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Introduction

Hypoxia:	  When,	  where	  and	  why	  

Effect	  of	  major	  Bal*c	  inflows	  on	  hypoxia	  

Consequences	  of	  hypoxia	  in	  the	  Bal*c	  

Perspec*ves	  for	  the	  future	  

	  

	  

	  	  	  



What are the conditions necessary 
hypoxia to occur?

Stra*fica*on	  of	  the	  water	  column	  from	  temperature,	  
salinity	  or	  circula*on	  (lack	  of	  oxygen	  renewal)	  

	  

Organic	  maSer	  (oxygen	  consuming	  material)	  

	  	  	  



Question

Where	  does	  hypoxia	  occur	  in	  the	  Bal*c	  Sea?	  

	  

	  

	  	  	  



When	  you	  can’t	  breathe,	  
nothing	  else	  ma4ers!	  

American	  Lung	  Associa8on	  (via	  Bob	  Diaz)	  

How	  long	  can	  you	  hold	  	  
your	  breath?	  

Helle Munk Sørensen 

Mariager	  Fjord,	  Denmark	  	  
25	  August	  1997	  



Diaz	  and	  Rosenberg	  2008	  

Spreading dead zones

Reported	  from	  more	  than	  400	  coastal	  systems	  
The	  number	  of	  reports	  of	  hypoxia	  are	  increasing	  



Eutrophication

Defini*on	  of	  eutrophica*on:	  	  An	  increase	  in	  the	  supply	  of	  
organic	  maSer	  to	  an	  ecosystem	  (Nixon	  1995).	  
	  
This	  emphasizes	  that	  eutrophica*on	  is	  a	  fundamental	  change	  
in	  the	  energe*c	  base	  that	  may	  propagate	  through	  the	  system	  
in	  various	  ways	  and	  produce	  a	  variety	  of	  changes	  
	  
	  

	  	  	  



Gustafsson et al. 2012	  

term decadal changes in the frequency of W–SW

(225!–292.5!) and E–NE (22.5!–90!) wind directions per
season are shown in Fig. 1d–e. Besides a systematic devi-

ation caused by the model bias between RCAO and NCEP,

the W–SW wind directions show high agreement for all
seasons with exception of JJA. The E–NE wind directions

show very good agreement in SON and DJF. In JJA, the

multi-decadal variations agree well although NCEP shows
generally higher frequency of the E–NE direction than

RCAO with HiResAFF in between.
Similar seasonal skills like estimated relative to NCEP

and RCAO after 1948 can be assumed since 1850, as the

number of stations used for the reconstruction is fairly
constant especially for the Baltic proper region. Reanalysis

data are not necessarily as consistent, and doubts remain

about possibly spurious long-term trends in different vari-
ables in these data sets (cf. Dessler and Davis 2010 and

references therein).

Jones and Moberg (2003) and BACC Author Team
(2008) calculate seasonal T2m trends (per 100 years) in the

period 1871–2004 for the northern/southern Baltic Sea

region as ?0.9 K/?1.0 K, ?1.5 K/?1.1 K, ?0.6 K/
?0.3 K, and ?0.8 K/?0.6 K for DJF, MAM, JJA, and

SON, respectively. The reconstructed trends (per

100 years) of HiResAFF for the Baltic proper in the same
period agree in DJF (?0.9 K), JJA (?0.3 K), and SON

(?0.7 K) but are underestimated in MAM (?0.6 K). The

trend for the full period 1850–2009 in HiResAFF is
?1.1 K/100 years in DJF and exceeds those calculated for

1871–2004 owing to the very cold winters prior to 1870.

The quality of HiResAFF is further corroborated by the
comparison presented below between modeled and

observed surface water temperatures.

The annual mean river runoff to the Baltic Sea (Fig. 2a)
shows only little variability before 1900. This is probably

due to the reconstruction, which is not based on observed

runoff in 1850–1900. The beginning and end of the twen-
tieth century were relatively wet periods while particularly

dry periods occurred around 1930–1940, 1960–1980, and

from 2003 and onwards.
Nutrient loads to the Baltic Sea (Fig. 2b, c) reached a

peak level at about 1980, and since then decreased again.

