,

FIG. 5. Correlations or relationships between (a) percentage of deciduous tree pollen and scores of PCA axis 1 using percentage
data of phosphorus (P) forms, (b) accumulation rate (AR) of total phosphorus (TP) and chlorophyll (chl) a : chl a derivatives, (c)
ARof TP and ARof chl a, and (d) ARof TP and ARof b-carotene.
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Gomphonema, Cocconeis, Nitzschia, and Amphora spp.).
During the last ~900 yr, and especially from AD ~1700,
benthic species increased, however with strong fluctua-
tions. Benthic Staurosira spp. (mainly S. mutabilis, S.
venter and S. martyi), Pseudostaurosira brevistriata and
Fragilaria spp. (mainly F. capucina, F. bidens, and F.
mesolepta) alternated with planktonic Cyclostephanos
dubius and Stephanodiscus spp. (mainly S. parvus, S.
hantzschii, and S. alpinus). Around AD 1500, the relative
abundance of Cyclotella meneghiniana was 38% and
around AD ~1700, Nitzschia intermedia (10%), Coc-
coneis placentula (11%), Gomphonema truncatum (4%),
Achnanthes lanceolata, and A. minutissima (together
>4%) showed high abundances. Sudden appearances or
increased abundances of the following species occurred
between AD ~1800 and ~1880: Amphora libyca, A.
pediculus, Cymbellonitzschia diluviana, Discostella stellig-
era, Navicula capitata var. capitata, Rhoicosphenia abbre-
viata, Staurosira martyi, Tabellaria flocculosa, and
Thalassiosira weissflogii. Around AD 1950, two species,
Aulacoseira granulata (45%) and Nitzschia fruticosa
(10%), made up more than half of the diatom assem-
blage.
Diatom AR was slightly elevated (~30 9 109 di-

atoms�m�2�yr�1) in the oldest analysed sediment layers
and decreased to very low values or 0 between ~7000
and ~1000 BC when AR increased until ~100 BC
(~200 9 109 diatoms�m�2�yr�1; Fig. 3g). From ~100
BC, there was a strong decrease, which was followed by
low values for ~1000 yr. Diatom AR increased strongly
from AD ~1000 and then fluctuated strongly (~10–
570 9 109 diatoms�m�2�yr�1), with an overall increasing
trend core upward.

Pigments

The following pigments were detected: chl a (coeluted
with echinenone; indicative of all algae groups and
cyanobacteria), b-carotene (all algae groups and
cyanobacteria), okenone (purple sulfur bacteria), lutein-
zeaxanthin (chlorophytes and cyanobacteria), canthax-
anthin (cyanobacteria), myxoxanthophyll (filamentous
cyanobacteria), alloxanthin (cryptophytes), diatoxanthin
(siliceous algae), fucoxanthin (siliceous algae), and one
unidentified carotenoid (potentially chlorobactene). Sev-
eral chl a degradation products were also detected
including chl a0 (chl a epimer), pheophytin a, pyropheo-
phytin a, and phaeophorbide a, along with a degrada-
tion product of chl b (pheophytin b).
AR of all pigments followed a similar trend with ini-

tially elevated rates (except for myxoxanthophyll),
abruptly decreasing (from ~9000 BC) followed by low,
slightly fluctuating values until AD ~1000
(Appendix S1: Fig. S7). During that time, the highest
AR was found at ~9000 BC for okenone. Small peaks
were observed for lutein-zeaxanthin, canthaxanthin and
myxoxanthophyll between ~3500 and ~3200 BC, and
clear peaks of chl a and b-carotene were found at ~800

BC. AR of all pigments began increasing at 0 and accel-
erated at, or after, AD ~1000. Eventually, strongly fluc-
tuating values were observed, and maximum values
occurred after AD ~1700, in particular for alloxanthin,
but not for okenone.
The first two axes of the pigment PCAwere significant

and explained 62.4% and 19.4% of the variance, respec-
tively. Phaeophorbide a was most strongly negatively
correlated with PCA axis 1, and okenone, pheophytin a
and b-carotene were associated with the negative direc-
tion of PCA axis 2. PCA axis 1 scores fluctuated
strongly between ~9200 and ~3000 BC, with low values
at ~6000 BC, and stable values until AD ~1000 (Fig. 3q).
From AD ~1000 onward, scores decreased abruptly to
negative values, with strong fluctuations, and a mini-
mum at AD ~1800. Within the first ~1,500 yr, sample
scores of PCA axis 2 initially decreased strongly to nega-
tive values (minimum at ~9000 BC) and then increased
(Fig. 3q). Subsequently, scores fluctuated slightly and
exhibited a peak at AD ~1870.
The chl a : chl a derivatives ratio was plotted against

the AR of TP (Fig. 5b). When TPAR is high, the chl a :
chl a derivatives ratio was low (low preservation), while
a high ratio (high preservation) was only found when
AR of TP was low. Significant positive correlations were
found between ARof TP and chl a (Kendall’s s = 0.688,
P < 0.001; Fig. 5c) and between AR of TP and b-
carotene (Kendall’s s = 0.577, P < 0.001; Fig. 5d). The
siliceous algae : chlorophytes + cyanobacteria ratio was
high in the oldest samples, showed a decreasing trend
during the first ~four millennia of the development of
Lake Fuglsø and then fluctuating values (Fig. 3r). From
AD ~1000, the ratio decreased and remained low from
AD ~1400 to the sediment surface.

