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Sediment cores from three sites along the east-coast of Sweden, north-western
Baltic Proper, have been studied with respect to lithologies, geochemistry, and diatom
assemblages to trace and date early human impact with emphasis on nutrient discharge.
The three sites Bråviken, Himmerfjärden, and Ådfjärden, have been impacted to various
degree during the last millennia by multiple stressors like excessive nutrient discharge
and hazardous substances, leading to coastal hypoxia, eutrophication, and pollution.
These stressors are mainly caused by drivers in the drainage area as increased human
population, changed land use, and point sources as industries and a sewage treatment
plant. Even though their detailed history differs, the results show similar general patterns
for all three sites. We find no evidence in our data from the coastal zone supporting
the hypothesis that the extensive areal distribution of hypoxia in the open Baltic Sea
during the Medieval Climate Anomaly was caused by human impact. Timing of the
onset of man-made eutrophication, as identified from δ15N and changes in diatom
composition, differs between the three sites, reflecting the site specific geography and
local environmental histories of these areas. The onset of eutrophication dates to ∼1800
CE in Bråviken and Himmerfjärden areas, and to ∼1900 CE in the less urban area
of Ådfjärden. We conclude that the recorded environmental changes during the last
centuries are unique in a thousand year perspective.

Keywords: diatom stratigraphy, stable nitrogen isotopes, hypoxia, Medieval Climate Anomaly, NW Baltic proper,
nutrient discharge

INTRODUCTION

The Baltic Sea is a brackish water basin with a large and densely populated catchment area.
Strong salinity gradients, both vertically and horizontally, set the preconditions for all life in this
sea. Since the Baltic Sea is semi-enclosed and has a water residence time of about 30–40 years
it is especially sensitive to stressors like chemical pollution, nutrient discharge, and overfishing
(Snoeijs and Andrén, 2017). The ca 85 million people living in the drainage area are causing a
severe pressure on the ecosystem resulting in environmental deterioration and one of the most
polluted seas in the world (Leppäranta andMyrberg, 2009). Increased anthropogenic nutrient loads
during the twentieth century have led to eutrophication of the Baltic Sea manifested in e.g., altered
species composition, more intense cyanobacterial blooms, decreased secchi-depth, and increased
sea bottom hypoxia in the open parts of the Baltic Sea (Elmgren, 2001; Gustafsson et al., 2012).
Since the 1950s, hypoxia has also increased in the Baltic Sea coastal zones (Persson and Jonsson,
2000; Conley et al., 2011).
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Some of the recorded changes resulting from present
eutrophication are not new phenomena for the Baltic Sea.
Pigment analyses in sediments have shown cyanobacteria blooms
to be natural features of the open Baltic Sea for the last ca 8000
years (Bianchi et al., 2000). A compilation of laminated sediment
sequences used as proxy for hypoxia show evidence for three time
periods with extensive areal distribution of hypoxia in the open
Baltic Sea; 8000–4000 years before present (BP), 2000–800 years
BP, and from 1800 CE to present (Zillén et al., 2008).

The hypoxic event 2000–800 years BP coincide with a climatic
event named the Medieval Climate Anomaly, MCA, including
the Roman Warm Period, and has been suggested to be caused
by an increase in human population and large scale changes in
land use in the drainage area at this time (Zillén and Conley,
2010). Around the turn of the last millennium a series of
technological innovations, including the iron plow, promoted
an expansion of agricultural land (Myrdal, 1999). The favorable
climate conditions during theMCA, with temperatures similar to
those of today, also enabled a demographic expansion (Myrdal
and Morell, 2011; Ljungqvist et al., 2012). It has also been
suggested (Kabel et al., 2012) that the warmer climate during
this time caused intensified cyanobacterial blooms and stronger
stratification resulting in hypoxia. The following oxygenation of
the bottom waters in the open Baltic Sea has been explained
both by the onset of the Little Ice Age, LIA, (Kabel et al., 2012),
and by the drastic decrease in population due to the plague
(Zillén and Conley, 2010). Throughout the present paper, when
we refer to the climatic events Medieval Climate Anomaly and
Little Ice Age, we use the definitions by Mann et al. (2009), which
means the MCA = 950–1250 Common Era (CE), and the LIA =

1400–1700 CE.
There is a need to improve our understanding of the natural

variability of the Baltic Sea and its response to climate, as well
as human induced forcing. Paleoecology can fill the gap when
long term data is lacking, and provide us with a scientific base on
past environmental conditions (Willis and Birks, 2006; Renberg
et al., 2009; Saunders and Taffs, 2009). Whilst the open Baltic
Sea has been extensively studied with respect to Holocene natural
climate variability and environmental change (e.g., Andrén et al.,
2000a,b; Bianchi et al., 2000), this is not the case in the coastal
zone, where studies on long-term trends in hypoxia and its
causes have not been performed (Conley et al., 2011). Land use
changes will most likely influence the coastal zone before possible
effects are registered in the open Baltic Sea, and these areas
should consequently be more carefully studied. There are several
studies from the Baltic Sea coastal zones focusing on changes
in eutrophication and nutrient reconstructions the last century,
for example in the Oder estuary (Andrén, 1999), the Roskilde
fjord in Denmark (Clarke et al., 2006) and from the Gulf of
Finland (Weckström, 2006). Recently, Ning et al. (2018) reported
from a coastal site at the Swedish east-coast that the onset of
eutrophication can be traced back to the nineteenth century,
identifying intensified land use as the main driver. A multiproxy
study from the Archipelago Sea, northern Baltic Proper, indicates
an onset of eutrophication at ca 1900 CE (Jokinen et al., 2018).

A long-term perspective concerning how environmental
changes affect the marine system will provide us with a deeper

knowledge of possible future scenarios, highly important for the
management of the Baltic Sea (Kotilainen et al., 2014). In this
paper we present a multiproxy study using diatom stratigraphies
and geochemistry data from three carefully selected coastal sites
in the northwestern Baltic Proper. The aim of the study is to
investigate and date long-term environmental changes in these
coastal regions. Our results will be discussed both in a local
and a regional perspective and we aim to put the present severe
environmental situation in the Baltic Sea, in terms of nutrient
loads and external forcing, in a thousand year perspective.

STUDY SITES

The three sites chosen for this study are located along the Swedish
east-coast, north-western Baltic Proper (Figure 1, Table 1). This
area has been, and still is, affected by the last glaciation, resulting
in an isostatic rebound of ca 3–4 mm/year (Harff and Meyer,
2011). None of the cored sites have thresholds shallow enough
for the isostatic rebound to have affected the water circulation in
the basins during the time covered by this study. The seafloor at
all three sites consists of glacial and postglacial clays, with large
areas of gaseous sediments (Swedish Geological Survey, 2018).