The decrease is primarily due to a significant reduction in
coastal point sources due to sewage treatment, while riv-

erine loads have dropped by less than 10 %. In a longer

time perspective, the reconstruction indicates total loads of
about 13 and 400 kton year-1 around 1850 for phosphorus

and nitrogen compared to about 75 and 1250 kton year-1

around 1980, respectively. Thus, the relative increase in
phosphorus loads has been much larger than that for

nitrogen and consequently the nitrogen/phosphorus molar

ratio in the nutrient input to the Baltic decreased from
about 68 to 37 between 1850 and 1980. Improvements in

sewage treatment cause the nitrogen/phosphorus ratio to
gradually increase again (about 50 in 2006).

Temporal Development in the Water Column

Salinity and Temperature

The annual average surface salinities and temperature in

major basins and deep-water salinity and temperature in the
Gotland Sea are drawn in Fig. 3. For comparison, obser-

vational data on salinity are also included in the figures and

a statistical evaluation of inter-annual salinity and tem-
perature variations are supplied in Electronic Supplemen-

tary Material Tables S3.1 and S4.1, S4.2, respectively. The

long-term development of surface salinities of the Baltic
Sea is highly dependent on river runoff, but also to long-

term variations in westerly winds (Meier and Kauker

2003). Thus, salinities do not change much during
1850–1900 when the variability in the reconstructed river

runoff is quite low (Fig. 2a). Surface salinities (Fig. 3a, c,

e, g) remain on a generally low and stable level in
1900–1930. Thereafter salinities gradually increase in

response to dryer conditions and lower frequency of wes-

terly winds in the wintertime (Fig. 1d). Peaks in surface
salinities occurred around 1950 and in the mid-1970s.

Around 1980, both river runoff (Fig. 2a) and westerly

winds increased in strength and frequency (Fig. 1d, f),
causing the salinity to start decreasing and since the late

1980s, salinities returned to a level similar to the beginning

of the twentieth century. The major changes in modeled
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Fig. 2 Time series of annual average total river runoff (Q), nitrogen
(N), and phosphorus (P) loads from land and atmosphere to the whole
Baltic Sea
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Note: The residence time 
time of the Baltic Proper 
is	  ca.	  30	  years

Target for the
Baltic Sea Action Plan	  

Target for the
Baltic Sea Action Plan	  



Larger	  than	  the	  size	  of	  Denmark	  (43,000	  km2)	  

Area with hypoxia averages ca. 49,000 km2

Hypoxia  
O2 < 2 mg/L 



Savchuk	  (2010)	  

Methodology	  developed	  in	  1888	  by	  Ludwig	  Wilhelm	  Winkler	  at	  Budapest	  University	  
(First	  measurements	  of	  dissolved	  oxygen	  in	  the	  Bal*c	  Sea	  are	  from	  1898)	  



Changes in hypoxia area with time 

Conley et al. 2002 

•  Highest basin-wide oxygen occurs 
during periods of low salt water input, 
e.g. major inflows 

•  Salt water input leads to more 
stratification and reduced mixing 
increasing residence time and reducing 
oxygen concentrations 

 
Prior	  to	  1970?	  



Changes in hypoxia area with time

Carstensen et al. 2014 PNAS 

No relationship to “major  
inflows” of saltwater 

 
 



Carstensen	  et	  al.	  (2014)	  

2oC	  

Lower	  salinity	  and	  
increased	  mixing	  
across	  halocline	  
(ca	  1990)	  



Carstensen	  et	  al.	  (2014)	  

2oC	  

Lower	  salinity	  and	  
increased	  mixing	  
across	  halocline	  
(ca	  1990)	  



Question

	  What	  do	  we	  know	  about	  coastal	  hypoxia?	  
	  	  



What do we know about coastal hypoxia?

