


deepened from 70 to 80 m (Fig. 1 E and F), an unprecedented
low position of the halocline within the 20th century. The lower
depth of the discontinuity layer was similarly displaced from 85
to 100 m (Fig. S3), resulting in much deeper mixing across the
halocline. In the Bornholm Basin, the position of the halocline
was relatively constant, because it is largely controlled by the sill
depth of the connecting channel. The freshening of the bottom
water, combined with a delayed response of surface salinity, re-
duced stratification strength during the stagnation period en-
abling mixing across the halocline, most pronounced for the
Gotland Basin (Fig. 1 G and H). Overall, the properties of the
halocline remained relatively constant since 1900, with the ex-
ception of the stagnation period.
Climate change has caused the bottom waters to become in-

creasingly oxygen depleted through decreasing solubility of
oxygen due to increasing temperature and through increased
respiration of organic matter. Oxygen saturation has decreased

about 0.5 mg·L−1 over the past 115 y as a result of the temper-
ature increase alone. In addition, apparent oxygen utilization
(AOU), a measure of the deoxygenation (see definition in Data
and Methods), at the lower boundary of the discontinuity layer
increased gradually by 2 and 4 mg·L−1 in the Bornholm Basin
and Gotland Basin, respectively (Fig. 1 I and J), although with
a marked decrease in the Gotland Basin during the stagnation
period. AOU further decreased below the discontinuity layer at
a relatively constant slope over time of 0.15 mg·L−1·m−1 in the
Bornholm Basin (Fig. 1K) and with a substantially lower slope
around 0.025 mg·L−1·m−1 in the Gotland Basin, albeit displaying
a doubling during the stagnation period (Fig. 1L). The strongly
oxygen-depleted waters were confined to the deepest parts of the
Gotland Basin, where high concentrations of hydrogen sulfide
were observed, and did not spread due to lack of MBI events. The
time series also suggest that a minor stagnation period could have
occurred around 1930 with decreasing salinity (Fig. 1D), lower
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Fig. 1. Long-term trends in temperature, salinity, and oxygen characteristics. The left panel show trends for the Bornholm Basin, and the right panel show
trends for the Gotland Basin. Trends are temperature in the bottom layer (A and B), bottom-water salinity (C and D), depth location of the halocline (E and F),
Brunt–Väisälä frequency, which is a proxy for stratification strength, calculated from the salinity profile parameters (G and H), apparent oxygen utilization
(AOU) at the lower boundary of the discontinuity layer (I and J), change in AOU with depth below the discontinuity layer (K and L), areal extent of hypoxia
(<2 mg·L−1) with the bottom area below the discontinuity layer (M and N), and total AOU below the discontinuity layer (O and P). The circles represent annual
means and the solid black line is the 5-y moving average. A few outliers are not shown in the plots above but can be seen in Fig. S3 together with SEs of the
annual means. Seasonal and spatial distributions of profile parameters are shown in Figs. S4 and S5.
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AOU below the discontinuity layer (Fig. 1J), and increasing slope
of AOU with depth (Fig. 1L), consistent with a reported 3-y pe-
riod without any MBI (12).
The area of hypoxia (here, oxygen concentrations <2 mg·L−1)

expanded in both basins (Fig. 1 M and N), increasing from
around 5,000 km2 to over 60,000 km2 over the past 115 y. In the
beginning of the 20th century, hypoxia was confined to the
deepest areas (Fig. 2A), expanding gradually over the next 70 y
(Fig. 2 B–D), before the extent decreased during the stagnation
period. At the end of the stagnation period, hypoxia had ap-
proximately the same extent as in 1931 (Fig. 2 B and E), but
hypoxia has spread again over the last two decades, reaching an
unprecedented large extent in recent years (Fig. 2F). In the
Gotland Basin, the extent of hypoxia is increasingly controlled by
the bottom area below the discontinuity layer, and now almost
the entire area below the discontinuity layer is hypoxic (Fig. 1N).
In the Bornholm Basin, the hypoxic bottom water is occasionally
flushed into the Gotland Basin during strong MBI events, most
pronounced in 1993 and 2003 (Fig. 1M). Such inflows typically
amount to 150–300 km3 with the potential to improve the total
AOU (TAOU) by ∼1–2 1012 g O2, provided that the Bornholm
Basin deep waters are completely flushed. The two above-men-
tioned MBIs actually improved the TAOU by ∼0.5 1012 g O2
(Fig. 1O), but the export of this hypoxic water was not apparent
in the AOU balance for the Gotland Basin (Fig. 1P).
Our simple mass balance model demonstrates that changes