Bråviken
Bråviken (N58◦38.828′, E16◦23.630′) is a long, ca 50 km, and
narrow bay of 130 km2, with a threshold depth of 16m.
There are several small streams that drains into Bråviken, but
by far the largest input comes from the river Motala ström.
The mean discharge between years 1991–2018 was 93 m3/s
(SwedishMetrological Hydrological Institute, 2018). In the inner,
southern part of Bråviken, the city of Norrköping is located,
for which Bråviken is recipient. Salinity in bottom waters of
Bråviken is ca 6–6.5. Surface waters salinity fluctuates a lot,
fresher during winter months (ca 1–3) and more saline during
summer and autumn months (ca 4–5). The drainage area is large
and covers 15,480 km2, most of which consists of cultivated
glacial and postglacial clays (Swedish Geological Survey, 2018).
The northern shore of Bråviken consists of a fault, which also
constitutes the rim of the drainage area. The shoreline on this side
is steep and the vegetation is dominated by coniferous forest. The
water depth along the northern shore is ca 30m, with amaximum
depth of 36m. The southern side of Bråviken is flat and shallow
(<5m) and the adjacent land is used for agriculture. In these
shallow parts the seafloor vegetation is dominated by green
algae, mostly Cladophora and Ulva spp., and seaweed such as
Potamogeton perfoliatus, Zostera marina, Zannichellia palustris,
Stuckenia pectinate, and Myriophyllum spicatum. The deeper
parts are dominated by the thalloid red algae Hildenbrandia and
an extensive distribution of barnacle, Amphibalanus improvisus.
Epiphytic filamentous brown algae like Ectocarpus and Pylaiella
spp. are common in Bråviken, both in shallow and deeper parts
(Swedish Metrological Hydrological Institute, 2018).

According to the Swedish Maritime Administration, 2800
commercial ships passes through Bråviken, to the harbor in
Norrköping, every year. To enable this there has been extensive
dredging of the seafloor and dumping of sediments about 8 km
from our sampling site. We consider 8 km to be enough of
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FIGURE 1 | Maps showing the location of the three investigated sites Bråviken, Himmerfjärden, and Ådfjärden in the Baltic Sea. Number 1 is Motala ström and
number 2 is Lake Mälaren.

TABLE 1 | Retrieved sediment cores from Bråviken, Himmerfjärden, and Ådfjärden.

Site Core label Date Equipment Water depth (m) Core length (m) Lat Long

Bråviken GC1212 June 2012 Gravity corer 23.9 0.70 N58◦38.834′ E16◦23.636′

Bråviken PC1205 June 2012 Piston corer 24 4.5 N58◦38.832′ E16◦23.664′

Himmerfjärden GC1219 June 2012 Gravity corer 45 0.77 N58◦59.629′ E17◦43.291′

Himmerfjärden PC1208 June 2012 Piston corer 44.1 5 N58◦59.616′ E17◦43.295′

Ådfjärden UPP6A June 2014 Piston corer 28 ca 3 N59◦00.573′ E18◦02.282′

Ådfjärden UPP6C June 2014 Gravity corer 28 0.67 N59◦00.570′ E18◦02.279′

Ådfjärden UPP6D June 2014 Gravity corer 28 0.72 N59◦00.570′ E18◦02.289′

a buffer zone not to disturb our cored site. Norrköping has
a long history of industries, starting with iron and weapon
manufactories in the seventeenth century. During the eighteenth
century the metal industry was declining due to the peace,
while the textile and paper industries were on the rise (Gejvall-
Seger, 1978). These two industries dominated the area during
the nineteenth century, with several paper mills located in
Norrköping and its surroundings (Sjunnesson and Wahlberg,
2003). Norrköping has continued to be an important industrial
city during the twentieth century. Today, the ecological status
of the outer part of Bråviken is moderate, while the inner parts
are considered having poor ecological status (Vatteninformation
Sverige, 2018), and hence heavily affected by eutrophication.

Himmerfjärden
Himmerfjärden (N58◦59.616′, E17◦43.295′) is an estuary of ca
30 km2, located ca 40 km south of Stockholm. The bathymetry
of Himmerfjärden is steep since the estuary is the result
of a tectonically induced fault in the bedrock. Threshold
depth at the inlet is ca 15m, and the maximum and mean
water depths are 45 and 17m, respectively. Salinity is ca 6–
7 in the surface, with slightly more saline bottom waters. In

2011, macrophyte cover was investigated at several sites in
Himmerfjärden (Swedish Metrological Hydrological Institute,
2018). At 2 meters depth Cladophora spp. were dominating, and
below 3 meters filamentous brown algae (Ectocarpus/Pylaiella
spp.), attached to Fucus vesiculus were covering the seafloor.

The third largest lake in Sweden, Lake Mälaren, has its
main outlet in Stockholm, but is also drained through a lock
in Södertälje, into the Himmerfjärden estuary (Elmgren and
Larsson, 1997). The lock opened in 1819, and was rebuild in
1924 (Nordström, 1968). Prior to the opening of the lock, Lake
Mälaren was isolated from the Baltic Sea since around 1200 CE
(Douglas Price et al., 2018). The drainage area for Himmerfjärden
is 1,286 km2, of which ca 20% is arable land (Elmgren and
Larsson, 1997). Södertälje is the major urban area, located
upstream from Himmerfjärden estuary. During the nineteenth
century several industries were established in Södertälje and they
expanded and became more numerous in the early twentieth
century. This enabled population growth in Södertälje and the
vicinities, especially during the 1940s (Nordström, 1968). Today
Södertälje has a population of ca 70,000 residents. According to
the Swedish Maritime Administration, 2700 commercial ships
and 9000 leisure boats passes through Himmerfjärden, in and out
of Lake Mälaren, every year.
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In 1974 the sewage treatment plant, Himmerfjärdsverket,
opened with ca 90,000 people connected, using the
Himmerfjärden estuary as recipient. Since the opening, there has
been several full-scale experiments with nutrient discharge in the
bay, and the water quality in Himmerfjärden has been closely
studied in the environmental monitoring of the recipient, with
respect to e.g., nutrient levels, redox conditions of bottom waters,
and phytoplankton biomass (Elmgren and Larsson, 1997; Savage
et al., 2002). Today the sewage treatment plant serves ca 314,000
people and most of the wastewater from the southern suburbs
of Stockholm end up here (Winnfors, 2009). Himmerfjärden is
at present affected by eutrophication and is classified as having
moderate ecological status (Vatteninformation Sverige, 2018).

