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„„ContaminatingContaminating factorsfactors““

„old, but still persisting“
• Eutrophication
• Hypoxia (!)
• Heavy metals
• Human activities: Overfishing (!)

„new“
• Temperature
• CO2



Interdependence of COInterdependence of CO22 and temperatureand temperature
…the climate is changing …the climate is changing →→ ocean warming trendsocean warming trends

Source: IPCC Third Assessment Report, 2001

global mean 
temperature rise (°C)

greenhouse gases: 
H2O (60%), CO2 (26%), 
Aerosoles (NO, sulphates), CH4, O3



CO2 in air:
pre-industrial: 280 ppm
today: ~ 380 ppm



Caldeira and Wickett, 2003

all CO2 released
into atmosphere:

1900 ppm at 2250

ocean pH: 
∆= -0.77 units

Future Future scenarioscenario::
fossil fossil fuelfuel reservereserve::
5000 5000 GtoGto C C →→
18 000 18 000 GtoGto COCO22

Role of CO2 in 
ocean biology? 
Harmful for
marine life?



after Ruben 1995, 1996, Dudley, 1998

important
mass
extinction
periods

AtmosphericAtmospheric OO22 and COand CO22 levelslevels in in earthearth historyhistory

Levels Levels areare longlong termterm meansmeans, , 
diddid shortshort termterm oscillationsoscillations occuroccur??

LateLate evolutionevolution of of 
high high speciesspecies nosnos..
high high performanceperformance, , 
high high activityactivity
lifeformslifeforms dependentdependent
on on lowlow COCO22 levelslevels??

Present Level

600 400 300 200 100500

35

0.5
0.4
0.3
0.2
0.1

30
25
20
15
10
5

C
on

ce
nt

ra
tio

n
(%

)

CO2

C O C TrPS D TJ K

O2

Pe
rm

Tr
ia

s
Ju

ra
ss

ic

C
re

ta
ce

ou
s

Te
rti

ar
y

C
am

br
ia

n

O
rd

ov
ic

ia
n

Si
lu

ria
n

D
ev

on
ia

n
C

ar
bo

ni
-

fe
ro

us

Present Level

MY before present
0



PermianPermian--
TriassicTriassic

massmass
extinctionsextinctions

LossLoss of of 
marinemarine

invertebrateinvertebrate
generagenera

duedue to COto CO22??

moderately active,
moderate calcification

sessile, hypometabolic, 
calcified: larger effect?

after Knoll et al., 1996

Physiological
characters
of eliminated
forms?

severest losses

COCO22 limitationslimitations relevant in relevant in evolutionevolution??

Number of genera

ObsObs: : highesthighest
activityactivity formsforms
werewere notnot yetyet
existent!!existent!!

Pörtner et al., 2004



δ 13C ↑

CO2

CO2

Photosynthesis

δ 13C ↓
Sulfate reductionCO2

HCO3- H2SH2S

CO2 HCO3-H2S

A

B

redrawn after Knoll et al., 1996

Glacier

COCO22 „„experimentsexperiments“ in “ in earthearth historyhistory::
WaterWater COCO22 oscillationsoscillations in in PermPerm / Trias / Trias massmass extinctionsextinctions

Preconditions in 
Perm/Trias:

No surface to deep
ocean currents

Pangaea as a super-
continent

Parallel Parallel oscillationsoscillations of of 
temperaturetemperature and and oxygenoxygen levelslevels

COCO2 2 criticalcritical in in massmass extinctionsextinctions??

warmwarm

coldcold

up to 1 %
(10 000 ppm)



CO2 as a natural factor nowadays, in areas with marine life:

- constantly low in most of the pelagic zones of the sea 
(Pco2 <500 ppm atmospheric pressure). 

- fluctuates when 
- volcanic emissions occur in the sea (~ 80 000 ppm).

- excessive respiration occurs in confined areas 
hypoxic: rock-pools, sandy sediments, oxygen 

minimum layers
anoxic: marine sediments, stratified bottom 

waters (up to 16 000 ppm)



WhatWhat makesmakes organismsorganisms susceptiblesusceptible to COto CO22??
SensitivitiesSensitivities differdiffer betweenbetween organismsorganisms, , whywhy??

WhichWhich levelslevels areare criticalcritical??

Background knowledge to be provided by
ecological and evolutionary physiology



AcuteAcute effectseffects of high of high 
COCO22 levelslevels, , e.ge.g. on . on 
squidsquid, , eliteelite athletesathletes

of of thethe oceanocean::

IllexIllex illecebrosusillecebrosus

LolligunculaLolliguncula brevisbrevis

LoligoLoligo pealeipealei

Competition with vertebrates led to 
maximized performance levels and 
metabolic rates (10 x fish!).



SquidSquid haemocyaninhaemocyanin functionfunction duringduring exerciseexercise,,
pHpH / / saturationsaturation analysisanalysis: : extreme extreme pHpH sensitivitysensitivity

Illex illecebrosus
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- ∆blood  pH > 0.15 (∆Pco2 > 2 000 ppm) reduced scope for activity (sublethal).

