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Dissolved oxygen in the sea is essential for marine fauna and biogeochemical processes.
Decline in the sea water oxygen concentration is considered to be an effect of
eutrophication, also exacerbated by climate change. The Baltic Sea is one of the
most eutrophic seas in the world and is located in northern Europe. It is a vulnerable,
brackish, semi-enclosed sea, suffering from high pressures from human activity. This
leads to increased hypoxic and anoxic areas, which can be used as a measure of the
environmental state. In the present study the extent of anoxic (O, < 0 ml I=1) and
hypoxic (0o < 2 ml I=1) areas were estimated for the autumns in 1960-2019 using
vertical profiles of observed oxygen concentrations in the Baltic proper and four sub-
areas of the Baltic proper: the Bornholm Basin, the western, northern and eastern
Gotland basins. From vertical profiles of observed salinity, the annual average of the
halocline depths in the four sub-basins were estimated. The results imply regime shifts
toward increased anoxic area extents in the Gotland basins around the turn of the 20th
century. In autumn 2018, the extent of anoxic bottom areas in the Baltic Sea was record
high since the start of the data series. During the later part of the studied period the
depths of the halocline coincide with the depth of the hypoxia in the Gotland basins.
This implies that in these basins a worst-case scenario for the extent of hypoxic areas
seems to be reached.

Keywords: anoxic area, hypoxic area, halocline depth, oxygen concentration, major baltic inflow, eutrophication,
Baltic Sea

INTRODUCTION

Deoxygenation has become a worldwide marine environment issue (Breitburg et al., 2018) and
more than 400 dead zones have been identified since the mid-20th century (Rabalais et al., 2007;
Diaz and Rosenberg, 2008; Murphy et al., 2011; Strokal and Kroeze, 2013; Su et al., 2017). The
spread of hypoxia (low oxygen) and anoxia (no oxygen) areas in coastal waters is mainly due
to eutrophication caused by nutrient enrichment from intensified agriculture and waste-water
discharges since the mid-20 century (Rabalais et al., 2010).

Eutrophication and expansion of hypoxic areas will likely exacerbate in a warmer future climate
(Altieri and Gedan, 2015; Breitburg et al., 2018). The increased temperature has effects on processes
such as microbial respiration and oxygen solubility. Projections from climate models show, e.g.,
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that high precipitation areas will become even wetter in the
future (IPCC, 2013, 2019). Increased discharge of freshwater
and thus, nutrient loads to coastal seas may enhance primary
production and sedimentation of organic matter, which may
amplify mineralization and oxygen consumption in deeper layers.
Climate change may also affect the hypoxic/anoxic areas by
modifying inflow dynamics and/or vertical mixing processes
for deep, isolated, water masses and by that the transport of
oxygen to these layers. The bottom water oxygen conditions affect
the nutrient exchange in the sediment-water interface (Sundby
et al.,, 1992; Viktorsson et al., 2013; Bonaglia et al., 2014) and
a deficiency may lead to a “vicious circle” due to increased
phosphorus release and nitrogen removal (Vahtera et al., 2007).

The brackish, semi-enclosed Baltic Sea in the northern Europe
(Figure 1) is one of the most eutrophic seas in the world (Kemp
et al., 2009; HELCOM, 2018). Carstensen et al. (2014) concluded
that the increased hypoxia during the last century was driven
by increased anthropogenic nutrient supply from land. Measures
have been taken to reduce eutrophication, which not yet have had
significant effects.

The vertical mixing between oxygenated surface water and
the deep water in the Baltic proper (Figure 1) is limited by
a permanent halocline at about 60-80 m depth (Stigebrandt,
1987). Therefore, the main supply of oxygen to the deeper parts
comes with inflows of saltier sea water through the shallow straits
connecting the Baltic Sea with the North Sea. With irregular
frequency Major Baltic Inflows (MBI) may occur (Matthdus
and Franck, 1992) and oxygenate larger areas in the deepest
parts of the sea.

The bottom water oxygen condition is an important measure
of the environmental state. We therefore estimate the temporal
change in extent of anoxic and hypoxic areas in the Baltic proper.
Partly, this has previously been studied using re-analyses 3D-
model data (Kouts et al., 2021). However, in the present study
we divide the Baltic proper into sub-basins and use longer
time-series of observational data. Division into sub-basins is
important to ecological studies, e.g., recruitment of cod. The
relation between the area extents and the halocline depth is also
investigated and increases in bottom water temperature.