DISCUSSION

Validation of proxies

In general, sedimentary proxies were well-preserved,
which is probably due to organic-rich sediments (mean
� SD: 57.5% � 24.4% LOI; maximum 91.9% LOI) and
due to anoxic conditions during sedimentation and in
the sediments (low d13TOC values). Since Lake Fuglsø is
small and has no surface inlet, pollen profiles mainly
represent signals of the catchment area, whose size is
likely to have varied through time. Pollen from within
the so-called relevant source area of pollen (RSAP;
sensu Sugita 1994) defines the site-specific pollen accu-
mulation in contrast to the general pollen deposition of
the region. As the RSAP is strongly dependent on lake
size (Sugita 1994), we estimate the RSAP of Lake Fuglsø
to be within a radius of roughly 500 m (~0.8 km2), but it
has possibly been larger during periods with few trees in
the catchment. However, a substantial part of pollen
grains (“background pollen rain”) is expected to have
derived from outside this area. Macrofossils derive from
more local sources than pollen, yet macrofossil and
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pollen records are in good correspondence, as reflected
in similar trends of pollen and macrofossil profiles
(Appendix S1: Fig. S3).
Profiles of TP and its binding forms showed clearly

changing trends over the Holocene record and thus do
not suggest a diffusive flux of P, which would have led to
equilibration of P contents and proportions over time
(Kenney et al. 2016). Instead, there are distinct peaks in
AR and shifts in percentage data, including of P frac-
tions that are considered mobile, such as water-soluble
loosely bound P and redox-sensitive Fe-bound P (Rydin
2000). These peaks and shifts correlate well with changes
in catchment vegetation and erosion activity (see “Gen-
eral catchment–lake changes”). Therefore, we consider
the sedimentary P profiles as robust indicators of past
changes in P deposition. Furthermore, the presence of
biogenic P forms, such as P monoesters and P diesters in
deep and old sediment layers (e.g., 6.6 m and ~400 BC,
respectively), demonstrates the capability for long-term
preservation, given favorable conditions. However, sedi-
mentary P profiles might be biased because of varying
conditions that prevailed at the time of deposition and
might have favored the burial or release of one or
another P form. Therefore, it needs to be mentioned that
(1) changes in sedimentary P forms should not be inter-
preted alone but always in combination with other
paleo-proxies (Kisand et al. 2017), (2) the upper sedi-
ment layers are subject to (fast) degradation, recycling
and redox processes and should not be compared with
older sediment layers, (3) sedimentary P contents cannot
directly be used to reconstruct past P concentrations in
the lake water (P contents may for instance be high in
Al-rich sediments of oligotrophic lakes; Wilson et al.
2010) or past external P loads (except maybe if a lake
doesn’t have an outlet), (4) calculating budgets or P
retention is only possible if historical data of P loads are
available (however, alternatives, such as modeling, exist;
Rippey and Anderson 1996, Boyle et al. 2014), and (5)
relative proportions of P forms are prone to the “closed-
sum effect”, i.e., an increase in one P species inevitably
affects/decreases the proportion of another P species.

General catchment–lake changes

This multi-proxy study gives detailed insight into
effects of catchment changes (pedogenesis, vegetation
succession, and anthropogenic land-use) on sedimentary
P forms and aquatic primary producers throughout the
Holocene, and is a good example of the strong connec-
tivity between a small lake and its catchment area (e.g.,
Fritz 1989, H�akansson and Regn�ell 1993, Luoto et al.
2012). Besides climate-driven changes in the catchment
vegetation, three stages with different intensities of
human activities can be distinguished: (1) low distur-
bance caused by domestic grazing during the Early/Mid
Neolithic (~3600 to ~2600 BC), (2) higher disturbance
because of animal husbandry and some grain cultivation
during the Late Bronze and Pre-Roman Iron Age (~800

BC to AD ~100) with clear effects on the catchment veg-
etation and the lake and (3) strong disturbance caused
by domestic grazing, intensified crop cultivation and, in
particular, by retting of fiber plants (especially hemp)
during the Middle Ages and Renaissance (AD ~1000 to
~1700), which resulted in almost complete catchment
deforestation and substantial changes in Lake Fuglsø.
While land-use during the Neolithic affected the lake
only marginally with an apparent return to pre-
disturbance conditions, lake primary production clearly
increased during the Late Bronze and Pre-Roman Iron
Age and remained elevated afterward. Massive cultural
eutrophication of the lake occurred after AD ~1000.
Periods of catchment deforestation caused erosion

and increased production in the lake (reflected in the
low percentage of tree pollen, high AR of Ti XRF
counts and high AR of pigments, respectively). This led
to shallowing of the lake, especially from AD ~1000
(Dearing and Jones 2003, Bradshaw et al. 2005a, Ras-
mussen and Anderson 2005, Woodmard and Shulmeis-
ter 2005) due to sediment infilling. At the coring site,
roughly one-half (~5.5 m) of the sediment was deposited
within the first 10,000 yr, while the other half (~5.3 m)
was deposited within the most recent 1,000 yr (from AD
1000; Fig. 3e). In general, deforestation and shallowing
of a lake may increase in lake TP concentrations (and
hence primary production) through enhanced DOC (dis-
solved organic carbon) and P leaching from the catch-
ment and through reduced lake volume (Geraldes and
Boavida 2007, Kop�a�cek et al. 2017). Additionally, P
release from sediments may increase TP concentrations.
However, the role of internal loading depends, among
others, on O2 conditions, which may be improved after
deforestation because of increased mixing due to wind
fetch and shallower waters, and on the sedimentary Al :
Fe hydroxides ratio (Kop�a�cek et al. 2005, Hupfer and
Lewandowski 2008). With low percentages of deciduous
tree pollen, including the earliest samples after the melt-
ing of remnant ice, relatively more Fe-, Al-, and Ca-
bound P and less loosely bound P, organic P, humic-
bound P, and refractory organic P were deposited in the
sediments of Lake Fuglsø (Fig. 5a), indicating mobiliza-
tion and in-wash of metal-bound (minerogenic/oc-
cluded) P forms from the catchment soil (Filippelli and
Souch 1999). Even though Al- and Ca-bound P are con-
sidered inert and non-bioavailable P forms (Rydin 2000,
Kop�a�cek et al. 2007), aquatic production increased dur-
ing erosion phases, suggesting that influx of terrestrial
material provided enough bioavailable P to stimulate
growth of primary producers. Additionally, P may have
temporarily been released from DOC-Al(Fe)-phosphate
complexes (formed in the soil after its development in
the catchment), e.g., through photo-mineralization in
the lake water, to a bioavailable form that boosted pri-
mary production, before being (re)adsorbed to Al
hydroxides in the sediments (Kop�a�cek et al. 2006). This
is well-reflected in significant positive correlations
between AR of TP and AR of chl a and AR of b-
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carotene (Fig. 5c, d; Jones and Bachman 1976). Pigment
preservation (inferred from chl a : chl a derivatives ratio)
was low under high ARof TP and high preservation was
only found under low ARof TP (Fig. 5b). It seems likely
that under high ARof TP, growth of phytoplankton was
stimulated and since planktonic algae are more exposed
to degradation processes (during sinking) than benthic
algae are, their increased abundance may have caused an
overall decrease in pigment preservation (Cuddington
and Leavitt 1999). Further, high AR of TP are related to
deforestation of the catchment and thus to higher wind
fetch and more intense lake mixing, which increases sup-
ply with O2 as well as the retention time of phytoplank-
ton in the water column, i.e., enhances degradation rates
(Leavitt 1993; Scully et al. 2000).
Elevated nutrient concentrations (i.e., at least meso-