- ∆blood  pH > 0.25 (∆Pco2 > 6 500 ppm) asphyxiation (acutely lethal).

Pörtner et al., 2004

HaemocyaninHaemocyanin
moleculemolecule

2000 2000 ppmppm

6500 6500 ppmppm
These These shortshort termterm impactsimpacts areare notnot importantimportant duringduring oceanocean

invasioninvasion of of anthropogenicanthropogenic COCO22 butbut maymay becomebecome importantimportant
duringduring oceanocean sequestrationsequestration. . 

WhatWhat areare thethe longlong termterm effectseffects of COof CO22??



Long Long termterm effectseffects
in in animalanimal speciesspecies
tolerant to COtolerant to CO2 2 

oscillationsoscillations??
SSipunculusipunculus nudusnudus

eurybathiceurybathic: : 
foundfound betweenbetween 0 and 0 and 
2300 m 2300 m depthsdepths



OxygenOxygen
consumptionconsumption
and and ammoniaammonia

excretionexcretion
in in S. S. nudusnudus

underunder
hypercapniahypercapnia::

…..…..savingsaving
energyenergy, , butbut

howhow??
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Control S. S. nudusnudus::
ExtraExtra-- and and 

intracellularintracellular
acidacid--basebase statusstatus

after Pörtner et al. 1998

partial compensation

full compensation

OnlyOnly partial partial 
compensationcompensation of of 

extracellularextracellular
acidosisacidosis causingcausing

metabolicmetabolic
depressiondepression: : 

A A typicaltypical findingfinding
in in invertebratesinvertebrates!!

COCO22 inducedinduced metabolicmetabolic depressiondepression: : physiologicalphysiological backgroundbackground
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MetabolicMetabolic depressiondepression and 55 % (!) growth and 55 % (!) growth 
reductionreduction in in musselsmussels

((MytilusMytilus galloprovincialisgalloprovincialis) ) underunder COCO22
(permanent (permanent extracellularextracellular acidosisacidosis!!)!!)
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HoweverHowever, , tolerancetolerance
isis time time limitedlimited: : 

DelayedDelayed onsetonset of of 
enhancedenhanced mortalitymortality
duringduring longlong termterm

„„disturbeddisturbed“ “ 
maintenancemaintenance underunder
1% CO1% CO22 in in S. S. nudusnudus
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• no decrease in body
energy stores

• behavioral
incapacitation
involved

Langenbuch et al. (2004)

Control animals
repeatedly

reburying into
sediment



FurtherFurther findingsfindings
ShirayamaShirayama and and colleaguescolleagues::
-- longlong termterm reductionreduction of growth, of growth, survivalsurvival, and , and 

reproductionreproduction in Pacific in Pacific shallowshallow waterwater seasea
urchinsurchins and and snailssnails at at 550 550 ppmppm COCO22,,
= IPCC = IPCC stabilizationstabilization scenarioscenario!!!!!!

-- reducedreduced fertilizationfertilization of of seasea urchinurchin eggseggs at COat CO22
levelslevels beyondbeyond 1000 1000 ppmppm. . 

Rates of Rates of higherhigher functionsfunctions areare reducedreduced underunder
moderate COmoderate CO22 elevationselevations. . EffectsEffects setset in in earlyearly in in 

invertebratesinvertebrates..



UncompensatedUncompensated acidosisacidosis
and and metabolicmetabolic depressiondepression in in severalseveral invertebratesinvertebrates

…contributing to 
lower resistance
and enhanced
mortality?

CompensatedCompensated acidosisacidosis
and, and, thereforetherefore, no , no metabolicmetabolic depressiondepression in in mostmost fishfish

…a reason for enhanced resistance to high CO2?

Sepia Sepia officinalisofficinalis SipunculusSipunculus nudusnudus

PachycaraPachycara
brachycephalumbrachycephalum

GadusGadus morhuamorhua

©CephBase

Heisler, 1986, Larsen et al. 1997, Ishimatsu et al., 2004

MytilusMytilus

galloprovincialisgalloprovincialis

Atlantic Atlantic 
codcod

AntarcticAntarctic
eelpouteelpout



COCO22 effectseffects: : complexcomplex physiologicalphysiological backgroundbackground shiftingshifting wholewhole animalanimal functioningfunctioning

…..…..mechanismsmechanisms also also affectedaffected byby hypoxiahypoxia and and 
temperaturetemperature extremes!!extremes!!

still incomplete!!

Pörtner et al. 2004, 2005



A A recentrecent hypothesishypothesis::
TheThe firstfirst levellevel of thermal of thermal intoleranceintolerance at at lowlow and high and high 

temperaturetemperature extremes in METAZOA extremes in METAZOA isis a a lossloss in in wholewhole
organismorganism metabolicmetabolic flexibilityflexibility ((aerobicaerobic scopescope),),

a a unifyingunifying principleprinciple in in ectothermsectotherms (!) and (!) and endothermsendotherms (!?).(!?).

