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ABSTRACT

This study aims to investigate and disentangle the impact of land use and climate variability on the Baltic Sea
coastal zone from a millennial perspective. To assess the environmental status of the coastal zone we make use of
siliceous microfossils (mainly diatoms), stable nitrogen and carbon isotopes, organic carbon accumulation rates,
and lithological changes analyzed in a sediment core collected in Gamlebyviken, Swedish east coast, dated to
cover the last 3000 years. Changes in land use and vegetation cover are modelled using pollen stratigraphical
data to obtain the percentage coverage of coniferous woodland (Pinus and Picea), deciduous woodland, wetland
(Cyperaceae), grassland (including Juniperus) and cropland (cereals) while changes in climatic conditions are
assessed through well-documented climatic periods that have occurred in the Baltic Sea region.

The reconstructed regional vegetation cover shows that already 3000 years ago, humans used the landscape
for both animal husbandry (grasslands) and farming (cropland), but the impact on the Baltic coastal waters was
minor. The diatom accumulation rates were quite high (~3100-2600 cal yr BP) containing taxa indicative of
high nutrient conditions/upwelling, and stable carbon isotopes show that the carbon was produced in the basin
but did not result in elevated organic carbon accumulation rates. A gradual change to less marine conditions in
Gamlebyviken from about 2500 to 1400 cal yr BP can be attributed to the ongoing land uplift which resulted in a
more enclosed embayment with only a narrow inlet area today.

The Medieval Climate Anomaly (1000-700 cal yr BP/950-1250 CE) is a time where extensive eutrophication
is registered in the open Baltic Sea, but afforestation is recorded between 1000 and 500 cal yr BP and attributed
to the expansion of spruce favored by land-use reorganization with a transition from a one-course rotation system
to the three-course rotation system fully established in southern Sweden in the 13th century, and only minor
environmental change is recorded in the coastal zone.

The Little Ice Age is documented in our data between 400 and 250 cal yr BP/1550-1700 CE as a decrease in
regional cropland (cereals) cover, possibly indicating years of poor crop harvest, and changes in the Baltic coastal
zone are evidenced as low carbon and diatom accumulation rates, increase in benthic diatom taxa (low
turbidity), and high abundance in diatom taxa associated with sea ice indicating a cold climate.

The most significant changes occurred from about 100 cal yr BP/1850 CE up to present, with a maximum
regional cover of grassland and cropland (ca. 35%) at the expense of deciduous woodland, and major changes
indicative of a highly eutrophic environment recorded in the coastal zone. Organic carbon accumulation rates
peaked in 1968 CE at approximately 134 g C m? yr—! before subsequently declining to present-day values of 53 g
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, mirroring a similar trend observed in diatom accumulation rates. The high organic carbon accu-

mulation rate shows that deep unvegetated accumulation bottoms in the coastal Baltic Sea serve as carbon sinks
and are worth exploring for their potential in mitigating climate change.

Variation partitioning shows that 26% of the variance in the diatom assemblages is associated with land use
changes. The variables grassland, cropland, and stable nitrogen isotopes are accordingly strong predictors of
environmental change in the Baltic coastal zone as reflected by the diatom assemblages.

1. Introduction

Deoxygenation of the oceans has been identified as one of the most
severe threats to seas globally (Breitburg et al., 2018). Lithological
changes serve as a proxy for oxygen status on the seafloor, where
laminated sediments (Winterhalter et al., 1981) indicate lack of bio-
turbation (Jonsson et al., 1990) due to hypoxia/anoxia (Sohlenius et al.,
1996; Zillén et al., 2008). Laminated sediments on the seafloor of the
open Baltic Sea have been traditionally associated with low oxygen
levels induced by warm and dry climatic conditions and elevated salinity
(such as during the Holocene thermal maximum approximately
8000-4800 cal yr BP, see also Zillén et al., 2008). However, there is still
no consensus regarding the underlying causes of the presence of
extensive areas of laminated sediments during the medieval time period.

One hypothesis postulates that the expanding human population in
the Baltic Sea catchment area during medieval times extensively
employed innovations, such as the steel plow, which by causing
increased runoff from the catchment significantly impacted the envi-
ronmental conditions in the sea, resulting in eutrophication leading to
hypoxia in the open Baltic Sea (Zillén et al., 2008). Alternative hy-
potheses for the development of hypoxic conditions during medieval
times incorporate climate variability during the Medieval Climate
Anomaly (MCA, 1000-700 cal yr BP/950-1250 CE; Mann et al., 2009).
Analysis of diatom assemblages from this time period suggests slightly
elevated salinity levels and increased stratification in the Baltic Sea
(Andreén et al., 2020), factors that, combined with heightened primary
production of cyanobacteria (Kabel et al., 2012) and the proliferation of
autumn-blooming diatoms (Andrén et al., 2020), contributed to the
exacerbation of benthic hypoxia. Once hypoxia is established in the
bottom waters, dissolved inorganic phosphate is released from the sed-
iments as part of internal loading (Conley et al., 2002), thereby
becoming available for increased primary production, particularly by
cyanobacteria (Vahtera et al., 2007).

Currently, oceanographic models are unable to elucidate the occur-
rence of medieval hypoxia in the absence of nutrient inputs from land
(Schimanke et al., 2012). To explore whether early agricultural practices
contributed to hypoxic conditions in the open Baltic Sea, it is essential to
examine the impacts on the coastal zone. While numerous studies have
examined and dated the onset of contemporary eutrophication in the
Baltic Sea coastal zone (e.g., Andrén, 1999; Clarke et al., 2006;
Weckstrom, 2006), there is a shortage of research on the longer
millennial time scale. Recent investigations in the Finnish and Swedish
archipelagos have revealed minimal environmental changes in the Baltic
Sea coastal zone during medieval times and have dated the initiation of
eutrophication to the period between 1800 and 1900 CE (Jokinen et al.,
2018; Ning et al., 2018; Norback Ivarsson et al., 2019).

This paleoecological investigation presents data derived from a long
sediment core from Gamlebyviken, a narrow fjord-like estuary situated
along the Swedish east coast, with limited present-day connection to the
Baltic Sea thus allowing for limited influence of hydrological changes.
The primary objective is to investigate the separate influences of land
use and climate variability on the Baltic Sea coastal zone within a
millennial timeframe. Gamlebyviken was selected as a case study area
due to the thousands of prehistoric remains that indicate settlements and
activities and therefore had an impact on the regional and local land-
scapes (Vinogradova et al., 2024), coupled with the estuary’s recent
susceptibility to and impact from eutrophication (VISS, 2022).

Assessment of the environmental condition of the Baltic Sea coastal
zone is conducted through the analysis of siliceous microfossils, pre-
dominantly diatoms, stable nitrogen and carbon isotopes, organic car-
bon accumulation rates, and lithological variations. Modelling of
changes in land use and land cover utilizes pollen stratigraphical data
extracted from lake sediment cores (Vinogradova et al., 2024), and is
complemented by published reconstruction of annual temperature
anomalies (Seppa et al., 2009). Multivariate statistical analyses,
including variation partitioning, are used to quantify the relative con-
tributions of land use and climate as explanatory variables for envi-
ronmental changes observed in the Baltic Sea coastal zone over the last
3000 years. Both regional and local modelled land cover data were
tested for statistically significant correlations with the response vari-
ables (diatom assemblages). Regional land cover was selected for
multivariate statistical analyses as it better explained changes recorded
in the composition of the diatom assemblages.

2. Historical and regional settings
2.1. Historical land use, and long-term human impact in general

The onset of agriculture in Scandinavia is conventionally associated
with the Neolithic period, around 6000 cal yr BP (Welinder, 2011). In
south-eastern Sweden, evidence of cultivation emerged at approxi-
mately 4600 cal yr BP, evidenced by an increase in pasture and meadow
plants alongside the initial appearance of cereals (Berglund, 1991;
Berglund et al., 2002; Akesson et al., 2015). By the Early Bronze Age,
approximately 3600 cal yr BP, pollen-based reconstructions of regional
vegetation indicate the emergence of an open landscape attributed to the
expansion of farms and grazing activities (Akesson et al., 2015). In
southern Sweden, a well-documented expansion of agricultural lands,
featuring cultivated and grazed areas, occurred during the Late Bronze
Age, at the expense of forests and woodlands (Berglund, 1991; Pedersen
and Widgren, 2011). The first millennium BCE witnessed significant
agricultural expansion and transformation, attributable in part to cli-
matic shifts during the Late Bronze Age, as well as the adoption of
innovative agricultural practices. These practices included the intro-
duction of cattle stalling, the establishment of hay meadows, the
implementation of manuring, intensified tillage, and the creation of
permanent, stone-cleared fields (Pedersen and Widgren, 2011). Before
the late Bronze Age, the predominant cultivated crops in Sweden were
millet (Panicum sp.) and emmer wheat (Triticum dicoccum), but there
was a notable shift to hulled barley (Hordeum vulgare), possibly in
response to the cooling climate conditions.

During the initial centuries of the Common Era, significant techno-
logical advancements and shifts in farming practices occurred, notably
exemplified by the transition from bronze to iron implements. This
transition resulted in alterations to the agrarian landscape, facilitating
expanded opportunities for both grazing and grain cultivation (Pedersen
and Widgren, 2011).