Classic	  examples	  permanently	  anoxic	  (Mariager	  Fjord)	  

Summer	  hypoxia	  (Gullmar	  Fjord,	  Stockholm	  Archipelago)	  

Episodic	  

	  	  	  



Mininum	  oxygen	  
concentra*ons	  	  
(1955-‐2009)	  

Conley	  et	  al.	  2011	  
ES&T	  

215	  sites	  out	  of	  613	  
coastal	  units	  have	  

experienced	  hypoxia	  (O2	  <	  
2	  mg/l)	  

	  
…and	  there	  is	  a	  trend	  for	  

decreasing	  O2	  



Categories of hypoxia (2000-2009)

Never	  -‐	  
	  
Persistent	  -‐	  
	  
Seasonal	  -‐	  
	  
Episodic	  -‐	  
	  
	  

63%	  

1.5%	  (7	  coastal	  units)	  

ca.	  4%	  

30%	  



Limfjorden: Hypoxia changes rapidly 



Oxygen concentrations from Solöfjarden, 
Stockholm Archipeligo

Although	  Solöjarden	  has	  a	  strong	  seasonal	  cycle	  in	  oxygen	  
concentra*ons	  it	  is	  classified	  as	  experiencing	  ”episodic	  hypoxia”	  

Lännergren	  2010	  



Question

What	  are	  the	  effects	  of	  major	  saltwater	  inflows	  

into	  the	  Bal*c	  Sea?	  

	  

	  

	  	  	  



Hypoxia	  =	  decomposi*on	  >	  renewal	  
 

North	  
Sea	  

Blue	  color	  =	  sal*er	  water	  (Major	  inflows)	  

Bal*c	  Sea	  

Saltwater	  inputs	  into	  the	  Bal*c	  Sea	  



Data from SMHI	  

February 2015	   July 2015	  



Changes in hypoxia area with time 

Conley et al. 2002 

•  Highest basin-wide oxygen occurs 
during periods of low salt water input, 
e.g. major inflows 

•  Salt water input leads to more 
stratification and reduced mixing 
increasing residence time and reducing 
oxygen concentrations 

 



Question

Is	  hypoxia	  a	  natural	  feature	  of	  the	  Bal*c	  Sea?	  

	  

	  

	  	  	  



Is hypoxia a natural feature 
of the Baltic Sea?

Hypoxia in the recent past from geological data
(laminated sediments)



Laminated sediments in the Gotland Basin

Hille	  et	  al.	  2006	  

At depths >150 m laminae 
deposition started 100 yr 

ago in the Gotland Basin!!!  



Hypoxia during the Holocene 
(the last c. 10 000 yrs) 

Sediment	  	  
stra*graphy	  

	  

Zillén	  et	  al.	  2008	  
Zillén	  and	  Conley	  2010	  
	  



Land	  uplir	  will	  con*nue	  for	  the	  next	  10	  000	  years	  =	  50-‐100	  m	  	  	  

Land	  uplir/subsidence	   Bothnian	  Bay	  in	  3000	  years?	  

The ”Littorina Sea” began ca. 8000 yr BP 

Present	  coastline	  
Future	  coastline	  



Effects	  of	  isosta*c	  uplir	  on	  Bal*c	  Sea	  hypoxia	  

Jilbert,	  Conley,	  Gustafsson,	  Funkey	  and	  Slomp	  (2005)	  



Hypoxia during the Holocene 
(the last c. 10 000 yrs) 

Sediment	  	  
stra*graphy	  

	  

Zillén	  et	  al.	  2008	  
Zillén	  and	  Conley	  2010	  
	  



Hypoxia during the Holocene 
(the last c. 10 000 yrs) 

Sediment	  	  
stra*graphy	  

	  

Zillén	  et	  al.	  2008	  
Zillén	  and	  Conley	  2010	  
	  



Question

What	  are	  the	  consequences	  of	  hypoxia?	  

	  

	  

	  	  	  



Impact on biogeochemical cycles



 

DIP and hypoxia through time in the Baltic 

Conley et al. 2002 
Note: Colors are DIP 
          Isopleths are oxygen concentrations 