Ådfjärden
Ådfjärden (N59◦00.573′, E18◦02.282′) is located in the southern
part of Stockholm archipelago, ca 30 km south of Stockholm. This
water basin has an area of ca 5 km2, a maximum water depth
of 30m, and thresholds in the north and south are 12 and 19m,
respectively. Salinity in the basin is ca 6, with more freshwater
surface waters during winter and spring months. The national
environmental monitoring program has no site in Ådfjärden,
and therefore there is almost no such data available for this site.
Epibenthos was investigated once in 2011 on the eastern side of
Ådfjärden. At 7 meters depth Blue mussels, Mytilus edulis, and
the red algae Coccotylus truncatus were dominating the seafloor
(Swedish Metrological Hydrological Institute, 2018).

Ådfjärden is surrounded by mainland and islands, which
are characterized by a thin soil cover and bare bedrock. The
vegetation is typical for the archipelago with sparse, mixed forests
and some, not extensive, agricultural land. There are no urban
areas within the drainage area nor fairway through Ådfjärden,
which means it is relatively unaffected by boat traffic. This
site is sheltered with about 10 km of archipelago separating it
from the open Baltic Sea. Also Ådfjärden is classified as having
moderate ecological status and is thus affected by eutrophication
(Vatteninformation Sverige, 2018).

MATERIALS AND METHODS

Sediment Coring and Handling
The geographic locations of the sites were selected based on
the bathymetry of the basins i.e., the deepest part of a basin
is assumed to have recorded the most expanded and complete
sediment sequence. All sites cored were positioned by the ships
(R/V Skagerak and M/S Fyrbyggaren) GPS position system
(Table 1). The long cores from each site (PC1205, PC1208, and
UPP6A) were retrieved by a 3 or 5-meters long piston corer (PC)
using 20 to 30 kg of lead weights and a freefall of 0.5 meter. PVC
liners with an inner diameter 4.6 cm were used. After retrieval
the cores were cut into 1m (respective 1.25m) long sections,
sealed with end caps, marked and stored cold for later analyses
in the laboratory.

To also recover the topmost soft and unconsolidated
sediments the long piston cores were supplemented using a
short, 1m long, gravity corer (GC) with an inner diameter of
8 cm (GC1212, GC1219, UPP6C, and UPP6D, Table 1). The

GC’s were sliced into 1 cm slices, marked and stored in plastic
Ziploc bags. For Ådfjärden, a second short core (UPP6D) was
collected and pushed out on deck, where it was documented by
photography. The number of laminas were estimated by counting
of the laminas visual to the naked eye.

All sediment core sections were stored in the cold room before
opening. In the laboratory, the piston core liner sections were
opened by cutting them lengthwise. One half of the core was
placed into a core tray for visual inspection and documentation,
both as written core description and by photography. This core
section was then put back into the cold room and stored as
a reference half. The other half of each core section was used
for sub-sampling for radiocarbon dating, diatom stratigraphy,
and geochemistry.

Dating, Core Correlation, and
Age-Depth Modeling
Sediment samples were sieved using a mesh size of 250µm for
datable macrofossils. Found macrofossils were examined under a
stereo microscope when needed, determined to species, or genus
level when possible and dried in an oven at 40◦C before dating.
A total of 13 macrofossil samples, both terrestrial and marine,
have been dated by radiocarbon accelerator mass spectrometry
(AMS) at the Radiocarbon Dating Laboratory, Lund University,
Sweden and at Beta Analytical, USA. The results are summarized
in Table 2. Sample LuS11138 from Bråviken was excluded from
the age-depth modeling as it was impossible to calibrate due to
its young age.

The age-depth modelings were performed using the age-
modeling software CLAM version 2.2 (Blaauw, 2010) by the
means of applying a smooth spline curve between dated levels
with 10,000 iterations. The marine samples were calibrated
using a custom-built calibration curve with a 1R of −135 ±

40 to compensate for the regional offset from the Marine13
calibration dataset (Reimer et al., 2013). The chosen 1R
is a mean based on the values for 1R for clams, both
suspension and deposit feeders, in three study sites relatively
close to Bråviken, Himmerfjärden, and Ådfjärden as reported
in the Marine Reservoir Correction Database (http://calib.org/
marine/), Map No 1710, 1717, and 1718 (Lougheed et al., 2013).
In the case of Bråviken and Himmerfjärden with both marine
and terrestrial macrofossils in the dataset, radiocarbon ages
derived from terrestrial macrofossils were calibrated separately
using CLAM and the IntCal13 calibration dataset (Reimer
et al., 2013) and entered as calendar years at the age-depth
modeling. Ådfjärden contained only terrestrial macrofossils
and was therefore age-depth modeled using the IntCal13
calibration dataset.

Gamma Dating Center, Institute of Geography, University
of Copenhagen has analyzed the short gravity cores for
the activity of 210Pb and 137Cs via gamma spectrometry.
The measurements were carried out on Canberra ultralow-
background Ge-well-detector. 137Cs measurements of cores
UPP6A, PC1205, and PC1208 were carried out at the Leibniz
Institute for Baltic Sea Research Warnemünde (IOW) using
Canberra detectors (GCW4021-7500SL-RDC-6-ULB).
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TABLE 2 | Dating results.

Site Core Lab ID Depth
bsf (cm)

Corrected
depth bsf (cm)

Material dated 14C age
(years BP)

Error Calibrated age
(years BP)

Min
(years BP)

Max
(years BP)

Bråviken PC1205 LuS11138 63–64 77–78 Clam (Macoma baltica) 355 40 126 −5 256

Bråviken PC1205 LuS11139 150–152 164–166 Fragments of leafs 300 35 405 290 520

Bråviken PC1205 LuS11588 248–250 262–264 Fragments of algae 1180 45 833 735 930

Bråviken PC1205 LuS11589 329 343 Plant remnant (probably
Poaceae sp.)

1455 40 1351 1240 1462

Bråviken PC1205 LuS11141 360–362 374–376 Fragments of algae 1825 70 1498 1315 1681

Himmerfjärden PC1208 Beta418048 139 165 Clam (Macoma baltica) 220 30 59 −5 123

Himmerfjärden PC1208 Beta418049 218 244 Clam (Macoma baltica) 560 30 361 282 440

Himmerfjärden PC1208 Beta418050 320 346 Shell fragments 1620 30 1273 1190 1355

Himmerfjärden PC1208 Beta418051 447 473 Plant remnant, seeds 3000 30 2865 2773 2957

Ådfjärden UPP6A LuS11132 90–91 124–125 Seeds (Betula sp.) 950 55 850 745 955

Ådfjärden UPP6A LuS11133 110–112 144–146 Fragments of leafs 1155 35 1078 981 1175

Ådfjärden UPP6A LuS11135 160–162 194–196 Plant remnant 1715 35 1630 1,554 1,705

Ådfjärden UPP6A LuS11137 280–282 314–316 Plant remnant 2440 70 2534 2354 2714

Dated material have when possible been identified to genus or species level.