In the Migration Period during the 5th and 6th centuries CE, exten-
sive reforestation occurred in southern Sweden, and soil erosion was
mitigated as many settlements were abandoned, leading to reduced
farming and grazing pressures (Berglund, 1991; Akesson et al., 2015).
These changes are evident in both paleoecological and archaeological
data from the coastal provinces of south-eastern Sweden (Pedersen and
Widgren, 2011), mirroring similar developments that occurred
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concurrently across Europe. This phenomenon has been attributed to
population decline resulting from infectious diseases and/or a colder
climate (Emanuelsson, 2009).

During the Middle Ages in Sweden, spanning approximately from
1000 to 1350 CE, significant alterations in social structure were
observed, primarily driven by shifts in landownership, settlement reg-
ulations, and the emergence of the open-field system, thereby exerting
profound influences on landscape evolution (Myrdal, 2011; Lageras,
2016). Simultaneously, there was a notable increase in population fig-
ures, attributed in part to technological advancements such as the
adoption of the wheeled plow (Emanuelsson, 2009), concomitant with a
period of climatic warmth recognized as the Medieval Climate Anomaly
(Mann et al., 2009).

Around 1350 CE, Scandinavia was harshly impacted by the plague
pandemic, causing a marked demographic downturn (Myrdal, 2011).
This catastrophic event led to the abandonment of farms and subsequent
reforestation of land, particularly in marginal regions previously settled
due to heightened population densities and land scarcity, while more
fertile territories continued to be cultivated (Lageras, 2016). Subse-
quently, a climatic deterioration known as the Little Ice Age (LIA) per-
sisted from roughly 1400 to 1700 CE (Mann et al., 2009), exacerbating
crop failures, particularly acute during the 16th and 17th centuries
(Myrdal, 2011). Despite these challenges, population growth persisted,
driving extensive land clearance activities until approximately 1880 CE
(Morell et al., 2011).

From the mid-19th to the mid-20th centuries, water regulation ini-
tiatives aimed at reclaiming land for agriculture were implemented
across Europe. This involved strategies such as draining through the
lowering of lake levels and the ditching of wetlands (Emanuelsson,
2009; Morell et al., 2011). During the 20th century, agriculture under-
went a transition towards a system reliant on artificial fertilizers,
coupled with advancements in plant breeding and the adoption of more
efficient machinery. These developments resulted in higher yields per
unit area, as well as lower demand for grazing land and hay meadows,
leading to the overgrowth or transformation of less fertile parts of the
landscape into spruce plantations characterized by low biodiversity
(Emanuelsson, 2009).

2.2. Historical land use in the study area

In the study area surrounding the Gamlebyviken, fossil pollen-based
palaeoecological reconstructions and archaeological data testify
continuous human activity during the last 3000 years with interchang-
ing intervals of increase in agriculture and landscape openness, and
periods of reforestation (Vinogradova et al., 2024). Locally, significant
landscape openness during the Bronze Age and Early Iron Age
(3100-2000 cal yr BP) is supported by archaeological mapping reflecting
substantial human influence on the landscape surrounding Gamleby-
viken during the Bronze Age. The regional pollen-based indications of
anthropogenic activity remain relatively low during the Bronze Age and
larger part of the Iron Age (until 1650 cal yr BP). Strong increase in
landscape openness and crop cultivation both regionally and locally is
reconstructed during the Late Iron Age until the beginning of the Middle
Ages (between 1650 and 1000 cal yr BP). The following period of in-
crease of woodland cover during the Middle Ages, usually associated in
Sweden with increased agricultural activity, is due to the expansion of
spruce (Picea), that occurred both regionally and locally. During the
modern time (450 cal yr BP - present), pronounced increase in vegeta-
tion openness with expansion of grassland and high cover of cropland is
reconstructed locally. Regional plant cover also reflects increase in
grassland and cropland but remains woodland-dominated.

2.3. The Baltic Sea environment

The Baltic Sea is today one of the world’s most impacted seas,
suffering from severe environmental problems caused by human
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activities in the densely populated catchment area, and during the last
decades also an increased impact from climate change (Meier et al.,
2022). The environmental problems of the Baltic Sea are enhanced by its
geography with its northerly location and semi-enclosed configuration,
with only limited exchange of marine waters, which create stratified
water masses (Snoeijs-Leijonmalm and Andrén, 2017). The surface
water salinity is low and has a gradient from almost zero in the northern
parts with large freshwater runoff to about 10 at the thresholds (the
Danish Sounds and Oresund) in the south (Leppiranta and Myrberg,
2009). The deep waters of the Baltic Proper are periodically replenished
by episodic inflows of substantial volumes of highly saline water
(17-25) from the North Sea, crossing various thresholds (HELCOM,
2007). This process establishes a salinity gradient also in the deep wa-
ters, with salinity levels approximately 6.5 in the northern part, around
12 in the central Baltic Proper, and about 15 in the south near the straits
(Snoeijs-Leijonmalm and Andrén, 2017). The residence time of water is
about 30-40 years which exacerbates the contamination with toxic
compounds as well as nutrient enrichment causing eutrophication and
widespread hypoxia (Snoeijs-Leijonmalm and Andrén, 2017). The
coastal areas of the Baltic Sea are increasingly affected by frequent
hypoxia and host a significant number of the world’s known hypoxic
sites (Conley et al., 2011). Over the past century, the extent of hypoxia in
the open sea has expanded tenfold, now encompassing an area of nearly
70,000 km? (Carstensen and Conley, 2019).

Ongoing climate change results in warming, and at northern lati-
tudes the rate of warming surpasses the global average. Consequently,
the Baltic Sea region has experienced a more pronounced annual mean
temperature anomaly over the past century compared to the global
mean (Meier et al., 2022). This heightened sensitivity to climate fluc-
tuations renders the Baltic Sea region an ideal location for investigating
long-term climate effects. The high-resolution soft sediments found in
Gamlebyviken, characterized by an annual sedimentation rate of up to
10 mm yr-1, provide an exceptional historical archive favorable to
paleoecological studies.

The Baltic Sea is a geologically young sea, influenced by the glacial
and postglacial history of the area affecting isostacy and eustacy
(Andrén et al., 2011). The present geographical configuration of the
basin emerged when the world ocean sea level rose and inundated the
thresholds in the south and marine waters started to enter the basin
about 9800 to 8000 years ago (Andrén et al. 2000a, 2000b, 2011).
During the following stage, called the Littorina Sea, more marine con-
ditions prevailed and salinity stratification together with the warmer
conditions during the coinciding Holocene Thermal Maximum resulted
in large areas of hypoxia and cyanobacterial blooms in the open basin
(Bianchi et al., 2000; Zillén et al., 2008).

2.4. Study site

Gamlebyviken is a ca 20 km long and 1-2.5 km wide fjord-like es-
tuary situated in south-eastern Sweden with a 5-m deep sill separating it
from the Baltic Sea (Fig. 1B). The estuary consists of two basins sepa-
rated by a shallow area about 16 m deep; an inner basin of 9.6 km? and a
maximum water depth of 57 m and the outer basin covering an area of
17.1 km? and a maximum water depth of 25 m (VISS, 2022; Eniro Pa
sjon 2022). There are several small streams discharging in the inner
basin of Gamlebyviken of which Dynestadsén, Gamlebyén, and Alm-
viksan are the main ones (Fig. 1B). The salinity in Gamlebyviken is about
5.5 in the surface and 6 in the bottom waters, compared to about 7 in the
surface water in the Baltic Sea outside the sill (VISS, 2022).

The estuary is today significantly impacted by point sources, e.g. two
sewage treatment plants, but also by diffuse sources such as urban areas,
agriculture, forestry, and atmospheric deposition. The ecological status
of the inner Gamlebyviken is considered poor to moderate when using
biological and chemical quality indicators such as Secchi depth, nutri-
ents, and chlorophyll-a from the three monitoring stations (VISS, 2022).
The estuary regularly displays low oxygen concentrations, hypoxia (O3
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Fig. 1. Map of the Gamlebyviken study area and its location in Scandinavia. A. The Quaternary deposits and the location of Lake Storsjon which was used to
reconstruct regional changes in landscape openness in the study region, within an area of a 50 km radius (the dashed circle). B. Elevation map and the location of the
sampling site EL18-SH01-03 (N 57°51.690/, E 16°26.913") in the Gamlebyviken estuary. Streams discharging in the inner part of Gamlebyviken are 1 Dynestadsén, 2
Gamlebyén and 3 Almviksan. Number 4 indicates the location of the small Lake Lillsjon, which is utilized for local vegetation reconstruction. The narrow inlet to the

estuary, marked as number 5, is situated in the town of Vastervik.

< 2mg L1, at the sea floor in the summer months.

The Quaternary deposits in the area surrounding the inner parts of
Gamlebyviken consist of glacial and post-glacial clays in the valleys and
till combined with bedrock outcrops on higher elevations (Fig. 1A; SGU,
2022). The present land uplift in the area is about 2.5 mm per year
(Svantesson, 1999).

The study region belongs to the hemiboreal zone (Ahti et al., 1968)
dominated by pine or spruce forests, but on the Swedish east coast de-
ciduous trees are widespread (Sjors, 1999). The climate is maritime with
an annual mean temperature of ca 8 °C and a mean annual precipitation
of about 600 mm (mean of the years 2002-2021; SMHI, 2022).

