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Abstract 

The Baltic Sea is naturally prone to hypoxia, but the frequency and extent have increased multifold over the 
last century. Hypoxia manifests itself as perennial in the open central part, seasonal at the entrance area 
and episodic at many coastal sites, and the expression of hypoxia is largely driven by differences in bottom 
water residence times and stratification patterns. Enhanced nutrient inputs from land and atmosphere are 
the main drivers of expanding hypoxia in the Baltic Sea although deoxygenation has also been exacerbated 
by increasing temperature over the past 3-4 decades. Hypoxia severely influences ecosystem functions such 
as fish production through reduced trophic efficiency and harmful cyanobacteria blooms sustained by 
phosphorus release from sediments. Nutrient inputs from land have created the largest man-made hypoxic 
area in the world and the only viable long-term solution to mitigation is to continue efforts to reduce 
nutrient loading. 

Introduction 

The Baltic Sea is known for its beauty and attracts millions of tourists every year. However, what is less 
known to visitors is that below the surface of the water, large areas in the Baltic Sea suffer from low oxygen 
concentrations (hypoxia: O2<2 mg L-1) affecting aquatic life and nutrient cycling (Carstensen et al. 2014a). 
Hypoxia occurs when the consumption of oxygen outpaces the supply. The Baltic Sea is naturally prone to 
developing hypoxia because of the limited water exchange with the North Sea, numerous isolated deep 
basins and a long water residence time of ∼30 years (Fig. 1). More importantly, the extent of hypoxia has 
increased ten-fold over the 20th century due to increasing nutrient inputs from land and atmosphere 
(Carstensen et al. 2014b).  

Today, the Baltic Sea constitutes the largest man-made “dead zone” in the world, totaling almost 70,000 
km2 (Fig. 2a). Whereas this huge “dead zone”, equivalent to the 1.5 times the area of Denmark or 3 times 
the area of Maryland, has received attention among scientists and in the public, it is less known that the 
entrance area of the Baltic Sea, the Danish Straits, and several hundred Baltic coastal ecosystems also 
suffer from hypoxia (Conley et al. 2011). The development of hypoxia in these systems is considerably more 
dynamic, ranging from months down to a few days. This is in stark contrast to the open central Baltic Sea, 
where hypoxia is perennial. Furthermore, the underlying mechanisms causing the imbalance between 
oxygen consumption and supply are also quite diverse. Here we examine the different forms of hypoxia 
that are observed in the Baltic Sea. 

Perennial hypoxia in the open central Baltic Sea 

The Baltic Sea is comprised of several deep basins (the deepest is 450 m) with the exchange of water 
between the Baltic Sea and the North Sea restricted by two shallow sills (8 and 15 m deep) in the Danish 
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Straits (Fig. 1). Medium intensity summer inflows of saltwater occur regularly and the inflows interweave 
themselves along isopycnal surfaces with water of similar density (Meier et al. 2006). However, the renewal 
of the deep bottom waters is rather infrequent and occurs as large gravity-driven dense intrusions of saline 
water during specific wind conditions when water is forced through the Danish Straits (Fig. 3a). During such 
events, the denser saltwater intrusions cascade through the basins, pushing the “old bottom water” into 
the next basin and higher up into the water column. Consequently, the halocline moves upwards during 
periods with more frequent inflows, whereas it is gradually eroded during periods of low inflows. However, 
there have been decade long periods of stagnation generally caused by large freshwater inflows and high 
mean zonal wind speeds. One such stagnation period occurred from around 1973 to 1993 (Fig. 2a). During 
this period, the halocline was eroded downwards by more than 10 m (Carstensen et al. 2014b). Thus, the 
existing hypoxic water is not removed by saltwater inflows but merely displaced to other areas where it 
may affect benthic fauna and nutrient cycling. Saltwater inflow also enhances stratification, which reduces 
vertical mixing of oxygen to the bottom waters. 