Constant Rate of Supply (CRS) method was applied for the
upper parts of the cores using the modified method by Appleby
(2001). Apart from the 137Cs signal deriving from the Chernobyl
accident in 1986 CE we have also included the increase in
137Cs-curve attributed to the nuclear weapons testing 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.

For mercury measurements at the IOW we used a DMA-
80 analyzer from MLS Company. Data were calibrated against
CRM (BCR) 142R certified reference material and SRM 2709 soil
standard using 5 concentration steps covering a range from 5 to
500 ng Hg. Sample weights were between 20 and 100mg. For
further analytical details and details regarding quality assurance
see Leipe et al. (2013).

Correlations and estimations of offsets between long and short
cores are based on matching of the mercury (Hg) and the 137Cs
profiles in both the short gravity cores and the long piston cores
(Figure 2). To further strengthen this correlation we used two
137Cs markers, 1960 CE and 1986 CE, as fix-points in addition
to the Hg-curve, an approach successfully applied to offshore
Baltic Sea sediments (Moros et al., 2017). It was then possible
to construct a complete splice sediment sequence for each site.
Based on this splice sequence the ages from the 210Pb dating were
added to the age dataset and entered into CLAM as calendar
years and thus been included in the age-depth models. Using
these 210Pb ages it has been possible to determine the sediment
accumulation rate in the upper part of the sediment sequence
which is too young for the radiocarbon dating method, and to
achieve similar sedimentation rates in the overlapping intervals.
These correlations show that between 14 and 34 centimeters of
the very soft water saturated sediments were “lost” in the top of
the long piston cores. All ages discussed in the following refer to
calibrated ages in years CE.

Geochemical Analyses
For the analyses of organic carbon (Corg), nitrogen (N) and
stable isotopes δ13C and δ15N all samples were run twice to
detect carbonates in the sediment. However, no carbonates were
detected in any of the samples. A quantity of 7–8mg of freeze-
dried, grinded, and homogenized sediment were put in tin and
silver capsules. The tin capsules were immediately sealed. In
the silver capsules, ca 100 µl of 2M HCl was added to remove
carbonates, and the samples were dried overnight at 60◦C. The
silver capsules were then sealed the next day. The samples were
analyzed in a Finnigan DeltaV advantage mass spectrometer
connected to a CarloErba NC2500 elemental analyzer through a
ConfloIV open split interface. The carbon and nitrogen isotope
measurements were normalized to the Vienna PeeDee Belemnite
and atmospheric N according to (‰) = [(Rsample - Rstandard)
/ Rstandard]× 1,000. Accuracy of the Corg and N measurements
was 0.01%, and the precision was +/−0.09 and +/−0.02% for
Corg and N, respectively. Precision of the stable isotopes δ13C and
δ15N measurements was +/−0.15‰, and the accuracy was 0.04
and 0.05‰ for δ13C and δ15N, respectively. The same methods
as well as similar instruments and pretreatment of samples have
previously been used for Baltic Sea sediments (e.g., Voss et al.,
2000; Jokinen et al., 2018; Ning et al., 2018). A total of 50
subsamples were analyzed from Bråviken, 55 subsamples from
Himmerfjärden and 35 subsamples from Ådfjärden.

The δ13C values were corrected for the depletion in
atmospheric δ13C since 1840 CE due to fossil-fuel burning, the
so called “Suess effect” (Keeling, 1979). We used the equation
fromVerburg (2007) to calculate the modeled δ13Catm for a given
year, which was then subtracted from themodeled δ13Catm for the
year 1840 CE. This time-dependent depletion of δ13Catm was then
added to the measured δ13Corg of our samples. The geochemical
analyses were carried out at the Stable Isotope Lab, Department
of Geological Sciences at Stockholm University.
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FIGURE 2 | Correlation between the short gravity cores (GC) and the long piston cores (PC) from the sites Bråviken, Himmerfjärden, and Ådfjärden. Marker levels
used as fixpoint for the correlations, 137Cs increase linked to the nuclear weapons testing at c. 1960 and the 1986 Cernobyl accident, indicated by purple and orange
arrows, respectively. Offset between the gravity cores and the piston cores indicated in red text.

Diatom Analysis
For each subsample, a quantity of ca 0.1 g freeze-dried sediment
was prepared according to standard procedures (Battarbee,
1986). After the last rinse 1ml of a microsphere stock solution
with a concentration of 5.5603 × 106 microspheres/ml was
added. Diatoms were analyzed under light microscope using
differential interference contrast and magnification × 1,000
with oil immersion. Counting of diatom valves was carried out
according to the method described by Schrader and Gersonde
(1978). A minimum of 300 diatom valves were counted at each
level. Floras used for identification include Cleve-Euler (1951–
1955), Krammer and Lange-Bertalot (1986–1991), Snoeijs (1993–
1998), and Witkowski et al. (2000). Concentration of diatom
valves was calculated according to the method described by
Battarbee (1986). A total of 33 subsamples were prepared and
analyzed from Bråviken, 24 subsamples from Himmerfjärden
and 33 subsamples from Ådfjärden.

Due to a large amount of broken valves, Epithemia adnata,
Epithemia sorex, and Epithemia turgida were merged into
Epithemia aggregate. This will not affect the interpretation, since
all these Epithemia species have similar ecology in terms of life
form (epiphytic) and salinity tolerance (brackish to brackish-
freshwater) (Snoeijs, 1993–1998). Diatoma moniliformis and
Diatoma tenuis are both common in coastal waters of the
Baltic Sea. Diatoma moniliformis is an epiphyte, while Diatoma
tenuis constitutes a large part of the coastal plankton (Snoeijs
and Potapova, 1998). Our samples showed a gradual transition
between these two species and it was in many cases not possible
to assign the valves either as Diatoma moniliformis or Diatoma

tenuis. These taxa are also known to hybridize (Snoeijs and
Potapova, 1998), and many of the valves in our samples were
possible hybrids. We have chosen to present them as Diatoma
aggregate. Based on data from the environmental monitoring we
know that Diatoma tenuis is found in the plankton of Bråviken,
and we have therefore chosen to interpret this species complex
as pelagic. This interpretation also fits well with the other results
since the increase in Diatoma aggregate is simultaneous to
increases in other pelagic taxa. Vegetative cells of Skeletonema
and Chaetoceros spp. were counted when possible but left out
from the base sum of diatom relative abundance because of mass
blooms in some levels and fluctuating preservation due to their
very thin frustules.

The diatom results were assembled and cluster analyses were
performed using the software Tilia and CONISS (Grimm, 1987).
To detect trends and compositional changes in the diatom dataset
over time, a Detrended Correspondence Analysis (DCA) was
performed on the relative abundance data for each core for taxa
with more than 3% in a single sample, using the rioja package
(Juggins, 2015) in R 3.5.1 (R Core Team, 2018). Species richness
was calculated using rarefaction analysis in the vegan package
(Birks and Line, 1992; Oksanen et al., 2015).