3. Material and methods
3.1. Collection and handling of sediment cores

To select the most appropriate coring site a pre-site survey was
performed in August 2018 from R/V Electra af Asko using multibeam
echo sounding complemented with sub-bottom profiling. Four sites
along a NW-SE transect in the deepest inner part of Gamlebyviken, plus
two additional sites closer to the northern shore, were chosen based on
the presite survey. Off-shore coring was performed by a combination of a
6-m long piston corer supplemented with a 1-m gravity corer to collect
the topmost soft sediment. The piston cores were cut into 1.5 m sections,
sealed with end caps, and put in a cold container together with the
gravity cores onboard the ship for later transport to the laboratory. The
sediments of all piston cores were cut in halves lengthwise, opened and
lithologically described in laboratory. Color was determined using the
Munsell soil-color charts (Munsell Soil Color Book, 2009). The short
gravity cores were pushed out of their tube from the bottom, sliced in 1
cm thick slices at the top and put in zip-lock bags. A parallel short core
was pushed out using a piston to describe the lithology of the sediment.
Station EL18-SH01-03 (N 57°51.690, E 16°26.913") situated in the

deepest part at 55 m water depth contained the sediment sequence with
the highest resolution, i.e. the highest sediment accumulation rate, and
was selected as the master station and subsequently used for all further
analyses in this study (Fig. 1B).

3.2. Geochemistry

Every 10 cm were analyzed throughout the core for carbon and ni-
trogen stable isotopes, 813C0M and 815N0M, respectively. Sediment
samples were dried at 60 °C for 72 h, ground, and about 3 mg of dried
sediments were transferred to silver capsules, and carbonate removal
was done using small additions (50 pL) of HCl 1 M. Carbonate-free
sediment samples were then introduced in tin capsules and analyzed
using an Isotope Ratio Mass Spectrometer interfaced with an Elemental
Analyzer (EA-IRMS) at the Stable Isotope Laboratory, Swedish Univer-
sity of Agricultural Sciences in Umed, Sweden. Results were expressed as
the delta notation with Vienna Pee Dee Belemnite and atmospheric ni-
trogen as standards: 513C or 615N (%0) = [(Rsample/Rstandard) — 1] x
1000; where R = 13C/12C or 1N/!*N. Sample measurement replications
from internal standards (wheat and mays flour) produced analytical
errors (1o) of £0.15%o for both 813COM and 815N0M values (n = 24).

Organic carbon content was analyzed in the sediment every to every
other cm in the top 77 cm and thereafter every 10th cm using loss-on-
ignition (LOI) in 550 °C (Dean, 1974). Samples of about 1 cm?® of wet
sediment were put in crucibles of known weight and dried at 105 °C
overnight and then put in a desiccator to cool down. The sediment dry
weights (DW) were obtained, and crucibles were placed in a furnace set
for 550 °C. The furnace was slowly heated, with about 30 min to reach
the set temperature, and samples thereafter burnt for 75 min. Samples
were cooled in a desiccator and weighted. The percentages of dry weight
of organic matter could thereafter be calculated. Dry mass accumulation
rates (DMAR, g cm 2yr~!) were calculated by multiplying the sedi-
mentation rate (cm yr~1) by the sediment dry bulk density (p gem™>),
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and subsequently multiplied with organic matter to derive organic
matter accumulation rates. Organic matter from LOI measurements are
correlated with organic carbon content. To convert organic matter
accumulation rates to organic carbon accumulation rates (g C m~2yr 1)
we used the correction factor of 0.385, valid for coastal sediments from
the north-western Baltic Proper (Jonsson, 2003).

3.3. Construction of splice record and chronology

The long piston and short gravity cores were correlated to each other
by wiggle-matching the plotted graphs of organic matter and stable
carbon and nitrogen isotope records to construct the splice core record.

The splice core chronology is based on accelerator mass spectrom-
etry (AMS) radiocarbon dating for the older part supplemented by 2!°Pb
and '%7Cs for the younger part. Macrofossils samples extracted from the
sediments were submitted to the Tandem Laboratory at Uppsala Uni-
versity, Sweden for AMS radiocarbon dating. Radiocarbon dates were
converted to calibrated years before present (cal yr BP) using Calib rev.
8.2 (Stuvier and Reimer, 1993) and the age-depth model was con-
structed using the Bayesian statistics modeling R-module BACON
version 2.5.8 (Blaauw et al., 2022; Blaauw and Christen, 2011) and the
IntCal20 calibration data set (Reimer et al., 2020) in the software
R.4.2.2 (R Core Team, 2022). Two samples, Ua-62009 and Ua-62015,
were identified as being of marine origin based on their §'3C values.
Therefore, the Marine20 calibration dataset (Heaton et al., 2020) was
used for these samples, with an (R) value of 295 + 50 as reported in the
Marine Reservoir Correction Database (http://calib.org/marine/), Map
No. 1710 (Lougheed et al., 2013). The age-depth models are based on
linear interpolation between the midpoints of 1-sigma calibrated age
ranges. Weighted average estimates of calendar ages were obtained for
every depth.

St. Croix Watershed Research Station, Science Museum of Minnesota,
USA, analyzed the short gravity core for the activities of 2'°Pb and *’Cs
using gamma spectrometry. The measurements were carried out on a
Canberra ultralow background Ge-well-detector. The Constant Rate of
Supply (CRS) method was applied for the cores using the modified
method by Appleby (2001). In addition to the 3’Cs signal deriving from
the Chernobyl accident in 1986 CE we also included the increase in
137Cs-curve attributed to the atmospheric testing of nuclear weapons
dated to ca 1960 CE in the age determination. The lower parts of the
cores were dated by a linear regression assuming constant sediment
accumulation.

3.4. Siliceous microfossils

Sediments for analyses of siliceous microfossils were prepared ac-
cording to methods described in Battarbee (1986) using 30% hydro-
peroxide to oxidize organic matter and several decanting steps to clean
the sediment from clay particles. To measure the concentration (abso-
lute abundance) of siliceous microfossils the microsphere method was
used (Battarbee and Kneen, 1982). By counting microspheres with a
known concentration, the absolute abundance, in number of valves per g
DW could be calculated as: number of microspheres introduced multi-
plied with the number of microfossils counted, divided by the number of
microspheres counted and the sediment dry weight. 0.2-0.4 g of
freeze-dried sediment was weighed and 1 mL stock solution of micro-
spheres with a concentration of 5.56 x 10° per mL was added in the last
step before preparation of the diatom slurry on cover slides which after
drying at room temperature were mounted in Naphrax™. The absolute
abundance of diatoms was multiplied by DMAR to obtain the accumu-
lation rates.

Counting of microfossils (mainly diatoms) was carried out with a
light microscope Olympus BX51 using Nomarski differential interfer-
ence contrast at a magnification of 1000x and oil immersion. Chaeto-
ceros spp. were not identified to species level and include both
vegetative cells and resting spores. To record also the less common

Quaternary Science Reviews 346 (2024) 109058

diatom taxa a minimum of 300 valves were counted in every analyzed
sediment layer excluding mass-occurring taxa such as Chaetoceros spp.
and Skeletonema marinoi, even though all valves were counted and
included in the basic sum. The diatoms were classified into life forms
(planktonic(free living in the water), benthic (attached or motile on the
sea bottom), epiphytic (part of the benthics attached to plants/algae),
and unclassified) and salinity preferences (marine (including both
marine-brackish and brackish-marine affinity), brackish, brackish-
freshwater, freshwater, unclassified salinity, and sea ice). When calcu-
lating the planktonic/benthic diatom ratio the epiphytes were included
as a part of the benthic assemblages. The following species have been
classified as sea ice diatoms (sympagic) living in and on sea ice: Fragi-
lariopsis cylindrus, Melosira arctica, and Pauliella taeniata (Meiners et al.,
2002; Thomas et al., 2017). Floras used for species identifications and
classification of environmental affinity were Hasle and Syvertsen
(1997), Krammer and Lange-Bertalot (1986-1991), Snoeijs et al.
(1993-1998) and Witkowski et al. (2000), and taxonomic names are
updated according to AlgaeBase (Guiry and Guiry, 2024; www.algae
base.org/).

A stratigraphically constrained cluster analysis was carried out on a
subset of the diatom data (i.e. only including species with relative
abundance data >2%) using CONISS in the Tilia 2.1.1 software (Grimm,
1987). Detrended Correspondence Analysis (DCA) was used on the
whole diatom data set to record the overall compositional change in the
diatom assemblages using the package rioja and vegan in R 4.2.2
(Juggins, 2015; Oksanen et al., 2022). To calculate diatom species
richness a rarefaction analysis was performed on the same diatom data
set using the vegan package (Birks and Line, 1992; Oksanen et al., 2022).

3.5. Paleogeographical maps

Paleogeographical maps illustrate the land-sea configuration of a
specific area over time. These maps were created using ArcGIS Pro (v.
3.1.1) and were based on the shoreline displacement curve from
Katrantsiotis et al. (2024) for two time periods (i.e., 3000 and 1300 cal
yr BP). The calculations for the current shoreline level were based on a
digital elevation model (derived from LiDAR data from the Swedish
National Land Survey with an altitude resolution of 0.1 m).