METHODS

Anoxic and Hypoxic Areal Extents
Autumn is the most severe period for the low oxygen conditions
in the Baltic Sea and therefore we focus on this period. The Baltic
Sea is divided into 17 different sub-basins (HELCOM, 2018). We
focus on (1) the Baltic proper (where the main problems with
hypoxia and anoxia are found), here defined by the sub-basins
Arkona Basin, Bornholm Basin, eastern, western and northern
Gotland basins, Gdansk Bay, Gulf of Riga, and Gulf of Finland
as in Hansson et al. (2019), as well as (2) the four sub-basins
Bornholm Basin (BB), and eastern (EGB), western (WGB), and
northern (NGB) Gotland basins in which the shallowest areas
closest to land are not included (Figure 1).

Observed oxygen data for the Baltic proper of autumn
(August-October) was extracted for the period 1960-2019 from

the public database of The International Council for the
Exploration of the Sea (ICES) Dataset on Ocean Hydrography'.
Data from the year 1961 and 1967 was excluded for the deeper
Gotland basins due to lack of measurements.

The vertical profiles of oxygen concentration were used to
examine the occurrence of autumn hypoxic (<2 ml 17!) and
anoxic (<0 ml I7!) (Diaz and Rosenberg, 1995) bottom areas
for the different sub-basins. The requirement for the vertical
profiles was a minimum of three data points. To locate the
depth of the onset of hypoxia and anoxia, an interpolation
between discrete measurements in each vertical profile was
performed. If no hypoxia or anoxia occurred in the profile, the
two deepest measurements were utilized to linearly extrapolate
the oxygen concentration toward the bottom (Hansson et al.,
2011). If two or more profiles were found within the 3-month
period at the same position, an average profile was calculated.
A quality check of the data set was performed with the result
that a few vertical profiles at a few stations were not included
in the analysis, due to e.g., missing data in the deep water or
not reliable data. The depths of the hypoxia and anoxia were
then gridded with linear interpolation (Delaunay triangulation)
between sampling stations and surfaces representing hypoxia
and anoxia were developed. The surfaces were then extrapolated
sideways and finally compared with bathymetry data (Seifert
et al., 2001) to exclude areas where the estimated depths of
hypoxia and anoxia were greater than the actual water depth.
The bottom areas affected by hypoxia and anoxia were then
calculated for all autumns during the period in each basin,
except for 1961 and 1967 as described above. Using this
method, the bottom areas defined as hypoxic also include the
anoxic areas. The hypoxic and anoxic areas for the different
sub-basins are described in relation (%) to the maximum
areas of the different sub-basins, which varies from 24,100 to
63,830 km? (Supplementary Table 1). The hypsographic profiles,
specifying the area as function of depth, for the different sub-
basins was extracted from the Baltic Sea Bathymetry Database
(Baltic Sea Hydrographic Commission, 2013).

To detect possible significant regime shifts in anoxic and
hypoxic areal extent, the mean values during the period
were analyzed for changepoints using MATLAB findchangepts
algorithm. These changepoints are defined to minimize the sum
of the residual (squared) error from the local mean in the two
periods it separates. Thus, the changepoint splits the data into
two parts, where the departure from the local mean in each part is
minimized. This method has been used in several studies within
different disciplines (e.g., Maikranz et al., 2020; Khodaverdi et al.,
2021). As a secondary test we verified that these or very similar
changepoints were detectable with a Mann-Whitney test with
paired sliding windows (Trauth et al., 2009). We also used the
MATLAB findchangepts to analyze bottom water temperature
data for changepoints in the corresponding sub-basins. The
temperature data were extracted from the Swedish archive for
oceanographic data (SHARK)? for the same period as above.
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FIGURE 1 | The Baltic Sea (left) with the Baltic proper as defined in the present study with the bathymetry as blue color (color bar). The four sub-basins (right) are
separated by black lines and monitoring stations are shown as red filled circles. The monitoring station BY5 is situated in the Bornholm Basin (BB); station BY15 in
the eastern Gotland Basin (EGB); stations BY31, BY32, and BY38 in the western Gotland Basin (WGB); and station BY29 in the northern Gotland Basin (NGB).