trophic conditions) since the early Holocene have been
observed in other temperate lakes too (Fritz 1989, Nis-
beth et al. 2019). In the case of Lake Fuglsø, we infer
that this was caused by the high catchment : lake area
ratio, relatively steep topography and sandy soils, which
together resulted in high influx of nutrients and organic
material to the lake during periods of open landscape.
Since Lake Fuglsø has no surface outlet, P accumulates
constantly in the lake, although loss through groundwa-
ter discharge cannot be excluded.
The highest contents of biogenic P forms were found

in sediment layers deposited during the past ~1,000 yr.
This was also the time when Lake Fuglsø was used for
retting. For retting, plant stems were soaked in lake
water to decompose soft tissues by means of microbes to
separate bast-fiber bundles. Hence, the lake was highly
affected by the input of terrestrial material as well as by
algal production and microbial diversity and activity in
the water were high (Ribeiro et al. 2015). Each of these
processes was likely important for the input, formation
and/or preservation of biogenic P. Highest AR of DNA-
P, myo- and neo-IP6 coincided with highest phototroph
production (AR of chl a and b-carotene) but not with
highest external input (SAR), suggesting the lacustrine
origin of these compounds. However, effects of sediment
diagenesis (suggested by decreasing contents and AR of
DNA-P, myo- and neo-IP6 with sediment depth) with
varying pH and/or redox conditions (Golterman et al.
1997, Carman et al. 2000, Reitzel et al. 2018) cannot be
ruled out. For myo-IP6, which is an important storage
form of P in plant seeds, high contents in the two young-
est samples can be explained by sewage inputs that Lake
Fuglsø received until AD 1985 (Turner and Weckstr€om
2009). The only occurrence of scyllo-IP6 at AD ~1560
coincided with high terrestrial input through retting
activities and strongly supports its external origin. Writ-
ten historical records report that during retting, entire
plants including roots and the attached soil were placed
into the lake (Brøndegaard 1978), and this soil was likely
the source of scyllo-IP6 (Turner and Richardson 2004,
McDowell et al. 2007, Klamt et al. 2017). In contrast,
D-chiro- and neo-IP6 are minor constituents in

temperate soils (Turner et al. 2012, Doolette et al. 2017)
and were probably formed in the lake or sediments.
Pyrophosphates/polyphosphate end groups and a-D-
glucose-1-phosphate were only found in the upper sedi-
ment layer(s), which is in line with their short half-life
time and fast degradation (Hupfer et al. 1995, Ahlgren
et al. 2005, Reitzel et al. 2007, Ding et al. 2013). The low
sample resolution before retting (five samples were anal-
ysed for biogenic P forms between ~9200 BC and AD
~1000) makes it difficult to reliably infer the sources and
influencing factors for biogenic P forms. Nevertheless,
compared to values of the past ~1,000 yr, contents of
biogenic P forms were low when catchment vegetation
was sparse and soil was not developed but erosion and
production were high (i.e., for the earliest sample where
dilution may have contributed to low values). Biogenic P
forms were also low when erosion and production were
low but catchment vegetation was dominated by trees
and soil was developed. Even though this study cannot
conclusively identify the origin of different biogenic P
forms, it is the first research showing that specific com-
pounds can be preserved in very old (~9200 BC) and
deep (~11 m) lake sediments and can reflect changes in
the catchment and usage of the lake. This supports their
use as paleo indicators, as has been suggested for myo-
IP6 in a brackish environment (Turner and Weckstr€om
2009) and for polyphosphates in a hypereutrophic lake
(Kenney et al. 2001).
Between ~6000/5400 BC and ~1000/400 BC, there was