RESULTS

Age-Depth Modeling
It has been possible to construct calendar years age-depth models
based on the splice sediment sequences and by merging the
14C and the 210Pb ages together in the calibration dataset
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(Figure 3). No apparent hiatuses have been detected and the
splice records can therefore be considered having recorded a
continuous sedimentation throughout their respective time span.
The highest sedimentation rate, 15–20 mm/year, is recorded in
the upper part of the core from site Himmerfjärden but also
Bråviken displays a high (ca 10mm/year) sediment accumulation
rate in the upper part. The recorded sediment accumulation rate
at site Ådfjärden is lower, 6 mm/year. Downcore, from ca 50–
100 cm, the sediment accumulation rates decrease significantly
and varies between 1 and 3mm at all sites.

Lithology
The lithologies of the sediment cores from Bråviken,
Himmerfjärden, and Ådfjärden are illustrated in Figure 4.
Bråviken (PC1205) consists of mud, laminated the upper
ca 80 cm below sea floor (bsf), and homogeneous down to
ca 210 cm bsf. The rest of the core is laminated to sulfide
banded/stained. Himmerfjärden (PC1208) consists of distinctly
laminated mud in the upper ca 120 cm, the laminae thickness
varies between a few mm to 2 cm. The following meter is
weakly/diffusely laminated (laminas on mm-scale). From ca
220 cm bsf the sediment is homogeneous with increased amount
of silt downcore. Ådfjärden (UPP6A) consists of mud, distinctly
to weakly laminated the upper ca 80 cm bsf, and very weakly to
diffusely laminated further downcore. The 72 cm long parallel
gravity core sampled in Ådfjärden (UPP6D) was laminated
throughout, and the laminas were visually counted to 120± 10.

Geochemical Analyses
The results from the geochemical analyses (Corg, N, C/N ratio,
and stable isotopes δ13C and δ15N) are plotted vs. depth cm bsf
in Figure 4. Corg varies between 1 and 3% in all cores. Bråviken
shows stable values of ca 2% throughout the core. Himmerfjärden
displays values of 1–2% in the bottom part of the core, and higher
values of ca 3% from 350 cm bsf. Ådfjärden shows values of
3.5%, with lower values of ca 2.5% from ca 150 cm bsf. As for
nitrogen, Bråviken shows stable values of 0.2% throughout the
core. Himmerfjärden displays values of ca 0.1% in the bottom
part of the core, and higher values of ca 0.3–0.4% from 350 cm
bsf. Ådfjärden shows values of ca 0.5 %, with lower values of ca
0.4% from ca 150 cm bsf. C/N ratios in all cores ranges between
ca 7 and 11, with decreasing values toward the top in Bråviken
and Ådfjärden, from ca 9–10 to 7–8. Stable isotope δ13C shows
relatively stable values in Bråviken of ca −24‰, with slightly
lower values of ca −25‰ from ca 150 cm bsf. In Himmerfjärden
there is an increasing trend throughout the core, from values of
ca−24 to−22‰ in the top. Ådfjärden shows values of ca−22‰,
and from ca 130 cm bsf lower values of ca −23‰. Stable isotope
δ15N shows the same pattern in all three cores with values of
ca 3‰ in the bottom part of the core, and then an increasing
trend toward the top. In Bråviken, the increasing trend starts
at ca 150 cm bsf with values of 6 to 7‰ toward the top. In
Himmerfjärden, the increasing trend is visible from ca 200 cm
bsf with values of ca 6‰ in the top. In Ådfjärden this increasing
trend starts at 50 cm bsf and continues to values of ca 4‰.

The Diatom Records
In total 177 taxa were identified in Bråviken,
116 in Himmerfjärden and 160 in Ådfjärden
(Supplementary Tables 1–3). The time resolution for diatom
samples varies between sites andwith depths in the stratigraphies,
from <10 years to 100–200 years (244 years is the maximum
time between two samples). The taxa occurring with a relative
abundance of at least 5% in one level are divided into benthic
and pelagic taxa and plotted in order of first appearance in
Figures 5–7. Based on the cluster analyses and visual inspection
of the taxa in the diagrams, each stratigraphy is divided into two
local diatom assemblage zones (Brå 1-2, Him 1-2, and Åd 1-2).
Site by site these zones are described below.

Bråviken
This site is dominated by benthic taxa up to about 120 cm bsf
(∼ 1800 CE), where the diatom composition changes to being
dominated by pelagic taxa (Figure 5). The concentration
of diatom valves show an increasing trend throughout
the stratigraphy.

Brå 1, 367–115 cm bsf, ∼500–1830 CE: This part of
the stratigraphy is dominated by benthic taxa, for example
Rhoicosphenia curvata, Epithemia aggregate,Opephora mutabilis,
and Amphora pediculus. The pelagic taxa are dominated by
Aulacoseira species; A. ambigua (which shows a decreasing
trend),A. islandica andA. subarctica. Pauliella taeniata is present
in this zone with two peaks at 360 and 270 cm bsf, followed by
a decline. Other pelagic taxa present in this zone include for
example Thalassiosira levanderi, Cyclotella choctawhatcheeana,
andMelosira arctica.

Brå 2, 115-0 cm bsf, ∼1830–2012 CE: This zone shows
a dramatic decrease in benthic taxa, simultaneously to an
increase in pelagic taxa, consisting mostly of Diatoma aggregate.
This species complex shows a maximum of 60% at ca 70 cm
bsf. Benthic taxa that decrease throughout this zone includes
for example R. curvata and Epithemia aggregate. In the
upper ca 70 cm bsf small pelagic taxa such as Thalassiosira
proshkinae, Stephanodiscus medius, Stephanodiscus parvus, and
Stephanodiscus minutulus are increasing. Also, P. taeniata
increases to relative abundances similar to those before the
decrease in zone Brå 1. A. subarctica show higher relative
abundances toward the top of the stratigraphy.

Himmerfjärden
This site is dominated by pelagic taxa, with the exceptions in
three levels at 170–210 cm bsf (∼1520–1730 CE) (Figure 6).
The concentration of diatom valves shows an increasing trend
upwards throughout the stratigraphy.