Halocline Depth and Strength

Annual averages of the halocline depths and the halocline
strengths were compiled using the data series (1961-2007)
from Vali et al. (2013) with addition of new estimates for the
years 2008-2019 using sea water salinity data from monitoring
stations extracted from SHARK. The vertical resolution of the
extracted salinity data was 0.5 m. We used the monitoring
stations: BY5 to represent the Bornholm Basin; BY15 to represent
the eastern Gotland Basin; BY32 to represent the western
Gotland Basin; and BY29 to represent the northern Gotland
Basin (Figure 1).

The halocline depth was defined as the vertical location of
the maximum salinity gradient, calculated using the difference
between the salinities in two vertically neighboring grid cells
divided by the distance between these grid cells. The same
definition for the halocline depth has been used in the Baltic Sea
by Elken et al. (2006), Meier (2007), and Vili et al. (2013). The
vertical salinity gradient might have a secondary maximum due
to large freshwater input during spring. Therefore, the seasonal
halocline is excluded from the analysis by searching the maxima
only from below the 30-m depth and downward thus, focusing
only on the perennial halocline of the sea. The size of the areas
at the depth of the haloclines in the sub-basins were extracted
from the same hypsographic profiles as used above (see section
“Anoxic and Hypoxic Areal Extents”).

RESULTS

Extent of Anoxic and Hypoxic Area in the
Baltic Proper

The areal extents of anoxic and hypoxic bottom waters (August-
October, 1960-2019) were larger in the later part of the period
(Figures 2A, 3). The record high (since 1960) anoxic bottom area
in 2018 covered 24% (60,600 km?) of the total area in the Baltic
proper. The hypoxic area extent in 2018 that covered about 33%
(84,600 km?) of the Baltic proper bottom area was only seen once
before, in autumn 2007 (Figure 2A, Hansson et al., 2019).

Extent of Anoxic and Hypoxic Areas in

Sub-Basins
In the Bornholm Basin the area extent with anoxic bottom water
varies between 0 and 15% of the total bottom area during the
period, with no significant trend (Figure 2B). In 2018, about 14%
of the bottom area was covered with anoxic bottom water. This
was the second largest extent during the period, only exceeded in
1968 (15.4%). The mean anoxic area extent for the entire period
was about 5% (standard deviation 4.5), corresponding to an area
of 1,580 km? (Supplementary Table 1).

In the three Gotland basins, years with large anoxic area
extent are relatively more frequent in the end of the period
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FIGURE 2 | The yearly proportions (%) of the total bottom areas overlaid with anoxic (black) and both hypoxic and anoxic (red) bottom water during the period
1960-2019 in the Baltic proper, which includes the Arkona Basin, Bornholm Basin, eastern, western and northern Gotland basins, Gulf of Finland, Gulf of Riga, and
Gdansk Bay (A) and the four sub-basins; the Bornholm Basin (B), eastern (C), western (D), and northern (E) Gotland basins. The long-term means (solid lines) of
anoxic (gray) and hypoxic (orange) area extents are shown for the periods before and after identified changepoints representing regime shifts.

compared to the beginning. The largest anoxic area extents in:
(i) the eastern Gotland Basin, 39% (about 24,600 km?), were
found in 2011 (Figure 2C); (ii) the western Gotland Basin, 60—
63% (about 15,000 km?), were found in 2006, 2010, and 2019
(Figure 2D); and (iii) in the northern Gotland Basin, 48-50%
(about 13,000 km?), were found in 2003, 2016, 2018, and 2019
(Figure 2E). In the -80’s and -90’s, several years without anoxia
occurred in the western and northern Gotland basins.

The areas covered by hypoxic waters in the Gotland basins
indicate rather similar extents during the beginning and the end
of the period. The exception is seen in the late-80’s to mid-90’s
when there were reductions of both anoxic and hypoxic areas
(Figure 2). The Bornholm Basin has a weak increasing trend (not
shown) of areas covered by hypoxic bottom water and there is no
obvious reduction in the -90’s comparable to the Gotland basins,
only a temporary decrease in 1993.
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Regime Shifts in Extent of Anoxic and

Hypoxic Areas

In the Baltic proper, changepoints in 1997 and 2001 indicate
regime shifts in the hypoxic and anoxic area extent, respectively.
The long-term mean hypoxic area extent before 1997 (about 22%)
increased to about 29% after 1997. This regime shift corresponds
to an increase of the mean hypoxic area with about 18,000 km?.
The long-term mean anoxic area extent increased from 6% before
2001 to 17% after 2001 (Figure 2A). This corresponds to an
increase of mean anoxic area with about 28,300 km?.