not enough material for diatom counting and the AR of
diatoms was low or 0 from the oldest analysed sample to
~1000/400 BC as well as between ~100/0 BC and AD
~1000. This pattern matches with AR of Si XRF counts
(Fig. 3g) and suggests that diatoms were Si limited dur-
ing periods of low erosion (indicted by low AR of Ti
XRF counts), i.e., during times when the catchment was
forested and export of minerogenic, Si-rich material to
Lake Fuglsø was low. In contrast, diatoms thrived when
the landscape was open and used for agriculture. Defor-
estation enhanced surface run-off, which affected espe-
cially topsoil layers (Bosch and Hewlett 1982, Hornbeck
et al. 1993, Pimentel and Kounang 1998) where Si con-
tents under predominately pastoral land-use were high
(phytoliths; Blecker et al. 2006, Saccone et al. 2007).
Accordingly, intensified surface soil erosion from the
deforested catchment increased Si supply to Lake Fuglsø
(Likens et al. 1970, Conley et al. 2008, Struyf et al. 2010,
Struyf and Conley 2012, Nabybaccus et al. 2018, Nan-
tke et al. 2019). Further, during times of low erosion,
especially from ~8500 BC to the Early Bronze Age, the
proportion of Poaceae pollen was low (3.1% � 1.6%).
Grasses and cereals contain phytoliths, which, upon
plant death, constitute an essential supply with amor-
phous Si for aquatic systems (Bartoli 1983, Conley 2002,
Conley et al. 2008). Hence, the reduced abundance of
Poaceae in the catchment together with low erosion rates
support the idea that Si delivery was most probably low
during this period. Furthermore, weathering of Si-rich
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primary minerals was lacking because of the sandy soils.
The expanding and changing vegetation in the catch-
ment could have contributed to the degradation of clays
and released some Si (Calvaruso et al. 2009), but this Si
was probably trapped in the terrestrial system due to
neoformation of, e.g., aluminosilicates and/or (succes-
sively intensified) biological recycling of Si (Sommer
et al. 2013, Li et al. 2020), precluding the leaching of Si
to Lake Fuglsø. High relative abundances of diatom
taxa that compete well under low Si conditions
(Stephanodiscus spp., Fragilaria spp., and Asterionella
formosa) were found during periods of low Si influx,
and Si-demanding Aulacoseira granulata only occurred
after sustained and high external material input. This
evidence supports the hypothesis that Si controlled dia-
tom composition and production (Kilham 1971, Ludi-
kova 2016, Westover et al. 2019), and the low AR of
siliceous algal pigments (diatoxanthin) also indicates
generally low production of diatoms and/or chryso-
phytes. Silicon limitation is well-known from lake moni-
toring studies as a seasonal phenomenon (Stauffer 1986,
Saxton et al. 2012, L€u et al. 2015, Pearson et al. 2016)
but has also been detected in lake sediment records (Sto-
ermer et al. 1985, L€u et al. 2015). Low Si input or recy-
cling as well as high P availability can cause Si limitation
and trigger shifts within diatom species or overall phyto-
plankton composition. For instance, shifts from silic-
eous diatoms and chrysophytes to “soft taxa” of
chlorophytes and cyanobacteria have been observed
(Kilham 1971, Stauffer 1986, Carrick and Lowe 2007,
Estepp and Reavie 2015). For Lake Fuglsø, the siliceous
algae : chlorophytes + cyanobacteria ratio suggests that
siliceous algae became less dominant and chlorophytes
and cyanobacteria became more dominant around the
Holocene Thermal Optimum when the catchment vege-
tation became more dense and Si supply was insuffi-
cient. Even though Si influx was high during the retting
period and promoted a rich and relatively diverse dia-
tom community, the excess P input during that time
favored extensive growth of chlorophytes and cyanobac-
teria (low siliceous algae : chlorophytes + cyanobacteria
ratio). The sustained very high nutrient status of the lake
still maintains the predominance of these phototrophs.
An alternative explanation for the low diatom content in
the sediment may be poor preservation of frustules.
However, there is no indication of alkaline conditions,
i.e., high carbonate contents, which could have caused
chemical dissolution of diatom valves (e.g., Newberry
and Schelske 1986, Ryves et al. 2006). It is worth men-
tioning that the input of Si to the lake was, similarly to
metal-bound P forms, governed by climatic- and
anthropogenic-driven changes in the catchment. Denser
forest from the Holocene Thermal Optimum onward
stabilized the soil and reduced erosion, while agricul-
tural activities increased drainage and influx. This high-
lights the controlling role of catchment vegetation on
nutrient transfer from the terrestrial to the aquatic envi-
ronment.

Considering the entire Holocene record, the combined
signal of TOC:TN ratios and d13TOC values shifted
from a pattern indicating a deep lake with an anoxic
hypolimnion and methanogenesis/chemoautotrophy
(and with waters rich in allochthonous humic material,
as observed in many boreal lakes today; Karlsson et al.
2009, Ask et al. 2012), to values characterizing a highly
autochthonous, phytoplankton-dominated lake during
and after the hemp retting period (Fig. 4). This may
reflect a switch from a heterotrophic to an autotrophic
system (Del Giorgio et al. 1999, Staehr et al. 2010).

Detailed description of the development of Lake Fuglsø
and its catchment during the Holocene

In the early development of Lake Fuglsø (until ~8500
BC), material influx from the catchment was high. This
is indicated by several proxies, such as high SAR, AR of
Ti XRF counts, d13TOC and d15TN values, and TOC:
TN ratios. Predominately minerogenic, Ca-rich material
was rapidly leached from the sparsely vegetated soils
and washed into the lake (Sarmaja-Korjonen et al. 2006,
Giguet-Covex et al. 2013). Hence, most of the P was
bound to Ca (~50%) and not bioavailable. Lake Fuglsø
was several meters deeper than today (~13 m, provided
the lake level was the same as today) and stratified with
an anoxic hypolimnion. Evidence for the latter comes
from (1) rapidly increasing and then high TOC contents
(from 4% to 43%), suggesting low degradation rates of
organic material (e.g., Koinig et al. 2003, Curry and
Filippelli 2010), (2) rapidly decreasing and then low
d13TOC values (from �28.1& to �40.5&), suggesting
methanotrophic and chemoautotrophic microbial com-
munities (Teranes and Bernasconi 2005) and (3) high
okenone AR, which indicate occurrence of purple sulfur
bacteria (Chromatiales). In modern lakes, purple sulfur
bacteria thrive in H2S-rich, anoxic hypolimnia and have
been found to act as P filters, by taking up P released
from anoxic sediments so that it is unavailable for pri-
mary producers living in the epilimnion (Selig et al.
2004). The temporary dominating role of purple sulfur
bacteria is well-reflected in a peak in sample scores of
pigment PCA axis 2 at ~9000 BC. Since purple sulfur
bacteria grow in rather deep water layers but depend on
light for photosynthesis, it can be assumed that the water
of Lake Fuglsø was characterized by high transparency,
which is in line with some minor occurrences of benthic
diatom species (non-Staurosira spp.). Dominant diatoms
shifted between Staurosira spp., Pseudostaurosira brevis-
triata, and Stephanodiscus alpinus, suggesting initially
disturbed littoral areas through in-wash from the catch-
ment and then clear and cold water with low nutrient
availability (Michelutti et al. 2001, Sayer 2001, Cartier
et al. 2015).
From ~8500 BC, high percentages of tree pollen