The saltwater inflows can be saturated with oxygen when they form a bottom current after passing the sills 
in the Danish Straits, but temperature increases of 1.5 °C over the last 3-4 decades imply a reduced oxygen 
content in this water by 0.3-0.4 mg L-1. Due to the large oxygen demand from sediments, oxygen is rapidly 
depleted in the newly formed bottom water, typically less than 6 months. Thus, saltwater inflows can 
create a short-term relief from hypoxia but in the end, they worsen oxygen conditions over longer time 
scales.  

Large increases in nutrient inputs from land since the 1950s have stimulated the excess growth of algae 
that sink to the bottom, and is the main reason for causing a high sediment oxygen demand. However, 
respiration rates have also been enhanced with increasing temperatures with global warming. 
Furthermore, the expansion of hypoxia in the Baltic Sea has promoted phosphorus release from sediments 
into the water column, which stimulates the growth of nitrogen-fixing cyanobacteria during summer. These 
nuisance algae blooms, which have also been enhanced by increasing temperature, have become 
increasingly prominent in the Baltic Sea and now can cover up to 200,000 km2 every summer (Kahru and 
Elmgren 2014). They also contribute to eutrophication of the Baltic Sea by adding nitrogen to the system, 
which further stimulates sediment oxygen demand and consequently, hypoxia may expand and enhance 
phosphorus release from sediments. This positive feedback between expanding hypoxia and cyanobacteria 
blooms has been termed the ‘vicious circle of the Baltic Sea’ (Vahtera et al 2007). 

Hypoxia in the open Baltic Sea displays a long-term increase modulated by decadal variations in saltwater 
inflows (Fig. 1a). Increasing nutrient input from land is the primary reason for this increasing trend in 
hypoxia but it is exacerbated by warming conditions and the recent proliferation of cyanobacteria. 

Seasonal hypoxia in the Danish Straits 

The Danish Straits is essentially the entrance to the Baltic connecting the Baltic Sea to the North Sea 
through the Skagerrak (Fig. 1). Here, a bottom layer is formed from well-oxygenated surface water from the 
higher salinity North Sea, which penetrates under the outflowing brackish water from the Baltic Sea in the 
surface layer (Fig. 3b). The area is permanently stratified and dominated by strong advective transports in 
both surface and bottom layers. The advective transports are driven by the freshwater surplus of the Baltic 
Sea and wind conditions, exhibiting a typical seasonal pattern with reduced bottom water transports during 
summer. In particular, these bottom water transports are slowing down when lower wind speeds from 
southeasterly directions dominate during summer. Consequently, due to variable meteorological conditions 
the supply of oxygen to the bottom waters can also be quite variable. The water residence time in the 



bottom layer is typically a few months, and the bottom waters get increasingly stagnant closer to the sills of 
the Baltic Sea located to the southeast of Denmark.  

The Danish Straits is also a productive area partly due to its estuarine character, where nutrient-rich 
bottom water is entrained into the surface layer. Oxygen consumption in the bottom waters is driven by 
the amount of organic matter sedimentation from the surface waters and from higher temperatures 
usually peaking in late summer and early autumn. The Danish Straits experience seasonal hypoxia every 
year at this time, when oxygen consumption exceeds oxygen supply (Fig. 2b), and the extent of hypoxia can 
vary from 500 km2 up to 5,500 km2. The largest and most severe hypoxic area in bottom waters of the 
Straits was observed in 2002. Three factors have been identified as the main drivers of seasonal hypoxia in 
this area: 1) bottom water transports, 2) nutrient input from land, and 3) temperature (Conley et al. 2008). 
Bottom water transport supplies oxygen, nutrient input from land stimulates productivity and hence 
oxygen consumption, and temperature enhances oxygen consumption and reduces the oxygen content 
when the bottom water is formed. These factors working together created hypoxia that lasted up to 20 
weeks and changed benthic faunal diversity and composition in an area of several thousands of square 
kilometers. 