Him 1A, 359–227 cm bsf, ∼400–1570 CE: P. taeniata
dominates this zone with relative abundances of ca 20–50%.
C. choctawhatcheeana is present with relative abundances of ca
15–20%. T. levanderi shows an increasing trend followed by a
decrease in this zone. T. proshkinae is also present in this zone
with relative abundances of ca 2–5%. Benthic taxa present in this
zone is for example Epithemia aggregate, R. curvata, Cocconeis
placentula, A. pediculus, and Planothidium delicatulum.
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FIGURE 3 | Age-depth plots based on 210Pb (upper panel) and 14C (lower panel). The age-depth 14C curves are spline smoothed and the gray shaded area
indicates the uncertainty (1 sigma) in the modeling. Samples marked in green are terrestrial macrofossils calibrated with IntCal13 and samples marked in blue are
marine macrofossils calibrated with Marine13.

FIGURE 4 | Lithologies and geochemical profiles for Bråviken, Himerfjärden, and Ådfjärden. Geochemistry parameters are organic carbon (Corg), nitrogen (N), organic
carbon/nitrogen (C/N) ratio, and stable isotopes of δ13C and δ15N.

Him 1B, 227–110 cm bsf, ∼1570–1950 CE: At the bottom
of this zone many benthic species show a maximum in their
relative abundance, for example Epithemia aggregate, R. curvata,
C. placentula, A. pediculus, and P. delicatulum. From the peak
of benthic taxa at ca 220 cm bsf, these taxa show a continuous
decrease throughout this zone, simultaneous with an increase in
pelagic taxa. The pelagic assemblage is dominated by the same

taxa as in Him 1A but with slightly higher relative abundances of
M. arctica, and Diatoma aggregate.

Him 1C, 110–53 cm bsf, ∼1950–1984 CE: The decrease in
benthic taxa continues in this zone, while pelagic taxa such as
T. levanderi, T. proshkinae and Diatoma aggregate increases. The
ice associated species M. arctica has its maximum occurrence in
this zone.
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FIGURE 5 | Diatom diagram for the site Bråviken. Taxa are grouped into benthic and pelagic taxa and plotted in order of first appearance. The linear scale is a depth
scale and the secondary scale is an age scale in calendar years CE. The summary diagram shows all taxa grouped by life-form. The epiphytes constitutes a part of the
benthic community. Diatom concentration are given in # of valves *100,000 per gram dry weight sediment. Salinity distribution (F = Freshwater; B = Brackish; BF =

Brackish-freshwater; BM = Brackish-marine) from Snoeijs (1993–1998).

FIGURE 6 | Diatom diagram for the site Himmerfjärden. For details see legend to Figure 5.

Him 2, 53–0 cm bsf, ∼1984–2012 CE: The topmost part of
the Himmerfjärden stratigraphy is characterized by a drastic
increase in C. choctawhatcheeana. The relative abundance of

P. taeniata co-varies with C. choctawhatceeana, and also shows
maximum values in this zone. Thalassiosira baltica, T. levanderi,
and T. proschkinae are present and show their maximum relative
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FIGURE 7 | Diatom diagram for the site Ådfjärden. For details see legend to Figure 5.

abundances in Him 2, as well as Diatoma aggregate. All benthic
taxa are decreasing and/or disappearing in this zone.

Ådfjärden
This site is dominated by benthic taxa up to Åd 2, which is then
instead dominated by pelagic taxa (Figure 7). The concentration
of diatom valves shows relatively stable values up to Åd 2, where
the concentration dramatically increases.

Åd 1A, 310–140 cm bsf, ∼530 BCE −800 CE: This zone is
dominated by benthic taxa, for example Epithemia aggregate,
R. curvata, Cocconeis scutellum, C. placentula, and Tabularia
fasciculata. P. taeniata is present with relative abundances of ca
20–40%. T. levanderi shows an increase followed by a decrease
from ca 230 cm bsf. C. choctawhatcheeana is present in this zone
with relative abundances of ca 0–5%.

Åd 1B, 140-45 cm bsf, ∼800–1920 CE: In this zone
A. pediculus and O. mutabilis show their maximum
occurrence. Simultaneously C. scutellum and T. fasciculata
have decreased compared to zone Åd 1A. Toward the top
of this zone several pelagic taxa are increasing, e.g., T.
levanderi, C. choctawhatcheeana, and Diatoma aggregate.
C. choctawhatcheeana also shows a minor increase already at the
bottom of this zone.

Åd 2, 45–0 cm bsf, ∼1920–2014 CE: The topmost part of the
Ådfjärden stratigraphy is characterized by a drastic decrease in
benthic taxa, e.g., Epithemia aggregate and R. curvata. Up to
this level, benthic taxa have been dominating with percentages
of ca 50–70%. This now drops to values of ca 20–30%. The
pelagic taxa dominating this zone are P. taeniata, T. levanderi,

and C. choctawhatcheeana. This shift in the diatom assemblage is
simultaneous with the increase in concentration of diatom valves
in the sediment.

DISCUSSION

Geochemical Proxies and Lithologies
In the Baltic Sea stable nitrogen isotope (δ15N) values at the
sediment surface are generally higher in coastal areas (5–13‰)
than in the open Baltic Sea (3–5‰) (Voss et al., 2000, 2005).
The cause for the elevated values in coastal areas is suggested
to be anthropogenic nitrogen delivered by rivers and diffuse
runoff (Voss et al., 2005). Our results show that all three sites
have low values of ca 2–3‰ until a point from which they
start to increase toward present day (Figures 4, 8). In Bråviken
and Himmerfjärden an early slight increase is recorded already
from ca 1700 CE and 1600 CE, respectively. A more pronounced
increase starts ca 1800 CE at these two sites and continues to
values of ca 6‰ toward present day. In Ådfjärden an increase
in sedimentary δ15N is visible from ca 1900 CE. However, at
this site the values never exceed 5‰, which suggests that this
site is to a lesser degree impacted by anthropogenic nitrogen.
Savage et al. (2010) have studied the drivers of eutrophication
in an embayment in the northern part of Himmerfjärden. Their
core dates back to ca 1800 CE, and records elevated δ15N values
from early nineteenth century. The early changes in our record
from Himmerfjärden with respect to δ15N are not captured in
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FIGURE 8 | Summary figure showing axis 1 sample scores from a Detrended Correspondence Analysis (DCA), the pelagic/benthic (P/B) ratio, diatom species
richness, and changes in the nitrogen stable isotope δ15N. DCA axis 1 summarizes trends and compositional changes in the diatom dataset over time. Medieval
Climate Anomaly and Modern Warm Period are marked in red, and Little Ice Age in blue. These time periods are defined as by Mann et al. (2009)
and Harland et al. (2013).

their study, since the values from 1800 CE are interpreted as
background levels.