3.6. Quantitative estimation of regional and local land cover

Estimation of land use and resulting land cover changes as a
component for statistical analysis was performed using the Landscape
Reconstruction Algorithm (LRA) with its two submodels, REVEALS
(Regional Estimates of Vegetation Abundance from Large Sites; Sugita,
2007a) and LOVE (LOcal Vegetation Estimates; Sugita, 2007b) using
parameter settings presented in Vinogradova et al. (2024). Pollen data
from the large lake Storsjon (Ning et al., 2018; Akesson, 2013) and the
small lake Lillsjon (Vinogradova et al., 2024) were used for regional and
local land cover reconstructions, respectively. Storsjon is situated
approximately 29 km west from the coast and 21 km SSW from the
Gamlebyviken (Fig. 1A), i.e. within the 50 km-area around a large lake
covered by regional reconstructions (Sugita, 2007a). The inner part of
Gamlebyviken (Dynestadsan, no. 1 in Fig. 1B) falls within the 2 km
radius of the small lake (Lillsjon, no 4 in Fig. 1B), the area within which
the local vegetation reconstruction is applicable (Vinogradova et al.,
2024). Thus, it was possible to reconstruct landscape changes at both the
regional and local scales in the Gamlebyviken area. Compared to
Vinogradova et al. (2024) the LRA was run with increased resolution of
16 time windows (TW), which was a balance to maximize both time
resolution (necessary for informative statistical analysis) and pollen
counts per time window (necessary for reliable modelling). The span of
the time windows is the date of coring - 100 cal yr BP (1 TW), 150 yr
between 100 and 1450 cal yr BP (9 TW), 200 yr between 1450 and 2250
cal yr BP (4 TW), 400 yr from 2250 to 2650 cal yr BP (1 TW) and 430 yr
from 2650 to 3080 cal yr BP (1 TW). The 28 taxa included in the LRA
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modelling (Table S1, supplementary material) were grouped into five
land cover types (modified after Mazier et al., 2015) which were used in
the statistical analyses: coniferous woodland (Pinus and Picea), decidu-
ous woodland, wetland (Cyperaceae), grassland (including Juniperus),
and cropland (cereals).

3.7. Multivariate statistics

Calculations were performed in the statistical environment R 4.2.2
(R core team 2022). The resolution of the used variables (land cover
types, temperature, geochemistry) are different from the diatom data,
therefore we used Generalized Additive Models (GAMSs) to smooth the
explanatory variables and then used predicted values from these models
at the years covered by the diatom data.

For an overview of the association of the explanatory variables with
the diatom assemblage composition, we performed a Principal Compo-
nent Analysis (PCA). Each explanatory variable was regressed onto the
ordination to show the direction and evaluate the significance of their
association using the function “envfit” in the R-package “vegan”
(Oksanen et al., 2022).

In the PCA the separate effects of the explanatory variables taking the
other variables into account cannot be evaluated. The explanatory
variables are more or less correlated and to sort out their individual
effects we took two approaches using Redundancy Analysis (RDA). In
this analysis, all five land cover types cannot be used because they add
up to 100% (the fifth one is fully described by the four others) so we
chose the two land cover types assumed to be most clearly associated
with human impact, grassland and cropland. We used the “anova by
margin” function in the RDA model, where all variables are tested for
significance after the effects of other variables are removed. This
approach identifies the variable with the largest unique influence.
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To compare the size of the effect of time, temperature, nitrogen
isotopes, and land use we performed variance partitioning using the
function “varpart” in “vegan”. Only four variables are allowed in “var-
part” so grassland and cropland together were chosen to represent land
use. The cluster analysis performed using the R-package “rioja” revealed
four diatom assemblage zones in the sequence. The first and last zones
were too small for variance partitioning so we divided the data into one
older part, zones 1 and 2 and one younger part, zones 3 and 4.

To find the explanatory variables that had a significant effect on
explaining changes in the diatom species and avoid problems with
multiple testing we used “Random Forests” as implemented in the R-
package “Boruta” (Kursa and Rudnicki, 2010) using the recommended
significance level 0.01. For each explanatory variable, we obtained a list
of which diatoms are important. Since the “Random Forests” method
builds on regression trees the diatoms are evaluated in interaction with
other diatoms. To get information on the direction of the associations
between diatoms and variables we made a correlation table but only
interpreted the correlations that were important according to the
“Random Forests” output.

4. Results
4.1. Age-depth modelling and chronology

It was possible to construct an age-depth model for the splice core
covering the last ca. 3500 years (Fig. 2). Eleven levels were radiocarbon
dated and nine of these were used in the age model (Table 1). The
resulting sediment accumulation rate is stable around ca. 1.5 mm/yr
with only small variations from the bottom of the core until the upper ca.
50 cm. From this core-depth, accumulation increases to around 10 mm/

yr.
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Fig. 2. Gamlebyviken estuary: age-depth model for the splice core from site EL18-SH01-03 using BACON ver. 2.5.8 (Blaauw and Christen, 2011; Blaauw et al., 2022).
The age model covers the last 3500 years and uses 2'°Pb and **”Cs in the youngest part (<100 years) and nine radiocarbon dates calibrated using the IntCal20 dataset
(Reimer et al., 2020) and Marine20 (Heaton et al., 2020) in the older part. Upper panels left depict the Markov Chain Monte Carlo iterations, the prior (green curves)
and posterior (grey histograms) distributions for the accumulation rate (middle panel) and memory (right panel). The bottom panel shows the calibrated *C dates
and the red stippled line corresponds to the model’s best fit based on the mean age for each depth and the grey stippled lines delimit 95% confidence intervals. The
right panel show the age-depth model for the youngest part of the sediment core derived from 21°Pb and '*”Cs (years CE).
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Table 1
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Gamlebyviken esturary: core EL18-SH01-03-PC01 uncalibrated and calibrated radiocarbon ages (2¢). Calibration was performed using Calib rev. 8 (Stuiver and
Reimer, 1993), Intcal20 calibration datasets (Reimer et al., 2020) and Marine20 (Heaton et al., 2020). (*) = Not enough material for analysis. Italics indicate samples

not used in the age-depth model.

Lab code Depth in core (cm b.s.f.) Depth in splice (cm b.s.f.) Dated material 513C (%) '*C age (yr BP) Error (cal yrs) Mean calibrated age (min — max)
(cal yr BP)

Ua-62008 31-33 109 Plant remnants —28.8 368 35 407 (315-499)
Ua-62009 92-94 170 Fish skeleton -18.3 797 45 726 (668-784)
Ua-62010 232.5-234 310.25 Plant remnants —27.4 1788 35 1659 (1571-1746)
Ua-62011 247-248.5 324.75 Plant remnants, reed -26.2 1714 41 1619 (1533-1704)
Ua-62012 257-258 334.5 Plant remnants —25.1 1948 42 1866 (1745-1987)
Ua-62013 283-285 361 Plant remnants, seeds and charcoal —24.0 2111 34 2123 (1953-2293)
Ua-62014 324.5-326.5 402.5 Plant remnants and charcoal —-27.1 2890 42 2497 (2319-2574)
Ua-62015 403.5-405 481.25 Plant remnants and seeds -17.6 3038 38 3221 (3082-3360)
Ua-62016 472.5-473.5 517 Seed ) 3772 76 4168 (3929-4407)
Ua-62017 472.5-473.5 550 Plant remnants —23.0 3347 45 3575 (3460-3690)
Ua-62018 515-517 593 Plant remnant ) 3514 167 3817 (3392-4242)

4.2. Lithology, organic matter, and organic carbon accumulation rates

The lithology of sediment station EL18-SH01-03 consists of mud
(clay-gyttja) with sulphide banding and laminations throughout
(Table S2, supplementary material). Some sequences were completely
black which prevented distinguishing structures but they became visible
when oxidized. Organic matter shows the highest content in the oldest
part between 3100 and 2000 cal yr BP with a maximum of 12.5% and
minimum of 10.2% (mean 11.2%) (Fig. 3). Thereafter the organic matter
content decreases and vary between 11.3 and 8.2% (mean 9.9%) from
2000 cal yr BP to about 1960 CE when organic matter content decreases
to a mean 8.9% if the high value of the topmost samples (11.4%) is not
included. As organic matter is recalculated to accumulation rates and
converted to organic carbon accumulation rates the curve shows a very

even development over about 3000 years (Fig. 3). There is a low organic
carbon accumulation rates from about 3100 cal yr BP to 1950 CE with a
mean of 20.1 g m~2yr ! (range of 14.0-28.0). From about 1950 CE a
very rapid increase in organic carbon accumulation rates takes place and
reached maximum levels of 134.5 g m~2yr ! at 1968 CE. After this peak
with a short duration, the values stabilize and display a mean organic
carbon accumulation rates of 66.0 g m~2yr~! from the mid 1970s CE to
the present, which corresponds to a tripling of organic carbon accu-
mulation rates compared to before the 1950s.

4.3. Stable isotopes

5°Nom values ranged 2.6-6.4%o, and those of 53Com ranged be-
tween —26.2 and —21.8%o, and the two variables were strongly
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Fig. 3. Gamlebyviken estuary, site EL18-SH01-03: down core profiles in organic matter, organic carbon accumulation rate, stable carbon isotopes 8'3Cgyy, stable
nitrogen isotopes 8'°Noy, and siliceous microfossils concentrations of diatoms, crysophyte cysts and Ebria tripartita.
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negatively correlated (r = —0.79, p < 0.001). Their temporal trends
followed, overall, opposite patterns with marked changes observed at
ca. 1350 cal yr BP, ca. 650 cal yr BP and ca. 50 cal yr BP (Fig. 3). 8'°Nowm
and §'3Cgy values remained constant from ca. 3000 cal yr BP to ca.
1350 cal yr BP with values around 3%o and —22%o, respectively. The
period ca. 1350 cal yr BP — ca. 650 cal yr BP was characterized by a small
decrease in both 5'°Ngy and 8'3Cgy values until ca. 650 cal yr BP when
5'°Nowm instead showed a marked increase from 3%o to 6%o. The most
recent period (from ca. 50 cal yr BP) was also characterized by drastic
changes in sedimentary isotopic composition with a further increase in
5'°Now values reaching the highest values reported throughout the re-
cord (6.4%0) and a marked decrease in 613C0M values reaching the
lowest values (—26.2%o; Fig. 3).