Similar regime shifts in the anoxic area extent occurred in
the eastern Gotland Basin in 1999, and in western and northern
Gotland basins in 2001 (Figures 2C-E). The mean anoxic area
extent increased from 11, 11, and 8% in the first regime, to
26, 52, and 38% in the second regime in the eastern, western
and northern Gotland basins, respectively. All changepoints
were also clearly visible in a Mann-Whitney test with paired
sliding windows (Trauth et al., 2009) (not shown). No significant
changepoint was found in the Bornholm Basin (Figure 2B).

A changepoint for the hypoxic area extent is detected in
2004 for the eastern Gotland but no significant changepoints are
detected for the western Gotland Basin nor the Bornholm Basin
(Figure 2). The changepoint for the hypoxic area extent in 1962
for the northern Gotland Basin (Figure 2) will not be discussed
since the first regime is based on only one data point.

Halocline Depth

In the Bornholm Basin the average halocline depth for the entire
period is 59 m and varies between 45 and 67 m (Figure 4A).
Shallowest halocline depth of 45 m was estimated for 2019. In
the eastern, western, and northern Gotland basins the average
halocline depths are between 71 and 76 m and vary between

64 and 94 m, 58 and 82 m, and 61 and 92 m, respectively. In
the 80’s and -90’s the halocline depths were deeper, especially in
the eastern and northern Gotland basins (Figures 4B,D). This
deepening coincides with lower salinity and weaker halocline
strength at the depth of the halocline (Supplementary Figure 1).

The hypoxic area in the Bornholm Basin is much smaller than
the horizontal surface area at the halocline depth indicating that
hypoxia occurs well below the depth of the halocline during the
entire period (Figure 4A). Anoxia occurs even deeper. There is a
weak significant trend of a shallowing halocline (p-value < 0.5)
and increasing hypoxic area (p-value < 0.005).

The correlation between the halocline depths and the hypoxic
area extent in the Gotland basins are high (p-value < 0.0001, not
shown). The hypoxic areas often coincide with the horizontal
areas at the halocline depth (Figures 4B-D). This is the case
in the western Gotland Basin during almost the entire period,
with exception for the 90’s when there is a decline in hypoxic
area extent (Figure 4C). Anoxia is found deeper in the beginning
of the period compared to the later part. The change toward
increased anoxic area extents and shallower occurrences in the
later part of the period is large and almost stepwise. The depth
of anoxia is very close to both the halocline and hypoxia during
the second regime. In the eastern and northern Gotland basins
the occurrence of anoxia has not reached the halocline depth yet
(Figures 4B,D).

DISCUSSION
Ventilation of the Baltic Sea Deep Water

Deep water oxygen deficiency evolves when the rates of
respiration are higher than the oxygen supply. The supply mainly
occurs with inflows from the Kattegat through the sounds and
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FIGURE 4 | The depth (m, right y-axis) of the halocline (blue) and corresponding area (km?, left y-axis) with time (year), plotted together with the hypoxic (red) and
anoxic (black) area extents (km?2), and corresponding depths (m), in the Bornholm Basin (A), eastern Gotland Basin (B), northern Gotland Basin (C), and western
Gotland Basin (D). Hypsographic profiles are used for transformation between areas and depths.

through vertical mixing from above. The density of inflowing
water and its mixing with less saline ambient water on the
path toward the Baltic Sea regulates the depth of intrusion.
Smaller inflows occur more frequently but do not penetrate
as deep or flow as far east as the rare and irregular Major
Baltic inflows (MBI). MBI's are of large importance for the
environmental state of the entire Baltic Sea and have the
capability to replace hypoxic and anoxic deep water with oxygen
rich water (Matthaus et al., 2008).