Due to the differences in carbon sources for phytoplankton
and land plants, they produce organic matter with different stable
carbon isotope (δ13C) values. Marine phytoplankton produce
organic matter with δ13C values of −18 to −22‰, while land
plants show values of−25 to−28‰ (Kandasamy and Nagender
Nath, 2016 and references therein). The δ13C values from
Bråviken, Himmerfjärden, and Ådfjärden (Figure 4) lie between
these two intervals with values of ca −22 to −25‰, indicating
that the origin of the organic material derives both from
terrestrial plants and marine phytoplankton. In Himmerfjärden
there is a decrease in δ13C toward the top, suggesting increased
primary production at this site. However, in a coastal and
brackish system where the primary producers are a mixture
of marine and freshwater algae, the interpretation of δ13C
becomes more complicated. According to Lamb et al. (2006)
δ13C values of land plants and freshwater algae overlaps, land
plants displaying values of −21 to −32‰, and freshwater algae
−26 to −30‰. The C/N ratio can then aid in interpreting the
sources of organic matter. Since terrestrial plants consists to
a high degree of nitrogen-poor cellulose and lignin, the C/N
ratios are usually >12. In algae the C/N ratios are <10. The
C/N ratios from Bråviken, Himmerfjärden, and Ådfjärden are
all in the range of 6–10, suggesting that the origin of organic
material in these sediments mostly derives from algae, i.e.,
is produced in the basin (Lamb et al., 2006). Bråviken and
Ådfjärden display a decrease in C/N ratio in the topmost part
of the cores, which could indicate even less input from land,
or, more likely, higher primary production in these coastal
waters. However, Lamb et al. (2006) also points out that even
with the help of C/N ratio, it can be difficult to distinguish

the sources of organic material in coastal areas with high
algal production.

Laminated sediments have proven to be a useful proxy
for hypoxia in the open Baltic Sea (Zillén et al., 2008
and references therein). Absence of major benthic fauna
and bioturbation under hypoxic conditions facilitates the
preservation of laminas. However, the lithologies of the cores
from Bråviken, Himmerfjärden, and Ådfjärden are not as
easy to interpret as the ones from the open Baltic Sea.
Lithologies are shown in Figure 4, but these are in some
measure uncertain in the identification of hypoxic intervals
because of presence of diffusely laminated sediments and sulfide
banding. Presumably these results can for example be explained
by seasonal hypoxia and the dynamic nature of the coastal
zone, with redox conditions shifting from oxic to hypoxic
and vice versa. Recolonization events of benthic fauna would
lead to bioturbation of laminated sequences, leaving them
weakly laminated.

Changes in the Diatom Assemblages
The diatom records in this study dates back to ca 400 CE in
Bråviken and Himmerfjärden, and to 500 BCE in Ådfjärden. We
consider these records to reflect pristine conditions of the sites. In
Bråviken and Ådfjärden the diatom assemblages are dominated
by benthic taxa, with a high share of epiphytes (diatoms living
attached to algae or submerged plants). These are for example
Epithemia spp., Rhoicosphenia curvata, Cocconeis spp., Amphora
pediculus and Opephora mutabilis. Also in Himmerfjärden these
taxa are present, although in this record, pelagic taxa are
dominating, except for in three levels, corresponding to ca
1520–1730 CE.
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At a certain point in time, all three diatom records start to
display major changes. These trends and compositional changes
over time are summarized in the DCA axis 1 (Figure 8). The
changes in life-form of the diatom taxa is reflected in the
Pelagic/Benthic (P/B) ratio where an increasing trend in the P/B
ratio reflects a decrease in benthic and epiphytic taxa, and a
simultaneous increase in pelagic taxa.

The increasing trend in the P/B ratios starts ca 1900 CE in
Bråviken and Ådfjärden, and ca 1950 CE in Himmerfjärden
and is likely caused by a deterioration in water transparency,
leading to a loss in benthic habitats, in particular macrophytes.
This interpretation is further supported by the decreases in
epiphytic taxa as illustrated in Figures 5–7. Similar patterns with
increased P/B ratios have been shown in several studies from
the Baltic Sea drainage area (Clarke et al., 2006; Ellegaard et al.,
2006; Weckström, 2006; Andrén et al., 2016; Ning et al., 2018),
and have been linked to agricultural expansion, industrialization
and urbanization. In addition, several of these studies report a
simultaneous decrease in species richness, also evident in our
study (Figure 8).

The change in P/B ratios is also a result of an increase
in the relative abundance of small centric diatom taxa which
has been recognized in several paleoecological studies from the
Baltic Sea as a response to eutrophic conditions (e.g., Andrén,
1999; Weckström, 2006; Tuovinen et al., 2010). In a dataset of
49 shallow embayments from the Gulf of Finland Weckström
and Juggins (2006) showed how these taxa clearly increase in
abundance with elevated nutrient levels (>600 µg·L−1 for total
dissolved nitrogen and >60 µg·L−1 for total phosphorous).
In the records from Bråviken, Himmerfjärden, and Ådfjärden,
we register a pattern with increased relative abundances of
small centric diatom taxa toward present day. These taxa
include e.g., Stephanodiscus parvus, Thalassiosira proschkinae,
Thalassiosira levanderi, and Cyclotella choctawhatcheeana, and
this is interpreted as a result of eutrophication at these sites.

Small Stephanodiscus species (in particular S. parvus) are
freshwater species, typical of nutrient-rich lakes (Bradshaw and
Anderson, 2001; Renberg et al., 2001; Bradshaw et al., 2005). S.
parvus and S. medius have been recorded in high abundances
in the eutrophic and brackish Curonian Lagoon in the southeast
Baltic Proper (Snoeijs, 1993–1998). S. medius, S. minutulus, and
S. parvus have increased since the end of the nineteenth century
in Bråviken, indicating enhanced eutrophic conditions.

The small pelagic taxon Cyclotella choctawhatcheeana is
present in all three sites and is increasing toward present day
in Himmerfjärden and Ådfjärden. This species blooms during
warm summer months and has been shown to be an indicator
of eutrophic conditions in the Baltic Sea (Andrén et al., 1999;
Weckström et al., 2004) and in Chesapeake Bay, USA (Cooper,
1995). In Himmerfjärden C. choctawhatcheeana shows stable
relative abundances of ca 15–20% until the 1970s−1980s when
this species increases to relative abundances of almost 80% at
some levels. This is attributed to the opening of the sewage
treatment plant in the 1970s. Also Thalassiosira proschkinae
has been found to indicate eutrophication in Chesapeake Bay
(Cooper, 1995), and in a training set from the Gulf of Finland
this species has been shown to respond to high phosphorus levels
(Weckström and Juggins, 2006). T. proschkinae is present in

Himmerfjärden from about 400 to 1500 CE when it disappears
and reappear ca 1960 CE. This species is also present in Bråviken,
showing an increase toward the end of the twentieth century.