4.4. Siliceous microfossil concentrations and accumulation rates

Altogether 60 samples were counted for siliceous microfossils,
mainly diatoms, but also the siliceous cysts of chrysophytes and the
ebridian Ebria tripartita. Concentrations (absolute abundance; no. g’l
DW) of diatoms, chrysophyte cysts, and Ebria tripartita are plotted in
Fig. 3. The diatom concentration is highest in the oldest part of the
stratigraphy about 3100-1450 cal yr BP with a mean of 8.8*107 valves
¢! DW and thereafter decreases to about half until 550 cal yr BP when
the minimum concentration of mean 3.1*107 valves g~ DW appears
until about 100 cal yr BP (1850 CE) when the concentration increases
and show two peaks in the most recent part (mean 7.9*107 valves g~}
DW). Chrysophyte cysts show high concentrations (mean 8.710° cysts
g~! DW) until about 550 cal yr BP and there after a decrease to recent
times with a mean of 3.0%10° cysts g~ DW. The concentration of the
ebridian Ebria tripartita displays a similar development as the diatoms
with a clear maximum in the oldest part 3100 to 1450 cal yr BP (mean
5.5%105 skeletons g_l DW), and a minimum between 550 and 150 cal yr
BP (1800 CE) with mean of 0.8 skeletons g’1 DW.

4.5. Diatom stratigraphy

A total of 293 diatom taxa were identified to the species level. The
good degree of preservation of the lightly silicified taxa Skeletonema
marinoi and Chaetoceros vegetative cells indicate that diatoms are not
unevenly dissolved, all taxa contribute to the assemblages and are
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therefore included in the basic sum. The basic sum of counted diatom
valves varied between 375 and 1480 depending on the richness of
Chaetoceros spp. and S. marinoi. A diatom species diagram was con-
structed showing the relative abundances of taxa with more than 3% in
any sample, rarefied species richness, and summary graphs of taxa
classified into salinity preferences and life forms (Fig. 4). The diatom
stratigraphy was divided into four diatom assemblage zones (DAZ)
based on cluster analysis (CONISS) and described as follows from the
oldest to the youngest:

DAZ 1 (480-415 cm; 3090-2540 cal yr BP) is dominated by a few
taxa (mean species richness 39) of planktonic affinity (mean 74.4%).
The zone has a maximum occurrence of Chaetoceros spp. (mean ca. 53%)
which are classified as marine (marine-brackish or brackish-marine;
Snoeijs et al. 1993-1998). This dominance is reflected by the most
marine conditions inferred across the whole diatom sequence with very
low abundance of freshwater and brackish-freshwater taxa (mean sum
8.6%).

DAZ 2 (415-250 cm; 2540-1250 cal yr BP) displays an increase in
brackish water taxa (mean ca. 46%) on the expense of marine taxa
(mean ca. 29%), but also a doubling of the brackish-freshwater taxa to
mean 11.5%. The brackish planktonic taxon Cyclotella chocta-
whatcheeana has maximum abundance and Skeletonema marinoi shows
high abundance in the lower part and decreases towards the end of the
zone. The marine taxon Thalassiosira eccentrica has maximum abun-
dance. Species richness has a mean of ca. 48 and there is a visible up-
ward increase of benthic and epiphytic taxa (mean sum ca. 39%).

DAZ 3 (250-72 cm; 1250-130 cal yr BP/700-1820 CE) has a
maximum abundance of sea ice taxa, especially Fragilariopsis cylindrus
but also Melosira arctica, visible as two distinct peaks. The lowermost
peak (ca. 1210-1085 cal yr BP) has a maximum abundance of 27% and
the uppermost peak (ca. 550-210 cal yr BP) has a maximum of 31%.
These peaks in sea ice taxa also coincide with the minimum abundance
of Skeletonema marinoi. The zone also displays a maximum abundance of
benthic (including epiphytic taxa, mean 50%). This zone has twice the
share of brackish-freshwater taxa (mean 23%) of all the other zones and
maximum species richness (mean 53).

DAZ 4 (72-0 cm; 130 to -68 cal yr BP/1820-2018 CE) consists of two
clusters 4 A and 4 B of which only the uppermost 4 B (40-0 cm;
1968-2018 CE) is statistically significant. The zone is dominated by
planktonic (mean ca. 76%) and brackish taxa (mean ca. 50%) with
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Fig. 4. Gamlebyviken estuary: diatom stratigraphy from site EL18-SH01-03 plotted on a linear age scale showing taxa with a relative abundance of more than 3% in
any sample, classified according to salinity affinity and displayed in order of their first appearance. Rarefied species richness (no. of taxa) is plotted to the right. Two
cumulative summary graphs show the relative abundance of taxa classified into salinity requirements and life forms, respectively, of all counted diatom taxa. The
proportion of benthos classified as epiphytes is indicated by a dark yellow colour. A cluster analysis divided the stratigraphy into four diatom assemblage zones
(DAZ1-DAZ4). For a full species list with abbreviations, author names, classification of salinity requirements and life form see Table S3 in Supplementary material.
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maximum abundance of Skeletonema marinoi and Thalassiosira prosch-
kinae. The species richness has decreased to ca. 42 (mean) due to a
decrease in benthic taxa and a few dominant planktonic taxa.

4.6. Regional and local vegetation and land use reconstructions

The REVEALS-based regional vegetation cover from the Storsjon
pollen record is woodland-dominated. Relatively low at the beginning of
the record, the cover of the open land (wetland, grassland, and cropland)
gradually increases and reaches its maximum at present (Fig. 5A and
6A).

Between 3080 and 1650 cal yr BP the woodland cover is 77-82%,
with deciduous trees having ca. 10% higher cover than coniferous,
except for 2250-2050 cal yr BP when it is 14% lower. Corylus, Betula,
and Alnus are the most widespread, while Quercus and Tilia are contin-
uously present but less common. Coniferous woodland consists mainly
of Pinus with only minor presence of Picea (up to 2%). The open land is
mainly grassland (15-18%) dominated by Poaceae (9-12%) with
continuous occurrence of Ranunculus acris-type. Juniperus and Calluna
have up to 2% and 4%, respectively. There are sporadic occurrences of
Artemisia (ruderal plant). Wetland cover increases from 1 to 5%. Crop
cultivation only occurred during 3080-2650 cal yr BP (cropland cover
4%). The landscape generally reflects low anthropogenic impact, mostly
through grazing.

The period between 1650 and 1000 cal yr BP shows higher anthro-
pogenic impact with an increase in REVEALS-estimated vegetation
openness and a corresponding decrease of the woodland cover to
65-72%. Coniferous and deciduous woodland prevail alternately with
ca. 5% difference. The same arboreal taxa remain dominant, but all at a
lower percentage than in the previous period. The diversity of herbal
taxa increases, and the grassland cover reaches 20-25%, mostly due to
an increase in Poaceae and Rumex acetosa-type, while Ranunculus acris-
type becomes much less common. The cover of Juniperus and Calluna
remains similar to the previous period. The occurrence of ruderal plants
(Artemisia and Amaranthaceae/Chenopodiaceae) stays very low (<1%).
Wetland cover reaches its maximum of 11% between 1300 and 1150 cal
yr BP, then decreases again to 4% between 1150 and 1000 cal yr BP.
Cropland cover increases from 1 to 5%, there is a continuous indication
of crop cultivation and the first occurrence of Secale cereale between
1150 and 1000 cal yr BP.

Between 1000 cal yr BP and present, the REVEALS-estimated
woodland cover decreases from 80 to 60%. Dominance of coniferous
woodland (47-59%) is associated with Picea establishment after 1000
cal yr BP. Deciduous woodland gradually decreases from 33 to 9% at
present, with the decrease of all taxa except for Fagus and Carpinus.
These two taxa have higher values and more continuous occurrence than
previously, but also decrease by 250 and 100 cal yr BP, respectively.
Grassland cover is 10-13% between 1000 and 700 cal yr BP, gradually
increasing to 27% at present. A decrease in Poaceae and Rumex acetosa-
type after 1000 cal yr BP is followed by a new increase continuing until
present. Juniperus shows the same trend, while Calluna maintains values
of 1-3%. Plantago lanceolata and ruderal plants Artemisia and Amar-
anthaceae/Chenopodiaceae occur continuously. During this period,
pollen of all herbaceous taxa included in the modelling is present, but
REVEALS-based estimations of occurrence of some taxa in the landscape
are not reliable (Filipendula, Galium-type, Potentilla-type, and Composi-
tae SF Cichorioideae, see explanation to Fig. 5A). Wetland cover is 3-5%
except during 250-100 cal yr BP when it reaches 7%. Cropland cover
increases gradually from 3 to 9% at present, with lower value of 2%
between 400 and 250 cal yr BP.