Hypoxic conditions were also reported for the deepest holes in the Danish Straits more than 100 years ago, 
but oxygen conditions have deteriorated since then with seasonal hypoxia expanding spatially and over 
longer periods. Due to the dynamic character of the bottom waters, the hypoxic water parcels move 
around with currents and can affect much larger areas than the area where it is formed. In 2002, the areal 
extent of hypoxia peaked in late September at 5,500 km2, but over the entire season, approximately 9,000 
km2 bottoms were affected. 

Episodic hypoxia in shallow systems 

Just like the open Baltic Sea and the Danish Straits that are naturally prone to hypoxia, so are many coastal 
systems, just on a smaller scale. There are many coastal systems with restricted exchange of bottom waters 
due to the complex bottom topography around the Baltic Sea, particularly in the Stockholm and Finnish 
archipelagos, where hypoxia is observed to occur in a large number of coastal ecosystems (Conley et al. 
2011). Occasionally, water from the open Baltic Sea spill into these topographical depressions due to 
internal waves and intensifying stratification. Depending on stratification and the residence time of the 
bottom water in these coastal systems, hypoxia can be episodic, seasonal or even perennial. 

Stratification is a precursor for hypoxia and many coastal systems are intermittently stratified. Some coastal 
areas experience hypoxia because oxygen-deficient bottom waters of higher density from offshore waters 
are transported nearshore along the coastline or into estuarine systems, often forming a thin bottom layer 
(Fig. 3c). Sediment respiration adds to rapid oxygen depletion of this relatively small water volume, 
resulting in a “hypoxic carpet” laid over the sea bottom. This can be seen in estuaries facing the Danish 
Straits, where strong winds drive bottom waters, with low oxygen content, onto the shallower coast, and 
into estuaries and embayments. In other cases, surface water with higher salinity intrudes into the coastal 
systems and forms a bottom layer. While this oxygen-rich water offers resistance to hypoxia, high 
respiration rates in the sediments will eventually consume all oxygen unless stratification is broken. Thus, 
hypoxia will develop depending on the balance between sediment oxygen consumption, the thickness of 
the bottom layer, and the duration of stratified conditions. 

One typical example of this is the Limfjorden estuarine complex in northern Denmark (Fig. 1), where the 
extent of hypoxia can range from 0 to 200 km2. Hypoxia typically builds up over one week when water 
temperatures are high in summer, and it may disappear within hours if wind from the right direction 



increases. Westerly winds bring saline water from the North Sea into the Limfjorden and a thin bottom 
layer with a thickness of maximum 2-3 m develops in the inner parts of the estuary that has a maximum 
depth of 7 m. Monitoring data show that this thin layer becomes oxygen depleted within one week, if the 
water column remains stratified (Fig. 2c). On the other hand, winds can easily mix the entire water column 
due to the shallowness. Hence, the Limfjorden is sensitive to longer periods with calm weather in summer, 
but the potential for developing hypoxia lies in the high oxygen consumption rates in this system that is 
strongly affected by nutrient inputs from land. 

Ecosystem consequences 

Marine organisms exhibit highly different tolerances to low oxygen concentrations with fish and 
crustaceans being most sensitive (Vaquer-Sunyer and Duarte 2008). Motile species such as fish can escape 
pockets of hypoxic water, but even fish can be trapped close to the shore by upwelling hypoxic water. This 
can be seen almost every year at the coasts around the Danish Straits, when strong westerly winds push 
oxygen-depleted bottom waters towards the coastline. A good example of this phenomenon occurred in 
Eckernförde Bay, Germany in August 2018 (Fig. 4a). Stationary benthic organisms can normally tolerate 
lower oxygen concentrations than fish, but are vulnerable to extended periods of low oxygen. As oxygen 
concentrations decline, the most sensitive benthic species disappear first, resulting in a gradually 
impoverished community, and eventually the entire benthic community collapses. Deep-burrowing 
macrofauna are among the more sensitive species to low oxygen concentrations, implying that sediment 
bioturbation and bioirrigation are lost during the initial phases of developing hypoxia. Consequently, if 
hypoxia persists for longer periods these important benthic processes become increasingly dependent on 
meiofauna, inhabiting only the topmost few mm of the sediment. 