in the inflow to and volume of the Gotland Basin deep waters
significantly modulate oxygen conditions. Inflow and outflow

generally balance, resulting in an average bottom-water volume
of around 2,000 km3 (about 10% of the total volume of the Baltic
Sea). However, during the stagnation period the volume of the
deep waters decreased by more than 500 km3. This reduction
started already around 1970 and intensified during the stagna-
tion period (Fig. 3A). The deep-water volume increased again
with the MBI in 1993, reaching the long-term average in 2000.
Vertical mixing across the halocline generally had a similar order
of magnitude as lateral transports and was larger than previous
thought (10, 18). During the stagnation period, vertical mixing
was about 50% higher.
Oscillations in inflow and outflow were also apparent in the

lateral imports and exports of TAOU (Fig. 3B). The export of
TAOU generally exceeded import because bottom waters in the
Gotland Basin were more deoxygenated than in the Bornholm
Basin. However, the expansion of the deep-water volume fol-
lowing the stagnation period resulted in a net accumulation of
TAOU from lateral transport processes. The importance of
vertical mixing has increased over time due to larger differences
in oxygen conditions across the halocline. The weaker stratifi-
cation during the stagnation period increased the vertical mixing
of oxygen by up to 30%. Oxygen consumption increased from 2.2
to 3.3 1012 g O2·y

−1 in the early 1980s before decreasing again.
According to the budget model, only one-third of the con-
sumption could be directly coupled to enhanced nutrient input,
and only 8–25% of the input resulted in deep-water oxygen
consumption (Table S1). Despite larger reductions in nutrient
inputs from land and atmosphere since the 1980s (8), respiration

Fig. 2. Spatial distributions of bottom hypoxia and anoxia over time. Estimated bottom oxygen concentrations <2 mg·L−1 are shown in red, and concen-
trations <0 mg·L−1 are shown in black for 1906 (A), 1931 (B), 1955 (C), 1974 (D), 1993 (E), and 2012 (F). The spatial distributions represent means across all
months (January to December).
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still remains relatively high due to the increase in bottom-water
temperature (Fig. 1B). In fact, warming of bottom waters fol-
lowing the stagnation period increased respiration by ∼20%
(using estimates from Table S1). The lack of inflows significantly
reduced TAOU during the stagnation period by increased ver-
tical mixing and reduced bottom volume, but if we remove the
effect of lateral transports and vertical mixing there has been
a gradual increase in TAOU from around 20 to >30 1012 g O2
during the last century and signs of recovery are not observed
(Fig. 3C).

Discussion
Climate warming plays an important role in increasing ocean
deoxygenation (1), but for the Baltic Sea we show that anthro-
pogenic nutrient discharges are the primary driving factor cre-
ating widespread hypoxic conditions. This has also been reported
for other coastal ecosystems such as the Gulf of Mexico (4) and
Chesapeake Bay (19), where overall increases in hypoxia from
enhanced nutrient delivery are modulated by variations in fresh-
water inputs and stratification. The stagnation period (1982–
1993) in the Baltic Sea was an exceptional event in the last 115 y,
highlighting that physical forcing can remedy deoxygenation
effects of eutrophication through enhanced vertical mixing. In-
creasing precipitation and runoff to the Baltic Sea in the 1980s is
thought to be the main cause behind the lack of MBIs during the
stagnation period (12). Regional climate models predict in-
creasing river flow into the Baltic Sea (20), which, in analogy to
the stagnation period, may result in a less strongly and more

deeply stratified water column, alleviating hypoxia from the
shoals of the deeper basins. However, increasing respiration and
decreasing oxygen solubility with warming of the Baltic Sea will
promote deoxygenation in the deep basins.
Substantial reductions in nutrient inputs over the last couple