Thalassiosira levanderi has been reported to dominate the
spring bloom together with Pauliella taeniata and Chaetoceros
spp. after winters with extended sea ice and late ice-out
conditions in Himmerfjärden (Hajdu et al., 1997). However, T.
levanderi is hard to interpret since it also seems to respond
to elevated nutrient conditions (Hajdu et al., 1997). It has
also been suggested that this species is more common after
winters with weak or no ice cover (Tuovinen et al., 2010). T.
levanderi is present at all our three study sites, with higher
relative abundances toward the present day. This pattern has
also been reported from a sediment core from the Bornholm
basin (Andrén et al., 2000b). In Ådfjärden this species was more
common during two intervals, ca year 0 CE, and toward present
day. Since both ice extent and nutrient conditions play a role
for the distribution of this species these two events might not
represent comparable environmental conditions. However, these
time intervals correspond to Roman Warm Period and Modern
Warm Period (Wang et al., 2012; Harland et al., 2013), and
our results indicate that this species benefits from conditions
that prevail during warmer periods, e.g., with respect to salinity,
stronger stratification, or nutrient availability.

Pauliella taeniata is very common in the plankton of the Baltic
Sea (Snoeijs, 1993–1998). This species has also been shown to
live in and on sea ice (Hajdu et al., 1997). With the exception of
Himmerfjärden, this species shows an increasing trend toward
the present day. The same general pattern has been reported
from Gotland basin (Andrén et al., 2000a). P. taeniata shows
its lowest relative abundances ca 1250–1950 CE in Bråviken, ca
1650 CE and from 2000 CE in Himmerfjärden, and ca 1850
CE in Ådfjärden. Nothing in our data indicates that P. taeniata
reflects ice conditions, but this species probably responds to
some other environmental variables such as nutrient availability,
stratification or upwelling.

Aulacoseira islandica, Aulacoseira subarctica, and Aulacoseira
ambigua are freshwater species that are common in Bråviken
throughout the stratigraphy. Aulacoseira spp. form colonies, the
frustules are heavily silicified and have a fast sinking rate (Lotter
et al., 2010). Due to this, Aulacoseira spp. are favored by nutrient
upwelling and turbulent waters (Wang et al., 2008). It has been
recorded from lakes in regions with pronounced warming during
the last century that heavily silicified Aulacoseira spp. decrease
in abundance (Rühland et al., 2008). However, it has also been
reported from a lake in the southern part of Kamchatka peninsula
that A. subarctica did not do well in years with ice cover. This
species need wind induced mixing and thrives during years when
thermal stratification was delayed by cold and windy weather
(Lepskaya et al., 2010). In Bråviken the recorded pattern indicates
higher relative abundances of Aulacoseira spp. during the last 50
years and the MCA than during the LIA. This could be attributed
to changes in the extension and duration of sea ice, but also
to decreased river discharges during the LIA (Schimanke and
Meier, 2016). Low levels of river discharges affect the salinity,
but would also reduce the availability of silica in the Baltic
Sea, which could have a negative effect on the heavily silicified
Aulacoseira spp.
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Baltic Sea Environmental Deterioration in a
Long-Term Perspective
It has been suggested that the extensive areal distribution of
hypoxia in the open Baltic Sea during theMCA, and the following
re-oxygenation event was caused by fluctuations in land use,
as a result of demography changes in the drainage area (Zillén
and Conley, 2010). The results from Bråviken, Himmerfjärden,
and Ådfjärden indicate that conditions in the coastal zone were
not severely altered during the MCA (Figure 8). Since land use
changes likely will influence the coastal zone first, before possible
effects are registered in the open Baltic Sea, our results indicate
that the changes in redox conditions in the open Baltic Sea during
the MCA and the LIA were not caused by human activities
on land. Land use changes during the last millennium might
have affected the coastal ecosystems slightly. However, as the
coastal areas were not heavily affected, it is unlikely that changes
in demography and land use would have had major effects
on development and persistence of hypoxia in the open Baltic
Sea. This interpretation is further supported by results from
Jokinen et al. (2018) and Ning et al. (2018). The extensive areal
distribution of hypoxia in the open Baltic Sea during the MCA
was more likely caused by the warmer climate. A warmer climate
enhances stratification, which sustains hypoxia and anoxia in
deep waters (Kabel et al., 2012).

In Bråviken the first signs of eutrophication are recorded
ca 1800 CE. This is reflected in the increase in δ15N and
in changes in the diatom assemblages, as illustrated by DCA
axis 1 (Figure 8). Eutrophication of Bråviken could have been
a direct result of the paper and textile industries and their
discharges, intensified agriculture in the large drainage area, or
an interaction of both causes. In Himmerfjärden the earliest sign
of eutrophication is the increase in δ15N, starting ca 1800 CE. The
eutrophication signals in Himmerfjärden get more pronounced
from ca 1900 CE, with the decrease in diatom species richness,
and from ca 1950 CE the increase in P/B ratio is recorded
(Figure 8). This corresponds to the expansion of Södertälje and
the industries in this area, during the 1940s. The opening of the
sewage water treatment plant in 1974 is distinct in the diatom
stratigraphy from Himmerfjärden, as reflected in DCA axis 1.
In Ådfjärden the eutrophication signals are recorded from ca
1900 CE. This site is the most remote and “pristine” of the three
sites in this study, with no urban area or extensive agriculture in
its vicinity.

In a sediment record from the Swedish east coast dating
back to 900 CE Ning et al. (2018) interpreted more eutrophic
conditions from ca 1850 CE using the stable nitrogen isotope
record. The diatom data in this study shows an increase in the
P/B ratio starting ca 1900 CE. A study from the Archipelago Sea
traced hypoxia and eutrophication in a record covering more
than 1500 years (Jokinen et al., 2018). They report elevated
δ15N values from ca 1900 CE. Both these studies show similar
trends as those we have recorded in Bråviken, Himmerfjärden
and Ådfjärden, although Bråviken, and Himmerfjärden show
signs of eutrophication even earlier, around 1800 CE. Our results
highlight the importance of a longer time perspective than the
environmental monitoring can provide. Additional methods are
needed in order to determine reference conditions and our

studies of sediment cores have shown that this type of archives
have great potential to fill the current knowledge gaps.

CONCLUSIONS

• We find no evidence in our data supporting that the extensive
distribution of hypoxia in the open Baltic Sea during the
Medieval Climate Anomaly was caused by human activities
on land.

• The onset of eutrophication, as identified from stable nitrogen
isotopes and changes in diatom composition, dates to ca
1800 CE in Bråviken and Himmerfjärden, and to ca 1900 CE
in Ådfjärden.

• The ecosystem deterioration that have occurred in our three
investigated coastal sites during the last two centuries and that
have escalated during the twentieth century is unique in a
thousand year perspective.

• The onset of these ecosystem changes is site dependent and
reflects the local history and geography of the drainage areas.

• Our study highlights the importance of a long time perspective
in the management of the Baltic Sea.
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