Mass mortality of benthic organisms has severe consequences for ecosystem functioning, affecting 
biogeochemical cycles and reducing energy transfer up the food web. A larger part of the ecosystem 
productivity is shunted through microbes when hypoxia persists, leaving less food for higher trophic levels 
such as fish and marine mammals (Diaz and Rosenberg 2008). Up to 3 million tons of benthic fauna could 
be missing due to the expansion of hypoxia in the open Baltic Sea, and the large event of seasonal hypoxia 
in 2002 may have eradicated 300,000 tons of benthic fauna in the Danish Straits, almost equivalent to the 
weight of the entire Danish human population. These benthic losses could have sustained a higher 
production of demersal fish, which could be harvested for human consumption. Moreover, decomposition 
of these massive benthic losses enhance oxygen consumption and thereby help to sustain continued 
hypoxia. 

In addition to channeling energy through the food web, benthic organisms are also important for nutrient 
cycling. Some benthic organisms can build burrows and tubes in sediments and thereby enhance fluxes of 
nitrate and oxygen across the sediment-water interface through bioirrigation. This stimulates nitrogen 
removal via denitrification and sediment accumulation of iron-bound phosphate. Thus, the presence of a 
healthy benthic community can reduce eutrophication though sustained nutrient removal. However, loss of 
benthic fauna can lead to nutrient releases from sediments, creating a positive feedback on eutrophication. 
Hypoxic bottom waters are characterized by high concentrations of ammonium and phosphate, which 
enhance primary production when mixed into the surface layer. Algae blooms are observed in the 
Limfjorden, when the water column is remixed to the bottom after periods of hypoxia (Conley et al. 2008). 
This coupling between hypoxia and algae blooms is particularly pronounced in the open Baltic Sea, where 
phosphorus liberated from sediments stimulates extensive cyanobacteria blooms (Fig. 4b). These blooms of 
nitrogen-fixers are typically produced in the open Baltic Sea, where inorganic nitrogen is depleted from the 
surface layer. However, they also accumulate in nearshore waters and wash onto beaches, with 



consequences for human recreational activities. Thus, hypoxia in the Baltic Sea has strong negative 
consequences for the ecosystem services provided, reducing fisheries yields and nutrient removal and 
sustaining algae blooms.  

Mitigating hypoxia 

Hypoxia is a natural phenomenon in some of the deepest isolated basins of the Baltic Sea, but it has 
increased drastically in size and frequency over the last century due to eutrophication driven by enhanced 
nutrient inputs from land and atmosphere. Nutrient inputs to the Baltic Sea peaked in the 1980s and have 
since then decreased by approximately 20% for N and 40% for P, primarily through improved sewage 
treatment (Reusch et al. 2018), although measures targeting diffuse sources have also been successful 
(Riemann et al. 2016). Yet, nitrogen and phosphorus inputs are still about two times higher than in the early 
1900 and above the maximum allowable inputs agreed in the Baltic Sea Action Plan (BSAP).  

Due to climate change the hypoxic area of the Baltic Sea is expected to expand up to 80,000 km2 with the 
present level of nutrient inputs, whereas the hypoxic area is expected to decrease to 50,000 km2 with BSAP 
maximum allowable nutrient inputs (Meier et al. 2011). Thus, the spread of hypoxia will be curbed, but not 
significantly reduced, if the BSAP nutrient reductions are met. Although this message could be discouraging 
to environmental managers, it is important to stress that the consequences of not reducing are even worse. 
This bleak outlook for hypoxia in the Baltic Sea has encouraged people to suggest other measures than 
controlling nutrient inputs, but proposed geoengineering approaches are unlikely to work at the scale of 
the Baltic Sea and may cause unanticipated negative consequences for the Baltic Sea (Conley et al. 2009). 