During the period of this study (1960-2019) one extreme
MBI occurred in 2014, and several medium to strong inflows
occurred, e.g., in 1969, 1972, 1975, 1982/1983, 1993, and 2003

(Fischer and Matthdus, 1996; Mohrholz, 2018) that also increased
the deep-water salinity. Although the MBI’s renew the deeper
water oxygen, they also increase the stratification and raise
the halocline. The rise of the halocline increases the bottom
areas and the volume of water isolated from the wind mixed,
oxygenated surface layers in winter. Thus, the bottom areas that
have potential to become hypoxic or anoxic are larger after an
inflow when the halocline is at a shallower depth. There were
expectations that the extreme MBI in 2014 that reached the
eastern Gotland Basin (Hall et al.,, 2017) would oxygenate the
deep water in the Baltic Sea after a long time of oxygen deficiency.
However, the increased oxygen levels in the central Baltic proper
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quickly declined (Hylén et al., 2021), and instead of contributing
to along-term improvement of the oxygen conditions in the deep
water, the anoxic and hypoxic area reached an all-time high extent
in the Baltic proper in 2018.

It should be noted that the estimations of the area extents do
not account for potentially water layers with oxic water below any
anoxic or hypoxic intermediate layers. Those can emerge from
inflow events when the denser and more oxygen rich water from
an MBI reaches the deep water and the old oxygen poor bottom
water is lifted to levels above. As a result, an intermediate layer
with low oxygen concentrations or even hydrogen sulfide in the
water can be found above oxic/hypoxic waters. This was the case
for the MBI 2014, when an anoxic water layer was observed in
July 2015 in the eastern Gotland Basin at about 100-140 m depth
(Hylén etal., 2021). Below the anoxic layer the water was hypoxic
down to the bottom. Therefore, there is a risk that our method
slightly overestimates the anoxic areas at these rare events.
However, these deeper oxic/hypoxic zones are problematic for
most benthic species because they are trapped below an anoxic
or hypoxic layer that prevents migration and recolonization.

Regime Shifts in the Extent of Anoxic

and Hypoxic Area

A possible regime shift in the levels of anoxic area extent in the
Baltic proper have previously been reported by Hansson et al.
(2011) and Kouts et al. (2021) to occur in 1999. In the present
study, we added observation data from another 9 years to the
analysis by Hansson et al. (2011) and included data prior to 1993
compared to the model study by Kouts et al. (2021). According
to the analysis of our longer time series a regime shift in the
anoxic area extent occurred in 2001. We additionally identified a
regime shift in the hypoxic area extent in 1997. The hypoxic area
extent of 22% in the first regime corresponds to about 56,600 km?,
which is somewhat larger than the previously estimated hypoxic
area of 49,000 km? for approximately the same period (Conley
etal., 2009). The increase of average anoxic areas with 28,300 km?
between the two regimes is more severe compared to the increase
of hypoxic areas of 18,000 km?.

The regime shift in anoxic area extent for the Baltic proper
around the turn of the 20th century is also seen in the Gotland
basins, but not in the Bornholm Basin. In the western Gotland
Basin on average 12,500 km?, or about 50% of the basin area
became anoxic in the second regime.

Vili et al. (2013) estimated halocline depths for the period
1961-2007 from observations at standard depths. We extended
the period until 2019 and included data with higher vertical
resolution (0.5 m). Present depth ranges are therefore better
constrained and the largest difference was found in the Bornholm
Basin where the shallowest halocline depth was 45 m instead of
the previous 55 m.

The deeper halocline (Figure 4) and the decrease in salinity
and halocline strength in the end of the 1980’s (not shown) could
be a result of the lack of inflows during this period (Fischer and
Matthius, 1996; Mohrholz, 2018) as well as increased freshwater
supply (Stigebrandt and Gustafsson, 2007; Johansson, 2016). The
regime shifts in the anoxic area extents in the Gotland basins

coincides with the time when the frequency of larger inflows
increased again (Mohrholz, 2018).

We identified regime shifts also for the bottom water
temperature: in Bornholm Basin in 1997, and in eastern, western
and northern Gotland basins in 1998, 2003, and 2000, respectively
(Supplementary Figure 2) thus, all around the turn of the
20th century. The average temperature increase is about one
degree Celsius in all sub-basins which indicates that the inflows
during the latter regime were warmer than before. Increased
water temperature may result in less dissolved oxygen as the
gas solubility decreases with increased temperature. Increased
temperature may also cause increased oxygen consumption since
biological process rates are elevated with increasing temperature.
Meier et al. (2018) concludes that oxygen consumption has
increased after the latest MBI's. However, their model results
suggest it's mainly due to increased transport of organic material
to the deep as a result of entrainment of organic-rich surface
water during inflows, rather than an increased temperature effect.