of decades (8) were expected to improve oxygen conditions. The
apparent lack of recovery could be explained by increasing
temperature and enhanced primary production by nitrogen-
fixing cyanobacteria. Enhanced releases of iron-bound phos-
phate from sediments with expanding hypoxia (14), as observed
over the last two decades, may sustain noxious cyanobacterial
summer blooms, creating a positive-feedback mechanism that
maintains hypoxia (21). Due to the long residence time of the
Baltic Sea, elevated phosphate concentrations may still persist
for decades. It is also possible that oxygen improvements antic-
ipated from nutrient reductions have been counteracted by
increases in organic matter inputs from land (22, 23). Thus, the
lack of recovery could be due to delayed responses and potential
hysteresis in combination with shifting baselines associated with
other components of global change (24).
Hypoxia directly impacts marine ecosystem function and

services through changes in food web structure and biodiversity
(25, 26). Although salinity sets the limits for benthic macrofaunal
diversity in the Baltic Sea and the number of functional groups is
low, bottom-water hypoxia is currently the main factor struc-
turing the benthic communities in the Gotland Basin, resulting in
large areas completely devoid of macrofauna (7, 27, 28). The
10-fold increase in hypoxic area amounts to an estimated
“missing” macrofaunal biomass of ∼1.7 million tons (27), with
important repercussions for the transfer of energy through the
food web. However, eutrophication may also stimulate secondary
production in the shallower areas (29). Moreover, cod eggs are
neutrally buoyant in waters with salinities between 10 and 15 and
need sufficient oxygen for survival, but the volume of bottom
water in the Gotland Basin possessing survivable characteristics
have diminished over the last 50 y (30), threatening the re-
production of this valuable species. Thus, the large expansion of
hypoxia has essentially had significant effects on the Baltic Sea
ecosystem at all trophic levels.
Excessive nutrient inputs from land over the last century have

altered the subtle balance between oxygen supply and con-
sumption, from a state with hypoxia confined to the deep bottom
waters to widespread hypoxia in most bottom waters. Multiple
stressors and strong resilience in the Baltic Sea maintains an
undesirable state with low oxygen conditions creating a positive
feedback for continued hypoxia (31) supporting cyanobacteria
blooms (32). Temperature increases, most prominent during the
last two decades, have shifted this balance even further. Physical
forcing may act to shift this balance back again, as observed
during the stagnation period, but we cannot hope for future
climate to counter the effects of anthropogenic pollution. Fur-
ther reduction of nutrient inputs is the only realistic management
option to reestablish a healthier Baltic Sea (33, 34).

Data and Methods
Study Site. The Baltic Sea is connected to the North Sea through the entrance
area consisting of the Danish Straits and the Kattegat (Fig. S2). The water
exchange of the Baltic Sea is restricted by the Darss sill (15 m) and the
Drogden sill (8 m) (35). The Baltic Sea consists of several connected basins. At
favorable wind conditions, saline water spills over the sills and forms a bot-
tom current in the Arkona Basin and cascades into the deeper Bornholm
Basin (maximum depth, ∼90 m). From the Bornholm Basin, the bottom water
enters into the larger and deeper Gotland Basin through the Słupsk Furrow,
having a sill depth of 60 m. Finally, the Gotland Basin connects to the Gulf of
Riga, Gulf of Finland, and Gulf of Bothnia. The Gulf of Finland can be
regarded as a hydrographical extension of the Gotland Basin, and there-
fore these two basins are considered as one entity denoted here as the
Gotland Basin.
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Perennial hypoxia occurs in the Bornholm Basin and the Gotland Basin
(including the Gulf of Finland) only, and the bottom layers of these two basins
will be investigated in the present study. The water column in the two basins
is stratified by a permanent halocline at depths around 55 and 70 m in the
Bornholm Basin and Gotland Basin, respectively, and a seasonal thermocline
above the halocline. Oxygen concentrations below the thermocline decline
seasonally, albeit not reaching levels indicative of hypoxia, here defined as
<2 mg·L−1, but reach saturation levels again during winter when the ther-
mocline is eroded by mixing.