Hypoxia Sustains Cyanobacteria Blooms in the Baltic Sea
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ABSTRACT: Nutrient over-enrichment is one of the classic triggering mechanisms for the
occurrence of cyanobacteria blooms in aquatic ecosystems. In the Baltic Sea, cyanobacteria regularly
occur in the late summer months and form nuisance accumulations in surface waters and their
abundance has intensified significantly in the past 50 years attributed to human-induced
eutrophication. However, the natural occurrence of cyanobacteria during the Holocene is debated.
In this study, we present records of cyanobacteria pigments, water column redox proxies, and
nitrogen isotopic signatures for the past ca. 8000 years from Baltic Sea sediment cores. Our results
demonstrate that cyanobacteria abundance and nitrogen fixation are correlated with hypoxia
occurring during three main intervals: (1) ca. 7000−4000 B.P. during the Littorina transgression, (2)
ca. 1400−700 B.P. during the Medieval Climate Anomaly, and (3) from ca. 1950 A.D. to the present.
Issues of preservation were investigated, and we show that organic matter and pigment profiles are
not simply an artifact of preservation. These results suggest that cyanobacteria abundance is
sustained during periods of hypoxia, most likely because of enhanced recycling of phosphorus in low
oxygen conditions.

■ INTRODUCTION
The Baltic Sea, one of the largest brackish water bodies in the
world, is vulnerable to hypoxia (dissolved oxygen < 2 mg/L)
because of the limited bottom-water inflow of oxygenated
waters from the adjacent Kattegat. Widespread hypoxia in the
stratified water column1,2 maintains a ready resupply of
phosphorus from the sediments.3,4 Together with enhanced
denitrification, this leads to low surface water nitrogen/
phosphorus (N/P) ratios following the spring bloom, favoring
diazotrophic cyanobacteria blooms in the summer months.
Unlike most phytoplankton, which require both high N and P
conditions, diazotrophic cyanobacteria only require high P
concentrations because they are “N-fixing” and can produce
their own ammonia as a nutrient source from atmospheric N2
gas.5 Thus, diazotrophic cyanobacteria can flourish in the Baltic
Sea during strongly N-limiting conditions and usually form
blooms in the summer if the N/P ratio after the spring bloom is
below the Redfield ratio of 16.1,6 In addition to low N/P ratios,
the prevalence of cyanobacteria is also influenced by other
environmental factors, such as light attenuation, water temper-
atures (which must be >15 °C for blooms to occur), and
vertical mixing.7

Cyanobacteria have been shown to provide a positive
feedback to eutrophication, by supplying new N to the system
and enhancing the downward flux of degradable organic matter
from surface waters, which elevates oxygen consumption and
the regeneration of phosphate.2 Moreover, some species are
toxic, and they are, therefore, problematic for recreation and

fisheries.2 Because of these negative effects of cyanobacteria
blooms, some scientists argue that efforts should be made to
reduce their abundance and their contribution to the
phytoplankton community.8 Others argue that cyanobacteria
are a characteristic, natural feature of the Baltic Sea.9

Cyanobacteria have been shown to be present in the Baltic
Sea since around 7000 years B.P.,9,10 but the triggers to past
cyanobacteria blooms remain unclear. An improved under-
standing of the controls on cyanobacteria blooms will assist in
developing solutions to reduce their occurrence in the future. In
this study, we examine the presence of cyanobacteria pigments
in sediment cores and compare these to proxies for past redox
conditions to determine if there is a link between cyanobacteria
and hypoxia in the Baltic Sea during the Holocene.

■ MATERIALS AND METHODS
Sediment cores were taken with R/V Aranda in May/June
2009. Multi-cores (collecting the top 30 cm of the sediment)
and gravity cores (collecting ∼4.5 m of sediment) were
obtained at two sites in the Baltic Sea (Figure 1): LL19 in the
Northern Gotland Basin (58.8807° N, 20.3108° E, and 169 m
water depth) and F80 in the Far̊ö Deep (58.0000° N, 19.8968°
E, and 191 m water depth). These sites were selected because
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Cyanobacteria	  are	  most	  prevelant	  during	  periods	  of	  hypoxia	  
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	  The	  ”viscious	  circle”	  

kväve 
fosfor 

Phosphorus	  is	  bound	  to	  iron	  oxides	  
under	  oxic	  condi*ons	  and	  then	  released	  
under	  hypoxia.	  	  