(>90%) suggest that as the climate warmed, forest had
established in the catchment area, which reduced erosion
and stabilized conditions in Lake Fuglsø. Relatively low
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AR of P, pigments and TOC indicate relatively low pro-
duction, which lasted for the following ~7,000 yr. Minor
peaks in the AR of Ti XRF counts at ~8500, ~8200, and
~6200 BC reflect small erosion events that were likely
facilitated by climate change or disturbance, such as fire,
resulting in slightly more open vegetation (Kune�s et al.
2011). Increased erosional influx is documented during
the 8.2-ka (BP) event for other Danish sites too (Hede
et al. 2010, Bjerring et al. 2013). Planktonic Stephanodis-
cus parvus and Asterionella formosa dominated the dia-
tom community while benthic species almost
disappeared, except for Fragilaria spp., Achnanthes
minutissima var. minutissima, A. conspicua, and Nitzschia
dissipata. Overall, these diatom taxa together with very
low diatom AR indicate Si limitation and nutrient- and
organic-/humic-rich conditions (Kilham 1971, Krammer
and Lange-Bertalot 1986, 1988, 1991a, b, Thackeray
et al. 2008, Hofmann et al. 2011, Ludikova 2016). A
likely explanation for the reduced benthic diatom com-
munity as well as for relatively low production, is light
limitation because of dystrophication (Engstrom et al.
2000, Karlsson et al. 2009). Yet, Achnanthes minutissima
var. minutissima is a facultative heterotroph, benefitting
from enrichment with organic compounds and so is able
to thrive under rather unfavorable light conditions
(Tuchman et al. 2006).
During the Holocene Climate Optimum/Thermal

Maximum (from ~6000 to 3800 BC), the forest in the
catchment was generally dense and dominated by decid-
uous trees, such as Alnus glutinosa, Quercus, Ulmus, Til-
ia, and later Fraxinus excelsior. A change in the
dominant P pool (percentage data) from Fe-bound P to
humic-bound and refractory organic P occurred and
reflects soil maturation with build-up of organic material
and formation of humic P complexes (Jensen et al. 2005,
Gerke 2010, Giguet-Covex et al. 2013). The increase in
water lilies (increased numbers of Nymphaea seeds)
could be related to the trend toward higher temperatures
and/or may reflect a reduction in Lake Fuglsø’s water
level, as has been reported for other sites in Northern
Europe around that time (Punning et al. 2003; 2005;
Luoto et al. 2012). With reduced water table and shrink-
ing lake area, alder trees (Alnus glutinosa) and water lilies
would have spread on the expanded lake shore area and
in the littoral zone, respectively (Hannon and Gaillard
1997, Rasmussen and Anderson 2005), and the habitat
of submerged macrophytes would have been reduced,
which is in line with a strong decrease in the number of
Potamogeton (and Ceratophyllum submersum) remains.
Lake Fuglsø’s water was still humic because of organic
material derived from macrophytes (Nymphaea) and/or
the catchment vegetation (Engstrom et al. 2000, Ras-
mussen and Anderson 2005). The latter is supported by
high TOC:TN ratios and high numbers of terrestrial-
derived net-vined leaf fragments. Furthermore, the dis-
appearance of purple sulfur bacteria and high propor-
tions of humic-bound and refractory organic P point to
reduced water transparency because of humic

compounds. Similarly, for Lake Skaansø (111 km west-
northwest of Lake Fuglsø) the period from ~5600 to
~4900 BC was inferred to be dystrophic, which was
probably caused by reduced humidity and associated
increased fire intensity (Odgaard 1994).
At the beginning of the Neolithic (~3800 BC), there

was a minor reduction in the percentage of tree pollen,
but clear signs of terrestrial input from other proxies
(high SAR, d15TN values, and TOC:TN ratios). Small
increases in pollen percentages of grasses and apophytes,
in particular Plantago lanceolata and Rumex, indicate
that the catchment area was primarily used for extensive
animal husbandry. Grain cultivation is not indicated in
the pollen profiles, reflecting its low importance on the
infertile, sandy soils (Odgaard and Rasmussen 2000). A
reduction in AR of fucoxanthin and small peaks in AR
of pigments characteristic of cyanobacteria and chloro-
phytes suggest a temporary change in the composition
of primary producers and some nutrient enrichment
(Lotter 2001). The latter is supported by a peak in the
percentage of loosely bound P. Furthermore, an increase
in the percentage of Fe-bound P (and decreases in
humic-bound and refractory organic P) was observed
and is likely a result of anthropogenic soil disturbance,
causing metal leaching from the catchment.
The early Neolithic impact lasted for ~1,000 yr and

was followed by a ~1,000-yr-long period of apparent
abandonment with stable conditions, as inferred from
high percentages of tree pollen and low ARof P and pig-
ments, similar to pre-Neolithic levels.
From ~1800 BC (early Bronze Age) and more inten-