Data. Discrete and continuous depth profiles of salinity, temperature, and
oxygen were obtained from national monitoring programs and research
cruises (Table S2). Most profiles from before 1960 were from research cruises.
The profiles were spatially scattered over the two study basins with 21,712
distinct sampling locations (Fig. S7A). Data from the coastal zone were ex-
cluded, because hypoxia in the coastal zone is not directly linked to hypoxia
in the open waters (36). These many sampling locations, of which a large
proportion have been sampled a few times only, were projected onto the
existing monitoring network by identifying spatial clusters of sampling
locations and assigning these to the nearest monitoring station. Thus, all
profiles were associated with 1 out of 242 monitoring stations (Fig. S7B).

The first measurements of salinity, temperature, and oxygen in the Baltic
Sea were carried out in the late 19th century, but the number of profiles
before 1960 was low (Fig. S1) and these were heterogeneously sampled
across the two basins considered here. The relatively lower number of pro-
files in the two most recent years is due to pending reporting of hydro-
graphical measurements to the databases. A total of 36,379 salinity profiles
and 16,690 oxygen profiles was sampled in the deeper areas of the two
basins with permanently stratified conditions, and these profiles were used
to characterize the halocline and oxygen conditions below the halocline. The
reasonable data coverage after 1960 has allowed for assessing the extent of
hypoxia by spatially interpolating the values (7), but such purely empirical
approaches are not applicable to the period before 1960 due to the
sparseness of data. Therefore, we chose an approach where we model the
salinity and oxygen profiles with a few parameters, and use the spatial and
seasonal structure of these parameters to assess the properties of the hal-
ocline and the oxygen conditions below the halocline from 1898 to 2012.

Parameterization of the Salinity and Oxygen Profiles. Salinity profiles typically
had a sigmoid appearance with depth and were parameterized using the
cumulative probability density function of the normal distribution ½Φðμ,σ2Þ�.
Four parameters were used to characterize the salinity profile: (i) the sub-
surface salinity, (ii) the salinity difference between the subsurface and the
bottom layer, (iii) halocline depth, and (iv) halocline thickness (Fig. S8A). The
subsurface salinity (Ssubsurf), estimated as the average salinity between 20
and 30 m, was used for the parameterization to avoid potential bias in-
troduced by a thin lower-salinity layer in the surface, occasionally observed
in the data. The salinity difference between the subsurface and bottom
layers (Sdif) was estimated as a scaling factor for Φðμ,σ2Þ, whereas halocline
depth was estimated by μ and halocline thickness was estimated as 2× σ.
Thus, from the properties of Φðμ,σ2Þ it is noted that 68% of the change from
subsurface to bottom salinity occurs in the depth interval defined by the
halocline thickness ðμ− σ,μ+ σÞ, also referred to as the discontinuity layer
(37). The salinity parameters were estimated by nonlinear regression (PROC
MODEL in SAS) using profiles reaching depths of at least 60 and 80 m in the
Bornholm Basin and Gotland Basin, respectively, to ensure that most of the
salinity change was recorded in the profile and that estimation of the profile
sigmoid model was possible. The Brunt–Väisälä frequency, which can be
interpreted as a measure of the stratification strength, can easily be ap-
proximated from the parameterization of the profile:

N=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g
ρ
·
dρ
dz

s
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

1+ 0:0008 · ðSsubsurf + Sdif=2Þ
·
0:68 ·0:0008 · Sdif

2σ

s
,

where density in brackish water is approximated by salinity [ ρ= 1+ 0:0008 · S;
(38)] at the halocline depth in the first factor and the derivative of density
with depth in the second factor is approximated by the change in salinity
over the discontinuity layer.