Local LOVE-reconstructed plant cover based on the Lillsjon pollen
profile is woodland-dominated between 3080 and 400 cal yr BP. There is
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a strong decrease in woodland cover and change to dominance of open-
land vegetation from 400 cal yr BP to present (Fig. 5B and 6B).

Between 3080 and 1850 cal yr BP woodland (67-97%) is primarily
composed of deciduous trees (56-71%), with only minor part of conif-
erous woodland (7-25%). Alnus, Corylus and Tilia dominate, while
Carpinus, Fraxinus, Quercus and Ulmus are continuously present. Conif-
erous woodland consists predominantly of Pinus. Between 2050 and
1850 cal yr BP the woodland cover is the highest in the record (97%),
with maximum of deciduous woodland (71%) and increase in coniferous
woodland (up to 26%). Open land is predominantly grassland (26-30%),
with dominance of Poaceae (up to 22%), apart from 2050 to 1850 cal yr
BP, when Poaceae are not part of the pollen record. The only other taxon
occurring continuously during this time period is Filipendula (up to 3%),
while Galium-type and Potentilla-type are present between 3080 and
1850 cal yr BP (<1%). Wetland cover is ca. 4% between 3080 and 2250
cal yr BP, and decreases to 0-1% afterwards. Cropland cover is only
reconstructed between 2650 and 2050 cal yr BP (<1%). The vegetation
cover reflects generally low anthropogenic impact through grazing.

Between 1850 and 1150 cal yr BP woodland cover decreases to
53-78% (deciduous woodland 41-70%, coniferous woodland 8-22%).
Corylus continues to dominate among deciduous trees (12-25%), while
presence of Alnus and Tilia decreases gradually from 17 to ca. 7% and
from 12 to 2%, respectively. Carpinus and Quercus increase to values of
ca. 3%. Fagus, Fraxinus and Ulmus occur continuously. Coniferous
woodland is now dominated by Picea, which increases gradually from 3
to 16%. Grassland with Poaceae continue to dominate the open-land
vegetation (18-38% and 7-23%, respectively). Filipendula occurs
continuously but decreases to ca. 1%. Artemisia (ruderal) occurs
continuously (<1%), while Galium-type, Ranunculus acris-type, Amar-
anthaceae/Chenopodiaceae (ruderal) occur almost continuously, as well
as Juniperus and Calluna (up to 6% and 4%, respectively). Wetland cover
is ca. 7% in the middle of the period but is lower/absent at its beginning
and the end. There is a continuous record of cropland (ca. 2%) except for
1450-1300 cal yr BP, when it reaches 9%. This period is characterized by
increase in anthropogenic impact with higher grazing activity and in-
crease in crop cultivation.

The period between 1150 and 400 cal yr BP is distinguished by the
new increase in woodland cover (69-83%) due to the increase in Picea
(from 29 to 43-55%) that continues to dominate the coniferous wood-
land. The cover of the deciduous woodland decreases to 28-36%. The
same taxa remain dominant, but most (apart form Quercus and Corylus)
do not occur continuously, and all have lower values. There is a notable
increase in Salix (up to 4%), while Betula occurs continuously for the
first time in the record (2-7%). Grassland cover decreases gradually
from 29 to 12% and Poaceae from 20 to 7%. Apart from Poaceae, only
Filipendula occurs continuously (0.5-2%), while Ranunculus acris-type
has the highest values in the record (up to 2.5%). Wetland cover is 5% in
the middle of this period, but only up to 2% or absent otherwise. Crop
cultivation occurs during the whole period, but cropland cover only
reaches 2%. Especially the middle of this period is characterized by low
anthropogenic activity.

Between 400 cal yr BP and present the woodland cover, inter-
changingly dominated by deciduous and coniferous woodland, de-
creases strongly and is the lowest in the record (19%) between 250 and
100 cal yr BP. Alnus, Fagus, Quercus and Betula are the only taxa with
continuous occurrence, but their values are decreasing towards present.
Carpinus, Tilia and Corylus are not present or have very low values. Picea
remains dominant in the coniferous woodland. Cover of grassland in-
creases strongly and is the highest in the record (46%) between 250 and
100 cal yr BP primarily due to increase in Poaceae (up to 29%), but also
Rumex acetosa-type (up to 4%) and Compositae SF Cichorioidae (up to
9%). Filipendula and Amaranthaceae/Chenopodiaceae are continuously
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Fig. 5. Gamlebyviken estuary: modelled land cover data from lake Storsjon using REVEALS and lake Lillsjon using LOVE for 16 time-windows. REVEALS estimates of
regional (A.) and LOVE estimates of local (B.) plant cover in % cover with their standard error (colored with bars) and pollen % (grey) for 28 taxa. Note: When
standard error > REVEALS/LOVE estimate, the estimates of plant cover are not reliable. Green: deciduous woodland; emerald green: coniferous woodland; turquoise:
wetland; orange: grassland; yellow: cropland.
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LOVE Lillsjén
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Fig. 6. Gamlebyviken estuary: summary graphs showing taxa used in the REVEALS (A.) and LOVE (B.) modelling grouped into five land cover types: coniferous
woodland (Pinus and Picea), deciduous woodland, wetland (Cyperaceae), grassland (including Juniperus) and cropland (cereals) (modified after Mazier et al., 2015).

present (<1%). Wetland cover increases gradually towards present and
is the highest (29%) between 100 cal yr BP and present. There is a strong
increase in cropland cover with maximum of 18% simultaneous to the
largest grassland cover.

4.7. Statistics

The plot of the PCA analysis with the explanatory variables regressed
on to the ordination shows that deciduous woodland, 613C0M, Age BP,
and Temperature are higher towards the upper right and lower towards
the lower left (Fig. 7). Wetland and coniferous woodland follow the
same diagonal but are higher in the lower left. Cropland, grassland, and
615N0M form a cluster of regression directions of their own. All re-
gressions are significant at P = 0.001. The older samples cluster together
in the upper right corner showing that there were smaller changes in the
diatom composition then. The youngest samples are found in the center
bottom and the rest of the more recent samples are quite spread out
showing faster differentiation in more recent years.

In the RDA analysis (Table 2) we look for the size of the unique ef-
fects on diatom composition for each variable when the effect of the

others is removed. Cropland and grassland represent land use in this
analysis. The strongest effect is from 5'3Cop, then from the two land use
types cropland and grassland. AgeBP and 5'°Ngy have lower but still
significant effects while the effect of Temperature is not significant. The
pattern is different from the regression of each variable on the PCA
ordination which are included in Table 2 for comparison, e.g. Temper-
ature has a large r? value in the regression on the PCA but when the
unique explanatory power is distributed among the variables little is left.

To evaluate differences in time we combined the two younger diatom
cluster zones, younger than 1250 cal yr BP, and compared with the
combined two older cluster zones >1250 cal yr BP. We partitioned the
variation between AgeBP, Temperature, 5'°Ngy and Land use (grassland
and cropland together). The variation partitioning (Fig. 8) shows that
the variables explain more variation in the younger part. The contri-
bution of Temperature is larger in the older part 7 and 3%, respectively,
and the contribution of §'°Ngy and Land use is larger in the younger
part, together 26% compared to 15%. The contribution of AgeBP is
similar, at 7%, in both time periods and therefore not plotted in Fig. 8.

The correlation of diatom species to the environmental variables is
shown in Table S4 and Fig. 7B, and suggests that a group of diatom
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Fig. 7. Gamlebyviken estuary: Principal component analysis (PCA) for an overview of the association of the explanatory variables with the diatom assemblage
composition. Each explanatory variable was regressed onto the ordination to show the direction and evaluate the significance of their association. A. Sample scores
(ages cal yr BP), B. Diatom species scores (abbreviation of diatom taxa is found in Table S3, Supplementary material).

11



E. Andrén et al.

Table 2

Results from an RDA analysis where each variable is tested for significance when
the effect of all others is removed. For comparison the results from the regression
of the variables on the PCA are included.

Variable Df Variance F P PCA 12 PCAP
AgeBP 1 0.0056 2.34 0.038 * 0.71 0.001 ***
Temperature 1 0.0041 1.74 0.086. 0.73 0.001 ***
13C 10.0134 5.58 0.001 *** 0.76 0.001 ***
15N 1 0.0050 2.13 0.042 * 0.65 0.001 ***
Grassland 1 0.0075 3.15 0.004 ** 0.37 0.001 ***
Cropland 1 0.0090 3.75 0.002 ** 0.71 0.001 ***
Residual 53 0.1268
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Fig. 8. Gamlebyviken estuary: variation partitioning to separate the impacts of
the factors land use changes (stable nitrogen isotopes 8'°Ngy and grassland and
cropland) and climate (annual mean air temperature) on the diatom abundance
data. The data set was divided into two parts: old, >1250 cal yr BP (left) and
young, <1250 cal yr BP (right), both containing two diatom clusters.
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species is associated with AgeBP, Temperature, 5'>Coy and deciduous
woodland and another group with SISNOM, coniferous woodland,
grassland and croplands and to some extent wetlands. Strong positive
correlations (>0.5) for croplands are found for Aulacoseira islandica
(Aulaisla), Diatoma moniliformis (Diatmoni), Diatoma tenuis (Diattenu)
and Thalassiosira proschkinae (Thalpros), and strong negative association
were found for Cocconeis scutellum (Coccscut), Staurosirella guenter-
grassii (Staugras) and Thalassiosira eccentrica (Thalecce). Grasslands and
5'°Noy are strongly positively correlated with Diatoma tenuis (Diattenu)
and Thalassiosira proschkinae (Thalpros) (Table S4, Supplementary
material).