Spring	  bloom	   Summer	  cyanobacteria	  blooms	  	  
and	  nitrogen	  fixa*on	  

nitrogen	  
phosphorus	  





Lower	  DIN	  in	  Bal8c	  hypoxic	  bo4om	  water	  

Vahtera et al. 2007 

Expected	  

➨	  More	  N	  losses	  when	  hypoxic	  



Wright	  et	  al.	  2012	  
	  

Oxygen	  Minimum	  Zones	  
OMZs	  





The response of the Baltic Sea to 
nutrient reductions will take time

From Conley (2012) – redrawn from Meier et al. (2011)	  



ge·∙o·∙en·∙gi·∙neer·∙ing	  	  (ecotechnological	  approaches)	  
/jēōenjəˈni(ə)riNG/	  
	  
Noun	  
	  
1.	  the	  deliberate	  large-‐scale	  manipula*on	  of	  an	  environmental	  
process	  that	  affects	  the	  earth's	  climate,	  in	  an	  aSempt	  to	  counteract	  
the	  effects	  of	  global	  warming.	  

Key	  Reports:	  
	  
The	  Royal	  Society	  (2009)	  Geoengineering	  the	  climate:	  science,	  
governance	  and	  uncertainty	  
	  
Na*onal	  Academy	  of	  Sciences	  (2013)	  Geoengineering	  climate:	  
Technical	  evalua*on	  and	  discussion	  of	  impacts	  



Question

Is	  “geoengineering”	  an	  acceptable	  solu*on	  for	  

Bal*c	  Sea	  eutrophica*on?	  

	  

	  	  	  



What are we going to geoengineer? 

Bal8c	  Sea	  eutrophica8on	  



But	  why?	  
	  
Time	  scale	  of	  improvement	  is	  long	  (decades)	  
-‐	  Geoengineering	  provides	  rapid	  improvements	  
	  

Costs	  of	  nutrient	  reduc*ons	  to	  society	  are	  enormous	  
-‐	  Geoengineering	  is	  a	  cheaper	  alterna*ve	  
	  

Popular	  in	  the	  media	  and	  poli*cally	  aSrac*ve	  

Ethical	  Implica*ons	  
	  
What	  values	  should	  guide	  us	  in	  our	  rela*onship	  	  
	  	  	  	  	  to	  nature?	  
Man	  over	  nature	  
A	  source	  of	  our	  existence	  and	  part	  of	  our	  being	  



Can we add oxygen to the Baltic?
(Conley et al. 2009, ES&T)

The	  hypoxic	  area	  (oxygen	  <	  2	  mg/l)	  averages	  49,000	  km2	  
	  
Would	  require	  2-‐6	  million	  tons	  oxygen	  to	  be	  added	  each	  year	  
	  
	  
	  

20,000-‐60,000	  railway	  cars	  of	  liquid	  oxygen	  each	  year	  to	  keep	  
boSom	  waters	  oxic	  



Model experiments
Generalized	  “engineering”	  solu*ons	  considered:	  	  
	  
1)	  	  Increase	  exchange	  across	  the	  Drogden	  Sill	  
	  	  	  	  	  More	  saltwater	  inflow	  creates	  more	  stra*fica*on	  
	  	  	  	  	  	  	  and	  more	  hypoxia.	  
	  
2)	  Closing	  the	  Drogden	  Sill	  
	  	  	  	  	  Short	  term	  increase	  in	  hypoxia	  (10-‐15	  years),	  but	  
	  	  	  	  	  	  	  improved	  oxygen	  condi*ons	  arer	  30	  years.	  
	  
3)	  	  Halocline	  ven*la*on	  by	  mid-‐water	  mixing	  (80	  m	  to	  125	  m)	  
	  	  	  	  	  The	  only	  engineering	  solu*on	  that	  improves	  condi*ons,	  but	  has	  

poten*ally	  serious	  ecological	  effects.	  

Conley	  et	  al.	  2009,	  ES&T	  



Baltic Deepwater Oxygen (BOX)
Mechanically	  pump	  oxygenated	  water	  below	  	  
	  	  	  	  	  the	  halocline	  to	  oxygenate	  deep	  water.	  
The	  Box	  Project	  and	  models	  (S*gebrandt	  and	  
	  	  	  	  	  Kalen	  2013)	  showed	  a	  reduc*on	  in	  ver*cal	  	  
	  	  	  	  	  stra*fica*on	  and	  increase	  in	  inflows	  from	  the	  adjacent	  basin.	  