Because the sills are shallow and inflows to the Baltic Sea occur at windy
conditions, the water spilling over the Drogden and Darss sills is generally
saturated in oxygen before submerging to supply the bottom waters in the
study area. However, oxygen concentration at saturation varies strongly with
salinity and temperature, and therefore we consider AOU, defined as the
difference between the measured dissolved oxygen concentration and
its equilibrium saturation concentration in water with same salinity and

temperature. Hence, AOU is a measure of the oxygen consumption of the
bottom water parcel since it spilled over the sills. In the last four to five
decades, hydrogen sulfide (H2S) has been measured in the deepest parts of
the Gotland Basin, albeit not consistently. When measured, H2S has been
converted into a negative oxygen concentration (H2S = −2O2), yielding an
AOU exceeding oxygen saturation concentrations. Oxidation potentials
for other substances such as NH4

+, Fe2+, and Mn2+, were not considered.
Because H2S has not been measured consistently in the dataset and not at all
before 1960, oxygen concentrations equal to zero could represent con-
ditions with H2S and, thus, a negative oxygen concentration and an AOU
above the oxygen saturation concentration. Such observations, which ac-
tually represent values above/below their nominal values, are termed cen-
sored data (39).

In the discrete profiles, the number of oxygen measurements was gen-
erally lower than for salinity, and consequently, the parameterization of the
oxygen profile had to be even simpler. Two parameters were used to
characterize oxygen conditions below the halocline as a linear function of
depth (Fig. S8B): (i) the AOU at the lower boundary of the discontinuity layer
(intercept, AOUboundary), and (ii) the change in AOU with depth below the
discontinuity layer (slope, AOUslope). These two parameters were estimated
in two steps. First, AOUboundary was interpolated from the nearest measured
oxygen observation above and below the lower boundary of the disconti-
nuity layer ðμ+ σÞ using the estimated salinity profile for interpolation rather
than depth, because salinity is a better indicator of mixing than depth. The
estimation of AOUboundary was not affected by censored oxygen observa-
tions. Second, using oxygen observations below the discontinuity layer,
AOUslope was estimated by means of censored data linear regression (PROC
LIFEREG in SAS) with the intercept fixed to the estimate of AOUboundary.

Spatiotemporal Modeling of Profile Parameters. The profiles were heteroge-
neously sampled in time and space, and the aimwas to separate three sources
of variations: (i) spatial variation, (ii) seasonal variation, and (iii) long-term
trend. First, a general linear model (GLM) (PROC GLM in SAS) with station,
month, and year of sampling as categorical factors was applied to each of
the six parameters estimated from the salinity and oxygen profiles. Based on
the station-specific means from the GLM, 2D smooth splines describing the
spatial variation for each profile parameter were estimated by means of
a generalized additive model (GAM) (PROC GAM in SAS). The spatial splines
were used to spatially detrend all profile parameters using their actual
sampling location. Second, the temporal sources of variation were estimated
applying a robust GLM with two factors (month and year) on the spatially
detrended observations for the two basins separately. The robust estimation
algorithm, which iteratively discarded profile parameter estimates beyond
the 99.9% confidence prediction interval of the GLM, was used as some
measured profiles (∼5% of the profiles) delivered unrealistic parameter
estimates, mostly due to lack of sufficient observations below the halocline.
The second GLM provided mean estimates for the seasonal variation and
long-term trend for each of the two basins separately.

The spatial models and the long-term trends for the profile parameter
estimates were used for obtaining integrated values of volume, salt content,
and AOU for the bottom layers of the two basins in their entirety as well as
the extent of hypoxia. Yearly estimates of the profile parameters were scaled
using the spatial spline model over a bathymetry grid of 1 km × 1 km (http://
balance-eu.org), and salinity and oxygen profiles modeled by these param-
eters were integrated vertically and horizontally for the two basins sepa-
rately. Thus, the time series of integrated values represent annual means for
all 12 mo of the year.

Time Series Modeling of Oxygen Deficiency. These time series of integrated
values (1898–2012) were used in a dynamic box model approach for the
deep waters (water below the halocline) in the Gotland Basin (Fig. S9). The
deep waters of the Bornholm Basin were not modeled using this approach,
because most inflows interleave just below the halocline and the hypoxic
water in the deepest part of the basin is replaced only by episodic inflows of
denser water (MBIs). Hence, the simple box model approach using annual
data could not capture the dynamics of the Bornholm Basin.