5. Discussion
5.1. Hypoxia and salinity

In the open Baltic Sea, the observed increase in hypoxia in contem-
porary times is attributed to eutrophication, primarily stemming from
heightened nutrient inputs originating from terrestrial and atmospheric
sources (Meier et al., 2019). Furthermore, this trend has been exacer-
bated over recent decades by deoxygenation resulting from escalating
temperatures (Carstensen and Conley, 2019). Within the coastal zone,
the occurrence of hypoxia exhibits variability and is dependent upon
various factors. These factors encompass the quantity of organic mate-
rial derived from primary production, which consumes oxygen during
decomposition, as well as physical parameters such as the presence of
enclosed areas characterized by limited water exchange and stable
stratification, influenced by temperature or salinity gradients. Coastal
hypoxia occurrences are classified as episodic, seasonal, or persistent
manifestations (Conley et al., 2011). In our case study area in Gamle-
byviken, the lithology of the sediment core indicates that hypoxia has
persisted in the estuary for the past 3000 years. This condition has been
attributed to the limited water exchange between the enclosed basin and
the open Baltic Sea, resulting in stable stratification coupled with high
primary productivity.

By utilizing knowledge of shoreline displacement and constructing a
paleogeographic map depicting the configuration of water-land in our
study area 3000 years ago when the water level was approximately 11.3
m higher than today (Katransiotis et al., 2024), it becomes evident that
water exchange at our study site, with only an archipelago of islands

Fig. 9. Paleogeographic maps illustrate the land-sea configuration of a specific area over time. A. At 3000 cal yr BP, the sea level was +11.3 m, resulting in a more
open marine environment and enhanced water circulation, consequently raising salinity at the sampling site. B. By 1300 cal yr BP, the sea level had decreased to +3
m, shaping the current layout of the Gamlebyviken estuary, distinguished by a narrow inlet located where the town of Vastervik presently stands (see Fig. 1B).
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Fig. 10. Summary graph to display the major environmental change in the Gamlebyviken area on linear age axis (cal yr BP or BCE/CE years), and the climatic events
discussed in the text, the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) are marked. A. Annual temperature anomaly (red curve) reconstructed from
North European pollen records (Seppa et al., 2009) used in the statistics in the present paper, compared to European summer temperatures (blue curve) reconstructed
from tree-rings (Luterbacher et al., 2016). Both curves smoothed with LOESS span of 0.05. B-D. Relative percentages of diatom assemblages divided into sea ice taxa
(B), brackish-freshwater taxa (C) and marine taxa (D) and stable carbon isotopes (yellow line) used as proxy for the carbon source, marine — terrigenous origin,
respectively. E. Planktonic/benthic (including epiphytes) diatom ratio. F. Diatom accumulation rate (red line, as no. of valves per square m and year) and organic
carbon accumulation rate (yellow line, as g carbon per square m and year). G. Land use indicators (grassland (red bars) and cropland (orange bars)) reconstructed
from Storsjon (Fig. 6A) and stable nitrogen isotopes (yellow line).
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separating it from the open Baltic Sea, was more effective at that time
(Fig. 9A). This configuration likely resulted in the more marine condi-
tions recorded, as evidenced by the maximum in marine diatom
assemblage dominated by Chaetoceros spp. (Fig. 4, DAZ1; Fig. 10D).
Gradually, the land uplift in our study area, as depicted in the paleo-
geographic map from 1300 cal yr BP (+3 m sea level; Fig. 9B), trans-
formed the archipelago into a peninsula, shaping the current
configuration of the Gamlebyviken estuary with a sole water exchange
occurring through the narrow inlet at Vastervik. This transformation is
clearly manifested in the increase in brackish-freshwater diatom taxa at
the expense of marine taxa, coupled with a decline in 613C0M values,
indicating reduced marine primary production and a more sheltered
environment with slightly increased terrestrial input (Fig. 10).

5.2. Changes in the Baltic sea coastal zone before 1000 cal yr BP (Bronze
Age and Iron Age)

During the Bronze Age the regional vegetation cover in our study
area was predominantly characterized by deciduous woodland (Fig. 6).
Early human influence on the landscape, confirmed by archaeological
mapping (Vinogradova et al., 2024), may have involved land clearance
for animal husbandry, potentially serving as a nutrient source to coastal
areas during this period, evidenced by the high planktonic diatom
production recorded (Fig. 10D; Fig. 10 F). The diatom assemblage was
dominated by marine genera, particularly Chaetoceros spp., known to
thrive in nutrient-rich waters with upwelling conditions (Armbrecht
et al.,, 2014). The abundance of spring-blooming diatoms such as
Chaetoceros spp., Skeletonema marinoi, and summer-blooming Cyclotella
choctawhatcheeana, alongside high stable carbon isotope values
(Fig. 10D), signifies a nutrient-rich and highly productive coastal envi-
ronment. This high primary production might also have promoted
elevated concentrations of the heterotrophic protist Ebria tripartita since
it is known to feed on diatoms (Hargraves, 2002). However, despite the
high diatom accumulation rate observed between 3000 and 2000 cal yr
BP, there was no discernible impact on the organic carbon accumulation
rate (Fig. 10F). Additionally, the PCA plot indicates minimal differen-
tiation between samples in the older part of the stratigraphy (Fig. 7).
These findings suggest that despite extensive local and some regional
land clearance, there was little to no discernible impact on the Baltic Sea
coastal zone environment in our study area.

The period exhibiting the greatest potential impact of both regional
and local land use on the coastal zone, except for the most recent era,
extends from 1650 to 1000 cal yr BP (300-950 CE), corresponding to the
Late Iron Age, a period with high grassland and increasing cropland
cover at the regional scale (Fig. 10G). However, this influence is not
discernible in the paleoecological proxies derived from the estuary. A
low diatom accumulation rate characterized by sparse planktonic taxa
(low planktonic/benthic diatom ratio; Fig. 10E) and a low organic car-
bon accumulation rate are documented and only a slight rise in 8'°Ngy
is indicative of the cropland expansion seen in the vegetation re-
constructions (see Fig. 10G). The influence of land use in the coastal
zone during this time frame may potentially be tempered by the colder
climatic conditions prevailing (Luterbacher et al., 2016), as evidenced
by peaks in sea ice diatom taxa (Fig. 10B).

5.3. Changes in the Baltic sea coastal zone after 1000 cal yr BP (medieval
times, Little Ice Age, and modern times)

In contrast to other parts of Sweden, medieval times in our study area
witnessed regional and local afforestation with its maximum recorded
ca. 1000-700 cal yr BP, characterized by a notable increase in coniferous
woodland cover due to the expansion of spruce (Picea). It is also a period
of strong decrease in land use, with the lowest regional grassland cover
in the record (Figs. 5A and 6A). We propose this period as experiencing
the least impact of nutrient discharge to coastal waters in our study area,
a notion corroborated by paleoecological proxies revealing low organic
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carbon- and diatom accumulation rates, and a diminished planktonic/
benthic diatom ratio (Fig. 10). These findings align with the conclusions
drawn by Andrén et al. (2020) who attribute climate as the primary
driver of drier and more marine conditions with intensified stratification
in the open Baltic Sea during that period. Model projections further
support this view, indicating a reduction in precipitation during positive
Atlantic multidecadal variability states, prevalent during the Medieval
Climate Anomaly, which would have resulted in arid conditions and
heightened salinity levels in the Baltic Sea (Borgel et al., 2022). Some
variations in the diatom assemblages may plausibly be linked to slightly
elevated temperatures during the Medieval Climate Anomaly, evidenced
by a decrease in sea ice taxa, alongside peaks in Skeletonema marinoi,
Cyclotella choctawhatcheeana, and Chaetoceros spp. (Fig. 4), despite the
low and stable organic carbon accumulation rates (Fig. 10).

Species richness was relatively high throughout the stratigraphy,
twice the number found in a open Baltic Sea setting (Andrén et al.,
2020), with a maximum during the colder and less productive Little Ice
Age when benthic taxa increased on the expense of the planktonic
(Fig. 10E).The Little Ice Age (550-250 cal yr BP/1400-1700 CE, Mann
et al.,, 2009), when compared to the Medieval Climate Anomaly, is
distinctly reflected in our diatom proxy data, with a marked increase in
sea ice diatoms, low planktonic/benthic diatom ratio, reduced marine
taxa, and elevated brackish-freshwater taxa (Fig. 10), indicating cooler
winter temperatures and wetter conditions, consistent with findings in
other studies (e.g., Luoto and Nevalainen, 2018). However, this colder
period did not mitigate land use in the proximity of the Gamlebyviken
and local evidence indicates an expansion of cultivated cropland starting
from 400 cal yr BP (Vinogradova et al., 2024). Regionally, the general
trend of increasing landscape openness and crop cultivation from 700
cal yr BP is interrupted by a twofold decrease in cropland cover and
slight decrease in grassland 400-250 cal yr BP, not reflected in the local
reconstructions. Concurrent with increased land use (both cropland and
grassland), the 615N0M signal commenced its ascent from a low level
during the Little Ice Age and peaked around 1800 CE. This rise in §'°Now
aligns with stable nitrogen isotope trends from other coastal regions in
the Baltic Sea (Voss et al., 2000), albeit occurring earlier (ca. 200 cal yr
BP/1750 CE) in our study area, similar to findings in another Swedish
coastal site (Norback-Ivarsson et al., 2019), attributable to deforesta-
tion, alongside the last century of eutrophication.