sively from ~850 BC onward (late Bronze Age and Pre-
Roman Iron Age), the catchment of Lake Fuglsø was
again subject to disturbance by human activities, as indi-
cated by clearly decreased percentages of tree pollen and
increased percentages of pollen of apophytes, Poaceae
and cultivated plants, which increased erosion (increased
SAR, AR of Ti XRF counts, d15TN values, and TOC:
TN ratios). Compared to the Neolithic, land-use was
more intense and comprised in particular browsing and
grazing areas for animal husbandry (increased percent-
ages of pollen of Plantago lanceolata, Rumex, and
grasses) but also some cultivation of Hordeum (barley),
Avena and/or Triticum (oat/wheat), and later Secale cer-
eale (rye; Odgaard and Rasmussen 2000). These agricul-
tural activities caused exposure and/or reworking of
relatively deep soil layers (B-horizon/subsoil) where met-
als like Al as well as humic compounds accumulate
(Giesler et al. 2002), resulting in increased percentages
of Al- and humic-bound P in the sediments of Lake
Fuglsø. Overall, enhanced influx of terrestrial material
and nutrients decreased the lake water depth and
boosted production, as indicated by peaks in the AR of
all P pools, TOC and pigments as well as in elevated
d13TOC values. Further, abruptly increased numbers of
Nymphaeaceae mucilaginous hairs, which are derived
from water lily leaves, indicate a change to high vegeta-
tive reproduction as a response to increased nutrient
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concentrations and reduced lake depth. Presumably, a
critical water-level threshold for the expansion of these
rooted and floating-leaved water plants was crossed and/
or their habitat (littoral area) was expanded and moved
closer to the lake center (coring site; Bradshaw et al.
2005a, Rasmussen and Anderson 2005). A period of
drier climate, culminating in ~2800 BC (4900–4600 BP)
and lasting until ~800 BC (2900–2600 BP), possibly con-
tributed to the assumed water-level reduction (Digerfeldt
1988). Moreover, site-specific features (such as a high
catchment : lake area ratio, relatively steep sloping ter-
rain and sandy soils) resulted in a high infilling rate
(high SAR and AR of Ti XRF counts), which, together
with elevated production, reduced Lake Fuglsø’s depth
(Carpenter 1983), as has been observed for another
Danish lake during that time (Dallund Sø; Bradshaw
et al. 2005a). The presence of Staurosira venter and S.
construens confirm a decline in water level as well as ero-
sional material influx (e.g., Hickman et al. 1984). These
tychoplanktonic diatoms probably benefited from
enhanced mixing due to increased wind fetch and
reduced lake depth. Catchment disturbance (deforesta-
tion) and resulting in-wash of nutrients and organic/hu-
mic material are also reflected in the high abundances of
Cyclostephanos dubius and Cyclotella radiosa
(H�akansson and Regn�ell 1993, Bradshaw and Anderson
2003, Bradshaw et al. 2005a).
During the following ~1,000 yr (0 to AD~1000,

Roman Iron Age, Late Iron Age/Migration Period, and
Viking Age), anthropogenic activities were reduced. A
pioneer forest of birch (and poplar; data not shown)
recolonized the former grasslands of the catchment area
and was succeeded by a forest with high abundance of
Fagus sylvatica. Beech benefited from disturbance dur-
ing the Late Bronze and Pre-Roman Iron Age but were
unable to expand until disturbance had receded and pio-
neer trees had created a forest environment (Odgaard
2017). Initially, benthic diatoms (e.g., Amphora libyca,
Cymbella hustedtii, C. cistula, C. cymbiformis, Epithemia
sorex, E. adnata, Fragilaria ulna, F. dilatata, Navicula
radiosa, and Tabularia fasciculata) took advantage of
previous enrichment of ions and nutrients, especially Si
(Hofmann et al. 2011), and became dominant (>70%).
Furthermore, the littoral zone likely expanded (because
of reduced lake depth as a result of material infilling;
Einarsson et al. 2004, Bradshaw et al. 2005a) and had
become a suitable habitat for benthic species due to
reduced human disturbance as well as reduced amounts
of Nymphaeaceae leaves, improving light conditions. As
tree vegetation increased, the share of benthic diatoms
declined, which may be related to increased shading of
the littoral zone and/or to reduced transparency of lake
water through DOC leaching from the forest soil
(brownification). However, it was probably predomi-
nately a result of Si depletion and low Si replenishment,
following low run-off and erosion from the forested
catchment (Bosch and Hewlett 1982, Hornbeck et al.
1993). Abundances of Fragilaria spp. and planktonic

Stephanodiscus parvus and Asterionella formosa
increased, resulting in diatom assemblages similar to
those before human impacts and indicating that Lake
Fuglsø was undisturbed and had Si-poor, P-rich, and
likely organic-/humic-rich water (Fritz 1989, Thackeray
et al. 2008). Prolonged stratification, facilitated by
reduced wind fetch due to the reforested catchment,
probably supported the dominance of low Si-demanding
planktonic diatom species by impairing Si recycling from
the hypo- to the epilimnion during most of the growth
season (Radbourne et al. 2019). Furthermore, Lake
Fuglsø was relatively deep at that time and this pro-
moted burial of siliceous algae and Si in the sediments,
exacerbating low Si recycling.
From ~AD 1000 (Middle Ages and Renaissance), the