In the Gotland Basin, the water balance is as follows:

ΔVGBðtÞ=Qin,GBðtÞ−Qout,GBðtÞ,

where ΔVGBðtÞ is the change in volume from year t to year t − 1, and
Qin,GBðtÞ and Qout,GBðtÞ are the flows into and out of the deep waters. The
inflow to the deep waters of the Gotland Basin originates as saline waters
from the Danish Straits spilling over the two sills at Darss and Drogden that
partially mixes with residing water in the Arkona Basin before entering the
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Bornholm Basin. During passage through the Arkona Basin, the volume of
the inflow increases and salinity decreases (38). This inflowing water is either
flushed to the Gotland Basin through the Słupsk Furrow or entrained into
the surface layer. The dense water flow through the Słupsk Furrow con-
stitutes the inflow to the Gotland Basin. The deep water of the Gotland
Basin spills into the Gulf of Bothnia or leaves mainly through upward
entrainment.

The salt balance for the Gotland Basin is as follows:

ΔTSGBðtÞ=Qin,GBðtÞ · SBBðt − 1Þ−Qout,GBðtÞ · SGBðt − 1Þ
− aBV ,GB ·NGBðtÞ−1 · Sdif ,GBðtÞ,

where ΔTSGBðtÞ is the change in total amount of salt of the deep water in
the Gotland Basin across years, SBBðt − 1Þ is the salinity of the inflowing deep
water from the previous year that is flushed into the Słupsk Furrow, and
SBBðt − 1Þ is the salinity in the Gotland Basin deep waters in the previous
year. The last term describes the vertical mixing of salt across the halocline.
Following Stigebrandt (38), it is assumed that the turbulent diffusion co-
efficient is inversely related to the Brunt–Väisälä frequency ½NGBðtÞ�. The
scaling parameter is denoted aBV ,GB and the salinity difference across the
halocline is Sdif ,GBðtÞ.

The balance for AOU follows the same principle butwith the addition of an
oxygen consumption term.

ΔTAOUGBðtÞ=Qin,GBðtÞ ·AOUBBðt − 1Þ−Qout,GBðtÞ ·AOUGBðt − 1Þ

−aBV ,GB ·NGBðtÞ−1 ·AOUGBðt − 1Þ+ �
a0,GB + aN,GB ·NinputðtÞ

�
·Q

TGB ðtÞ
10

10,GB,

where ΔTAOUGBðtÞ is the change in TAOU of the deep water in the Gotland
Basin across years, AOUBBðt − 1Þ and AOUGBðt − 1Þ are the AOUs in the deep
waters in the two basins of the previous year, and a0,GB and aN,GB are two
parameters describing how oxygen consumption is linearly related to the

input of either total nitrogen or total phosphorus ½NinputðtÞ�, and scaled by
temperature ½TGBðtÞ� with a Q10-parameter ðQ10,GBÞ. Time series of nitrogen
and phosphorus inputs (1850–2006) were taken from ref. 8. It is assumed
that the surface water is saturated in oxygen (AUO = 0). The increasing AOU
in the Bornholm Basin over time implies that the export of AOU to the
Gotland Basin has increased. The unknown parameters in the water, salt,
and oxygen balances above (âBV ,GB, â0,GB, âN,GB, and Q̂10,GB) were estimated
by maximum-likelihood estimation from time series of total salinity and
TAOU. Moving averages of 5 y were used for estimation to overcome small
gaps in the time series, and because time differences [ΔTSGBðtÞ and
ΔTAOUGBðtÞ] of the annual values introduced large noise in the equations
and consequently, large uncertainty in the parameter estimates. Thus, the
model was essentially estimated on three time series sequences: 1903–1910,
1922–1938, and 1954–2006, where all input time series were nonmissing.

Changes in the lateral flows and mixing across the halocline significantly
affected TAOU, and to assess the TAOU trend without these physical mod-
ulations, the dynamic flow and mixing terms [Qin,GBðtÞ,Qout,GBðtÞ, and NGBðtÞ]
were subtracted and replaced by average values for the study period. The
difference between the TAOU and the adjusted TAOU was set to zero at the
start of each of the three time series sequences.
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