The most significant changes in the Gamlebyviken occurred from
about 100 cal yr BP/1850 CE up to present times, with maximum
regional cover of grassland and cropland (ca. 35%) at the expense of
deciduous woodland and major changes indicative of a highly eutrophic
environment recorded in the coastal zone. These changes are visible as
maxima in the stable nitrogen isotopes, carbon- and diatom accumula-
tion rates, as well as maximum planktonic/benthic diatom ratio and
diatom species indicative of high nutrient conditions, in particular,
Thalassiosira proschkinae and Diatoma tenuis (Fig. 10; Table S4, Supple-
mentary material). The same diatom taxa indicating high nutrient levels
are recorded from Braviken on the Swedish east coast (Norback Ivarsson
et al., 2019). However, the primary similarity between our record and
observed diatom responses to eutrophication in other studies is the
significant shift to planktonic species dominance, recorded along the
Swedish east coast (Norback Ivarsson et al., 2019), the German coast
(Andrén, 1999; Andrén et al., 1999), and the Finnish coast (Weckstrom,
2006). These studies document the onset of human-induced eutrophi-
cation, reflecting the local environmental histories of the sites, spanning
from 1800 to 1940 CE. Similar trends in stable nitrogen isotopes and
carbon accumulation rates are found in other studies of the Baltic Sea
proper’s coastal areas, such as Finland (Jokinen et al., 2018) and the
Swedish east coast near the present study site (Ning et al., 2018),
although the absolute values are higher in Gamlebyviken. The carbon
isotope values began to be depleted around 1968 CE, with decreasing
values continuing to the present (Fig. 3). This change coincides with
maxima in both organic carbon and diatom accumulation rates
(Fig. 10F). If the stable carbon isotope signal had reflected high primary
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production in the estuary, an enrichment would have been expected
(Savage et al., 2010). We interpret the depleted carbon isotope values as
a response to increased discharge from terrestrial sources (Lamb et al.,
2006), possibly due to intensified land use (Fig. 10G). Organic carbon
accumulation rates peaked in 1968 CE at approximately 134 g C/m?
yr! before subsequently declining to the present-day values of 53,
mirroring a similar trend observed in diatom accumulation rates.
Furthermore, the rate of organic carbon accumulation in Gamlebyviken
is in pair with well-documented shallow coastal carbon sinks (e.g. sea-
grass meadows with a global average organic carbon accumulation rate
of 138 g C/m? yr™!; Mcleod et al., 2011) and shows that deeper accu-
mulation bottoms in the coastal Baltic Sea are worth exploring for their
ability to mitigate climate change. Most of the studies on coastal carbon
sinks in the Baltic Sea region have been conducted in vegetated habitats
(i.e. salt marshes, seagrass meadows and macroalgae belts), which
generally display lower accumulation rates in comparison to this study
(ranging from 5 to 253 g C/m? yr~!; Krause-Jensen et al., 2022) and
with deeper unvegetated sediment bottoms being overlooked.

5.4. Climate versus human impact

It has been demonstrated that during the Medieval Climate Anomaly
in the open Baltic Sea, stratification, both thermal and salinity-related,
emerged as the primary climatic mechanism influencing diatoms,
rather than the elevated temperatures alone (Andrén et al., 2020). It is
noteworthy that climate variability encompasses more than just
heightened temperatures; it also entails increased rates of weathering
and changes in freshwater discharge, which affect the transport of nu-
trients from land into the basin. This complex interplay complicates the
explanation of the effects of climate variability from those attributable
to changes in land use.

Variation partitioning shows that 26% of the variance in the diatom
assemblages during the last 1250 years is associated with land use
changes. The variables grassland, cropland, and stable nitrogen isotopes
are accordingly strong predictors of environmental change in the Baltic
coastal zone as reflected by the diatoms (Fig. 8). The total variance
explained increases in the younger part (last 1250 years), especially
stable nitrogen isotopes that more than double at the expense of vari-
ance explained by temperature. In the more pristine environment
(>1250 cal yr BP) the temperature played an important role in affecting
the diatom assemblages (Fig. 8). This may be a result of the selection of
climate proxy in our statistical analyses, where we apply reconstructed
annual mean temperature anomalies derived from North European
pollen records (Seppa et al., 2009). While this model spans the
3000-year timeframe under scrutiny in our study, it fails to capture
significant climatic events such as the Roman Warm Period (2200-1550
cal yr BP/250 BCE-400 CE, Campbell et al., 1998) and the Medieval
Climate Anomaly, a deficiency highlighted when contrasting it with the
European summer temperature reconstruction based on tree-rings
(Fig. 10A; Luterbacher et al., 2016). Furthermore, the discernible tem-
perature rise observed over the past 150 years due to global climate
change is absent in the Seppa et al. (2009) dataset, potentially influ-
encing interpretations regarding the climatic impact on diatom pop-
ulations during the same time period. Over the past 50 years, we have
recorded a notable peak in the abundance of the spring-blooming ma-
rine diatom Skeletonema marinoi. This increase is likely more closely
associated with rising temperatures than with eutrophication, which is
supported by the taxon’s high abundance during other periods charac-
terized by elevated temperatures, such as the Bronze Age and the Me-
dieval Climate Anomaly, and its minimal abundance during the Little Ice
Age (Fig. 4).

Ditching and clearance of wetlands and draining of lakes to expand
arable land was intensive in Sweden between 1850 and 1950 CE
(Hoffmann et al., 2000). These wetlands and lake ecosystems as well as
the coastal filter play a crucial role in capturing and storing nutrients
within organic sediments (Asmala et al., 2017; Carstensen et al., 2020).
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Our findings indicate that the study area has experienced prolonged
human influence, characterized by multiple instances of land clearance
dating back to the Bronze Age and continuing thereafter. However, it
was not until about 1800 CE (150 cal yr BP) that the effects of intensified
land use began to manifest in the coastal zone, evidenced by increased
5'°Nop levels and heightened planktonic diatom production. This cor-
relates to increased leaching of nitrogen due to the intensive exploita-
tion of lakes and wetlands which caused an extensive drop in nitrogen
retention (Hoffmann et al., 2000). The initiation of modern agriculture
post-World War II with widespread use of artificial fertilizers, triggered
eutrophication in the open Baltic Sea (Carstensen and Conley, 2019).
This development is distinctly evident in our dataset, marked by peaks in
organic carbon and diatom accumulation rates around 1970 CE, fol-
lowed by a subsequent decline to the present day, mirroring the trend in
nutrient loads originating from land (Gustafsson et al., 2012) with
maximum leaching of nitrogen in the mid-1970s (Hoffmann et al.,
2000).

6. Conclusions

e The Gamlebyviken area reveals a coastal environment characterized
by elevated primary production and restricted water exchange with
the open Baltic Sea, resulting in stable stratification and hypoxia over
the past 3000 years.

Approximately 3000 years ago, when the sea level was approxi-

mately 11 m higher than now, our study indicates a more efficient

water exchange between our site and the open Baltic Sea, facilitating
more pronounced marine conditions. The subsequent decline in

marine conditions within Gamlebyviken from approximately 2500

years ago can be attributed to ongoing shoreline displacement,

culminating in the present fjord-like estuarine configuration with a

narrow inlet.

e Our findings suggest sustained human influence in the study area,
characterized by recurrent land clearance activities dating back to
the Bronze Age and persisting thereafter.

e During medieval times in our study area, there was a regional
afforestation phase between 1000 and 500 cal yr BP (950-1450 CE),
marked by the expansion of spruce at the expense of deciduous trees
and related to a decrease in land use 1000-700 cal yr BP. This time
period experienced the least impact of nutrient discharge to the
Baltic Sea coastal waters.

e The influence of the Little Ice Age is evident in our diatom proxy
data, indicating cooler winter temperatures and increased precipi-
tation. Despite these colder climatic conditions, there was no
noticeable reduction in land use activities. On the contrary, local
evidence suggests a significant expansion of cultivated cropland
around 400 cal yr BP.

o The effects of intensified land use began to manifest in the coastal

zone around 1800 CE, as evidenced by increased 615N0M levels and

heightened planktonic diatom production.

The most pronounced impact on the coastal Baltic Sea in the case

study area occurred around 1950-1970 CE, with significant changes

indicative of a highly eutrophic environment, as evidenced by

organic carbon accumulation rates reaching approximately 134 g C/

m? yr~! in 1968 CE, before subsequently declining to present-day

values of 53 g C/m? yr~!, mirroring a similar trend observed in

diatom accumulation rates.

Deep unvegetated accumulation bottoms in the coastal Baltic Sea

serve as carbon sinks and are worth exploring for their potential in

mitigating climate change.

Grassland, cropland, and stable nitrogen isotopes emerge as robust

predictors of environmental change in the Baltic Sea coastal zone, as

reflected by diatom assemblages. Stable nitrogen isotopes exhibit a

strong association with grassland and cropland and can serve as a

reliable proxy for land use.
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e Both climate and land use represent crucial variables for elucidating
environmental changes in the Baltic Sea coastal zone over time;
however, eutrophic conditions were not observed in the Gamleby-
viken estuary during medieval times.
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