strongest changes in the composition of catchment vege-
tation occurred with clearly decreasing percentages of
tree pollen (by almost 40% within ~100 yr) and increases
in grasses, apophytes (especially Rumex and Plantago
lanceolata) and cultivated plants. The percentage of tree
pollen decreased further and remained low during the
following centuries. Macrofossils of Linum usitatissimum
and rapidly increasing and then high amounts of Canna-
bis type pollen were found in sediment layers from AD
~1100 onward, documenting that Lake Fuglsø was used
for retting. This activity lasted for 500–600 yr and
caused, together with high erosion from a landscape that
was used for domestic grazing and grain cultivation,
unprecedented changes in the lake. High external mate-
rial inputs (high SAR, AR of Ti XRF counts, and
d15TN values) and, in particular, high production (high
d13TOC values, AR of TOC, and pigments) led to mas-
sive sedimentation that reduced the lake’s depth at the
coring site by ~2.3 m during the retting period. For ret-
ting, plants were usually soaked in lake water for several
weeks until soft plant tissues were degraded/fermented
(cf. Andresen and Karg 2011). The remaining plant
material (bast fibers) was taken out and typically used
for cloth and rope manufacturing. Retting added large
amounts of nutrients to the lake water, which boosted
production, as has been observed at many other sites
(Gr€onlund et al. 1986, Fritz 1989, Lotter 2001, Punning
et al. 2003, Bradshaw et al. 2005a, Cheng et al. 2007,
Liiv et al. 2018). In line with this, planktonic diatom spe-
cies characteristic of turbulent, poor light, ion-rich,
hypereutrophic and/or organic-rich conditions thrived,
i.e., Stepahnodiscus parvus, S. hantzschii, Cyclotella
meneghiniana, and initially in particular Cyclostephanos
dubius (Bradbury 1975, Fritz 1989, Anderson 1990,
H�akansson and Regn�ell 1993, van Dam et al. 1994,
Sayer 2001, Bradshaw and Anderson 2003, Bradshaw
et al. 2005b, Costa-B€oddeker et al. 2012, Wang et al.
2015, Foets et al. 2018). Historical records report that
lakes used for retting were unfit for watering livestock
due to bad water quality (Brøndegaard 1978), and this
accords with the rise in cyanobacterial pigments that can
cause toxic blooms (McGowan 2016). Diatom abun-
dances in Lake Fuglsø showed strong fluctuations
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during this period, confirming a dynamic and unstable
environment. Even though the retting process very likely
caused a lot of disturbance in the littoral zone, benthic
diatoms were frequently abundant. While Staurosira spp.
and Pseudostaurosira brevistriata are adapted to and can
even take advantage of relatively harsh conditions
(Michelutti et al. 2001), other periphytic taxa, such as
Coccconeis placentula and Fragilaria mesolepta as well as
Achnanthes, Amphora, Gomphonema, Navicula, and
Nitzschia spp., may have benefited from a combination
of anthropogenically derived nutrient inputs and habitat
availability (surface area; H�akansson and Regn�ell 1993,
Sayer 2001, Hofmann et al. 2011, Foets et al. 2018). The
latter was likely provided by detritus derived from ret-
ting plants and by eutrophication-tolerant Myriophyllum
spicatum, which occurred at the end of the retting per-
iod. Relatively high sedimentary d13TOC values
(�29.0& � 2.27&) indicate that autochthonous algal
production was prevalent (Meyers and Ishiwatari 1993),
which is in line with high AR of pigments (all, except
okenone/purple sulfur bacteria). TOC:TN ratios
(12.8 � 0.85) reflect that a mixture of terrestrial plant
material and aquatic phytoplankton biomass con-
tributed to the organic fraction of the sediment (Meyers
and Ishiwatari 1993). In contrast to former anthro-
pogenic disturbance events (i.e., during the Neolithic
and the Late Bronze/Pre-Roman Iron Age), increases in
ARof Ca XRF counts and of TIC were observed during
the retting period, which can be explained in three ways.
(1) Increased primary production may have enhanced
pH and hence precipitation of CaCO3 (Dean 1981). (2)
During the retting period, the wheel plough was intro-
duced to the area (Lerche 1994) and allowed reworking
of deep soil layers where CaCO3 was leached and then
mobilized. (CaCO3 was probably nearly completely
washed out from the upper layers of the sandy soils dur-
ing the early development of Lake Fuglsø, as indicated
by high and rapidly decreasing AR of Ca XRF counts
and of TIC [Engstrom et al. 2000; Boyle 2007].) (3) The
severe changes in the catchment affected Lake Fuglsø’s
hydrology, increasing ground water levels and discharge
of alkaline groundwater (Kenney et al. 2016). Alka-
liphilous Pseudotaurosira brevistriata and Staurosira spp.
benefited from these conditions (Hofmann et al. 2011).
The very high AR of TOC during the retting period of
up to 250 g�m�2�yr�1 highlights the potential and
importance of small lakes for long-term C burial. Ander-
son et al. (2014) compared AR of OC from ~90 cultur-
ally impacted European lakes and reported such high
values only for a few eutrophic lakes after AD 1950.
Around AD 1700 (~Modern Period, from AD 1536),

the usage of Lake Fuglsø for hemp retting ceased, as
indicated by strongly reduced percentages of Cannabis
type pollen and reduced numbers of Linum usitatissi-
mum macrofossils. With this, external material input
(SAR and AR of Ti XRF counts) peaked and then
decreased abruptly. However, d15TN values remained
high (~9&), suggesting phytoplankton dominance and