The regime shift toward increased anoxic area extent can be a
result of a combination of coincident causes. (1) Historically, high
loads of nutrients accumulated in the Baltic Sea, leading to severe
eutrophication and frequent large blooms of cyanobacteria.
A large pool of nutrients, especially phosphorus, has built up
in the sediment leading to increased recycling of the mobile
fractions and less efficient burial as the anoxic area extent
increases, the so called “vicious circle” (Vahtera et al., 2007).
Increased reflux of phosphorus from the sediment back to
the water column would change the N/P-molar balance giving
nitrogen fixing cyanobacteria prerequisites to increase, leading
to larger surface blooms and larger transport of organic material
sinking to the sediment consuming oxygen. (2) The period with
a low frequency of inflows during the 80, later followed by
several larger inflows rising the halocline increases the area
that potentially can be oxygen deficient and puts fuel on the
vicious circle as anoxic area extent increases. (3) An increased
temperature in the inflowing bottom water, which partly is
due to climate change, but also is influenced by a shift of the
Atlantic Multidecadal Oscillation (AMO) from a cold phase in
the last decades of the 20th century to a warm phase since then
(Kniebusch et al., 2019).

Worst-Case Reached?

Assuming that winter mixing will restore oxygen in the waters
above the halocline, in a worst-case scenario the hypoxic and/or
anoxic water would reach a maximum extent filling up the entire
volume below and partly within the halocline. This is actually
the present state of the Gotland basins (Figure 4) where the
depth of hypoxia coincides with the halocline depth for many
of the years in the second regime. It should be noted that the
estimation of the halocline depths is based on the data from
one monitoring station in each basin and represents an annual
mean while the estimations of hypoxic and anoxic area extension
includes all available quality controlled vertical profiles of autumn
oxygen data. In the beginning of the period, in the eastern and
northern Gotland basins, the depths of hypoxia are deeper than
the halocline depths for most of the years. In the western Gotland
Basin, on the other hand, the hypoxia is approximately on the
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same level as the halocline also before the 90s. Thus, the worst-
case scenario for hypoxia can be considered to be fulfilled for
a large number of the years, especially at the end of the period
in the Gotland basins. This would mean that the hypoxic area
extent could be limited by the depth of the halocline and not get
any worse. A shallower halocline might cause a worsening, but
we find no clear evidence in the literature of changing halocline
depths due to e.g., climate change. Halocline depth is most
strongly controlled by the sill depth at the western entrance of
the Stolpe Channel (Elken et al., 2006; Vili et al., 2013), with
secondary effects from inflows, winter storms mixing as well as
buoyancy from fresh water runoff.

The anoxic area extent is in the second regime still found
at depths 10-30 m below the halocline depth. Thus, the worst-
case scenario with hypoxia completely replaced by anoxia is
not yet reached.

CONCLUSION

Regime shifts in the Baltic proper of the anoxic and hypoxic
area extent occurred in 2001 and in 1997, respectively. This is
seen as significant increases in the long-term averages of anoxic
and hypoxic area extents, which divides the time series into two
regimes in the Baltic proper. Regime shifts for anoxia were also
identified in the individual sub-basins in 1999, 2001, and 2001 for
the eastern, western and northern Gotland basins, respectively.
For hypoxic areas there was a regime shift detected in 2004 in
the eastern Gotland Basin. In the Bornholm Basin there were
no regime shifts detected at all. There were also regime shifts
detected for the bottom water temperature as the average long-
term temperature increased with about 1°C in all the sub-basins
at about the turn of the 20’s century. Regime shifts toward
more anoxic conditions is probably caused by a combination
of coincident causes such as long-term eutrophication, changed
frequencies of major Baltic inflows, change in freshwater supplies
and increased bottom water temperatures.

Record high coverage of the anoxic area extent was reached in
autumn 2018, when about 24% of the Baltic proper bottoms were
covered with anoxic water. Also, the hypoxic area extent was high
this year, covering about 33% of the bottom area, which is one of
the highest coverages since 1960.
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