PROPPEN Project	  
At	  Sandöjärden,	  Finland	  pumping	  proved	  insufficient	  to	  keep	  
	  	  	  	  	  keep	  the	  area	  oxygenated.	  
At	  Lännerstasundet,	  Sweden	  pumping	  caused	  higher	  density	  
	  	  	  	  water	  to	  flow	  in	  from	  the	  adjacent	  basin.	  
But,	  mixing	  warmed	  boSom	  waters	  increased	  boSom	  water	  
	  	  	  	  	  oxygen	  demand!	  	  
	  
	  



BOX-‐WIN	  	  	  (hSp://BOX-‐WIN.se)	  
Bal*c	  Sea	  oxygena*on	  and	  floa*ng	  windpower	  demonstrator	  

Who	  decides?	  
	  
Espoo	  (EIA)	  Conven*on	  
	  	  and	  the	  “one-‐stop-‐shop”	  principle	  	  
	  	  (Danish	  Energy	  Agency)	  	  

HELCOM	  has	  said	  NO	  –	  Sept	  2014	  
	  	  but	  a	  seminar	  in	  Stockholm	  in	  
	  	  February	  2015	  



Scien*fic	  ques*ons:	  
	  

How	  much	  would	  phosphorus	  or	  nitrogen	  be	  reduced?	  
	  

How	  would	  the	  Bal*c	  react	  to	  more	  inflow	  events?	  
	  	  	  	  

Would	  destabiliza*on	  of	  the	  water	  column	  allow	  
	  	  	  	  	  winter	  mixing	  to	  break	  through	  the	  halocline?	  	  
	  	  

What	  would	  happen	  to	  phytoplankton,	  zooplankton	  and	  larve?	  
	  
Consumer	  ques*ons:	  
	  

Cost	  are	  enormous	  to	  set	  up	  the	  system;	  installa*on	  
	  	  	  	  	  and	  maintenance	  costs	  should	  also	  be	  included.	  
	  

Effect	  on	  shipping	  lanes?	  
	  
Management	  concerns:	  
	  

Would	  this	  reduce	  efforts	  and	  money	  for	  nutrient	  reduc*ons?	  



Bal8c	  Sea	  2020	  

Phosphorus Sequestration
Enhance	  the	  permanent	  burial	  of	  	  

	  	  phosphorus	  in	  sediments	  by	  precipita*on	  	  
	  	  with	  aluminum	  or	  other	  compounds	  



Change trophic interactions
Let’s	  fish	  out	  the	  intermediate	  predators	  (sprat)	  

in	  the	  Bal*c	  Sea	  (PLANFISH)	  

Oops,	  the	  cod	  are	  starving…	  



Pathway to a healthier marine ecosystem based on 
 
•  Basic knowledge 
•  Monitoring & Assessment 
•  Governance & Management 
•  Action 



In all of the excitement of SEKSEKSEK’s & €€€’s 
 

We must reduce nutrients for mitigation to be effective. 



Andersen	  et	  al.	  2015	  

The	  Bal*c	  Sea	  is	  ge�ng	  beSer!	  
	  

HELCOM	  Eutrophica*on	  Assessment	  Tool	  (HEAT	  3.0)	  
(Based	  on	  Chl,	  DO,	  benthic	  biomass,	  winter	  DIN/DIP,	  secchi	  depth,	  CDOM)	  



Perspectives

Nutrients	  inputs	  have	  s*mulated	  the	  growth	  of	  algae	  crea*ng	  the	  
largest	  human	  induced	  low	  oxygen	  zone	  in	  the	  world	  	  

AND	  

“Geoengineering”	  promises	  rapid	  improvements	  	  

BUT	  	  

The	  poten*al	  ecological	  effects	  could	  be	  devasta*ng	  to	  the	  Bal*c	  
Sea	  ecosystem	  

THEREFORE	  

We	  must	  focus	  on	  the	  prescribed	  nutrient	  reduc*ons	  

	  

	  

	  	  



Thanks	  for	  listening!	  