Mitigating hypoxia may sound like mission impossible, due to the projected climate change and the positive 
feedbacks maintaining poor oxygen conditions, but there are examples documenting that hypoxia can be 
reversed. Oxygen conditions were poor in the inner Stockholm Archipelago after centuries with large 
sewage inputs, but gradually improved as sewage inputs were reduced. This allowed burrow-forming 
polychaetes to colonize and bioirrigate the sediments, thereby enhancing the capacity to bind phosphate to 
iron (Norkko et al. 2012). Phosphate concentrations in the bottom waters decreased substantially with the 
increasing binding capacity of the sediments, strengthening P-limitation in this highly brackish system. This 
example shows that positive feedbacks can also come into play when the ecosystem is recovering from 
hypoxia, but a prerequisite for this is that nutrient inputs are reduced to a level that ensures sufficiently 
good oxygen conditions for benthic fauna to recolonize sediments.  

Nutrient inputs over the last century have shifted the natural balance between oxygen supply and 
consumption in the coastal and open Baltic Sea. As a consequence, hypoxia has expanded in systems 
naturally prone to hypoxia and hypoxia has developed in systems that otherwise would not experience 
hypoxia. Specific meteorological and climate conditions promote or reduce the expression of hypoxia, 
whereas eutrophication regulates the potential for hypoxia. Undisturbed marine ecosystems are naturally 
resilient and can absorb meteorological and climate fluctuations through buffer mechanisms, but this 
resilience can be gradually eroded after periods of nutrient enrichment, rendering these systems more 
vulnerable to small perturbations. Geoengineering approaches may, at best, temporarily mitigate one of 
the most prominent symptoms of eutrophication, hypoxia, but oligotrophication will be needed to 
reestablish the resilience of impaired ecosystems.  

Enacting measures to reduce nutrients have been proven to be successful in mitigating eutrophication 
(Riemann et al., 2016). Reducing nutrient inputs by improving manure use and ensuring that the legacy of 
nutrients in the watershed remaining in farm soils are essential features needed in the Baltic Sea (Reusch et 



al., 2018). Fixing the largest man-made hypoxic area in the world as well as reducing coastal hypoxia 
requires that we must continue to reduce nutrient loading  – it is the only viable long-term solution. 
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Figure 1: The Baltic Sea with its different basins is connected to the North Sea through the Skagerrak. 
Perennial hypoxia in the open central Baltic Sea is restricted to the Bornholm Basin, the Gotland 
Basin and the Gulf of Finland (Carstensen et al. 2014b). The extent of the Baltic Sea is indicated 
with a white line, and the location of the two sills restricting the inflow of saline water to the 
Bornholm Basin as well as the sill regulating the further progression of bottom water to the Gotland 
basin are all indicated with red lines. The stations used for exemplifying seasonal hypoxia in the 
Danish Straits and episodic hypoxia in the Limfjorden are shown with green dots. 

Figure 2: a) Perennial hypoxia in the open central Baltic Sea shown as areal extent of oxygen concentrations 
less than 2 mg L-1. Updated from Carstensen et al. (2014b). b) Seasonal hypoxia in the Danish Straits 
shown as oxygen concentration in bottom waters of a station in the southern Little Belt (Fig. 1).  c) 
Episodic hypoxia in the Limfjorden shown for one specific year with frequent monitoring at the 
Skive Fjord station (Fig. 1). Open and closed symbols show mixed and stratified conditions, 
respectively. 

Figure 3: Mechanisms underlying perennial hypoxia in the open central Baltic Sea (a), seasonal hypoxia in 
the Danish Straits (b) and episodic hypoxia in shallow coastal waters such as Limfjorden (c). The 
potential for hypoxia exist when oxygen consumption exceeds the supply of oxygen (red hatched 
areas). 

Figure 4: a) Fish kill in Eckernförde Bay, Germany, August 2018. b) Cyanobacteria bloom near the Polish 
coast in the Gulf of Gdansk, July 2018. Photos by Heinz Krimmer and Marek Sałatowski. 
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