recycling of N in the highly enriched system (Leggett
et al. 2000, Talbot 2001, Syv€aranta et al. 2008). High
phytoplankton production is also suggested by high AR
of pigments and of TOC as well as by high d13TOC val-
ues (up to �25.6&, which may indicate C limitation)
and low TOC:TN ratios (Meyers and Ishiwatari 1993).
The sustained and even increased production compared
to the retting period can be explained by unfavorable
conditions during the retting procedure, e.g., high tur-
bidity, and by P release from the sediments as well as
pursued agricultural activities with animal husbandry
(high[est] percentages of pollen of Poaceae and apo-
phytes, especially Rumex and Plantago lanceolata) and
crop farming. Secale cereale, Hordeum, and Fagopyrum
(buckwheat) were the most suitable grains for cultivation
on the nutrient-poor, sandy soils. An open landscape
with agricultural activities sustained external P input to
Lake Fuglsø and led to maximum AR of P and many
pigments. The sedimentary molar TN:TP ratio was
below 20 (data not shown), which indicates N limitation
(e.g., Paerl et al. 2016) and facilitated cyanobacteria
growth (e.g., maximum AR of canthaxanthin and myx-
oxanthophyll). In line with a nutrient-rich system are
occurrences of Potamogeton and high numbers of Nym-
phaeaceae mucilaginous hairs, indicating that water lilies
produced high leaf biomass and spread in the littoral
area, which had presumably become less affected by
human-caused physical disturbances. Further, the lit-
toral and marginal vegetation of the relatively shallow
lake enhanced denitrification and thus contributed to
the low TN:TP ratio. At the end of the 19th century, the
decreasing trend of erosion/external impact reversed
temporarily (peak in SAR). Sudden appearances of
Amphora libyca, A. pediculus, Cymbellonitzschia dilu-
viana, Discostella stelligera, Navicula capitata var. capi-
tata, Rhoicosphenia abbreviata, Staurosira martyi,
Tabellaria flocculosa, and Thalassiosira weissflogii sug-
gest disturbance and high ion concentrations in the lake
water (H�akansson and Regn�ell 1993, Jewson and Lowry
1993, Hofmann et al. 2011). The exact cause of this is
not known but might be related to the expansion of the
field drainage system in the catchment at that time (cf.
Anderson and Odgaard 1994) and/or to the introduction
of the swing plow, which once more affected deep soil
layers and led to increases in the AR of TIC and of Ca
XRF counts. Additionally, both processes likely aerated
the soil, which stimulated ammonification and nitrifica-
tion and hence increased the release of N to the water,
boosting primary production. During the 20th century,
pollen percentages of cultivated plants declined, and
proportions of apophytes decreased strongly, suggesting
that agricultural areas were replaced by grassland and
partly by trees with low demands for soil nutrients, i.e.,
Pinus and Betula. However, the catchment vegetation
remained rather open, as documented by historical maps
and aerial photographs. Aulacoseira granulata became
temporarily very abundant (>45%) and, since this species
needs turbulent conditions to keep its heavily silicified
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cells in the photic zone, a shallow, well-mixed lake (due
to wind fetch) with low light conditions but sufficient Si
supply (due to high run-off) can be assumed (Bradbury
1975, Foets et al. 2018). Further, high abundances of
Staurosira spp., Cyclostephanos dubius, Stephanodiscus
parvus, and S. hantzschii as well as nearly total disap-
pearance of “less stress-tolerant” benthic diatoms indi-
cate that the water was rich in ions, nutrients, and
organic/humic material and characterized by low trans-
parency (H�akansson and Regn�ell 1993, Bradshaw and
Anderson 2003, Cartier et al. 2015, Foets et al. 2018).
External input (SAR and AR of Ti XRF counts) and
ARof all P forms declined, except for “organic P,” which
increased strongly. AR of most pigments showed maxi-
mum values, indicating continued high production that
was probably fueled by sewage discharge and recycling
of labile organic P forms (Reitzel et al. 2012, Klamt
et al. 2019 and references therein). However, incomplete/
ongoing sediment diagenesis may be another reason for
high near-surface organic P and pigment contents. High
TP concentrations in the lake water during recent dec-
ades show that Lake Fuglsø still is hypereutrophic and
underscore the legacy of past human impacts.

CONCLUSIONS

This multi-proxy study reflects the strong impact of
catchment processes and direct disturbance on lake sta-
tus. While anthropogenic land-use during the Early/Mid
Neolithic did not affect Lake Fuglsø significantly, intense
catchment usage during the Late Bronze Age, Pre-
Roman Iron Age and especially during the Middle Ages
and Renaissance exceeded the lake’s buffering and resili-
ence capacity. The anthropogenic influence was, however,
depressed during the reforestation period of the Roman
and Late Iron Age. Transformation of forest into agricul-
tural land and massive impact through retting activities
resulted in rapid and irreversible changes. Increased ero-
sion caused nutrient enrichment as well as high primary
production and infilling of the lake (by on average
0.55 m/millennium before AD ~1000 and by ~5.3 m/mil-
lennium after AD ~1000). Lake Fuglsø’s modern hyper-
eutrophic state deviates considerably from its pristine
conditions. The lake was probably at least mesotrophic
from its early development onward, likely because of the
relatively steep sloping terrain and the small size of the
lake, which intensified catchment inputs. Nevertheless,
agricultural land-use following deforestation disrupted
and accelerated cycles of nutrients (P, N, and Si) and
other elements (Ti, Ca) and led to unprecedented
changes in Lake Fuglsø regarding species composition
and production. Notable is the long-term (approximately
eight millennia) and recurring Si limitation of diatoms
during periods with forest in the catchment area. Tree
cover impeded sufficient Si input in contrast to periods
of open landscape with high erosional influx. The appli-
cation of sequential P extraction on a sediment record
spanning the Holocene together with multi-proxy

analyses allowed detailed insight into catchment changes
as well as effects on and response of Lake Fuglsø. Chang-
ing sedimentary proportions of P forms are predomi-
nately the result of interacting processes, such as
weathering, soil formation, vegetation succession, and
anthropogenic land-use changes (openness, grazing, and
tillage). Dense tree cover was related to elevated propor-
tions of P forms associated with organic material (“or-
ganic” P, humic-bound P, refractory organic P) and
loosely bound P, while low tree cover was related to ele-
vated proportions of metal (Fe, Al, Ca)-bound P. These
results demonstrate that sequentially extracted P species
are sensitive and valuable indicators of catchment
changes and are hence of importance for paleo research.
Overall, this study provides a holistic reconstruction

of interactions between the catchment and a small, tem-
perate lake during the Holocene. The results show that
human activities have shaped the landscape and
impacted aquatic systems substantially for millennia,
i.e., long before the Great Acceleration of the 20th cen-
tury. Many shallow lakes in agricultural landscapes have
witnessed similar changes. For these sites, re-
establishment of pristine conditions in the strict sense
seems an unrealistic target of lake management. Our
results also underline that catchment processes and sta-
tus are crucial for determining lake status, particularly in
lowland lakes with high catchment : lake area ratios, and
catchment dynamics should thus be integrated in lake
restoration projects.
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