Am. J. Am. J. PhysiolPhysiol 279, R1531279, R1531--R1538, 2000.R1538, 2000.
Naturw. 88, 137Naturw. 88, 137--146, 2001146, 2001
Am. J. Am. J. PhysiolPhysiol. 283, R1254. 283, R1254-- R1262, 2002R1262, 2002
CompComp. . BiochemBiochem. . PhysiolPhysiol. 132A, 739. 132A, 739--761, 2002761, 2002

Temperature, hypoxia, CO2 interactions?



TemperateTemperate crustaceancrustacean,,
Maja Maja squinadosquinado

TemperateTemperate
cephalopodcephalopod,,
Sepia Sepia officinalisofficinalis

AntarcticAntarctic bivalvebivalve,,
LaternulaLaternula ellipticaelliptica

Atlantic Atlantic codcod,,
GadusGadus morhuamorhua

AntarcticAntarctic andand
temperatetemperate zoarcidszoarcids,,
PachycaraPachycara
brachycephalumbrachycephalum,,
ZoarcesZoarces viviparusviviparus

EXAMPLESEXAMPLES

OO22 dependentdependent temperaturetemperature limits limits verifiedverified acrossacross phylaphyla: : 
annelidsannelids, , sipunculidssipunculids, , molluscsmolluscs ((bivalvesbivalves, , cephalopodscephalopods), ), 

crustaceanscrustaceans, , fishfish and and somesome air air breathersbreathers, , limitedlimited evidenceevidence in in 
endothermsendotherms incl. man.incl. man.

…..…..interactioninteraction withwith COCO22 effectseffects??



0

% oxygen
limited
aerobic
scope

Tc

Tp Tp : Pejus T‘s: onset of limitation
in aerobic scope

Tc : Critical T‘s:

affectingaffecting
biogeographybiogeography

throughthrough growth, growth, 
exerciseexercise, , behavioursbehaviours, , 

reproductionreproduction,,
….….fitnessfitness

Temperature

onset of
anaerobic
metabolism

after Frederich and Pörtner 2000, Mark et al. 2002
Pörtner et al. 2000, 2004, Pörtner 2001, 2002, 

100

Cardiac +
ventila-
tory
output

0

functional capacity of oxygen supply

Qrest
•

Qmax
•

after Farrell
max Aerobic Aerobic scopescope and and performanceperformance

areare maximal at maximal at thethe upperupper pejuspejus
temperaturetemperature..

rate of 
aerobic
perfor-
mance

0
temperature

HypoxiaHypoxia, CO, CO22 and thermal and thermal 
extremes extremes actact synergisticallysynergistically
via via thethe samesame physiologicalphysiological
mechanismsmechanisms!!!!

HypoxiaHypoxia, CO, CO22

HypoxiaHypoxia, CO, CO22



SynergisticSynergistic effectseffects of COof CO22, , temperaturetemperature
and and hypoxiahypoxia: : perspectivesperspectives

- CO2 enhances sensitivity to thermal extremes
- CO2 narrows thermal windows of animals
- CO2 contributes to temperature dependent

shifts in geographical distribution
- CO2 increases long term hypoxia effects.



Warmest, most sunlit,
highest alkalinity

InteractionsInteractions of of temperaturetemperature and COand CO22, a , a specialspecial casecase: : 
tropicaltropical coralcoral reefsreefs





sixsix majormajor eventsevents sincesince 19791979
nonenone reportedreported formallyformally beforebefore
19791979

thousandsthousands of of squaresquare milesmiles affectedaffected
hugehuge mortalitiesmortalities to to bebe expectedexpected
increasingincreasing frequencyfrequency and and severityseverity

1998: 1998: lossloss of 20 % of of 20 % of thethe world‘sworld‘s
livingliving coralcoral

Hoegh-Guldberg (2004)

+2002+2002



Threshold temperature –
above which bleaching 
manifests itself (1-2oC 
above the long-term 
summer maximum 
temperatures)

WHAT DOES THE 
FUTURE HOLD?

Hoegh-Guldberg (1999)

Rising thermal stress



Hoegh-Guldberg, 2004, Source: J. Kleypas

Additional 
CO2 stress at 
560 ppm??
IPCC 
stabilization
scenario!!

15 to 85 % 
reduction in 
calcification
rates (plankton
and corals)…

…due to 
reduced
carbonate
levels.

COCO22



Pre-industrial
PCO2 : 280 ppm

2060-69; 
PCO2 : 517 ppm
warmer temperatures

Combined effects of 
CO2 accumulation
and global warming: 
Marginalization of 
coral reef cover

Hoegh-Guldberg (2004)

carbonate saturation state (Ωarag)



What can we do? Ocean disposal of COWhat can we do? Ocean disposal of CO22??

Ohsumi
2003

Capacity defined by acceptable
environmental impact!



Geological Storage CapacityGeological Storage Capacity
Global Storage Potential limited

40 Gt CO2

<2% of  Emissions to 2050

~ 3000 Gt CO2

~ 150% of  Emissions to 2050

920 Gt CO2

45% of  Emissions to 2050

Comparative potentials at storage costs of up to $20/t CO2



SleipnerSleipner projectproject

Courtesy of Statoil



SleipnerSleipner COCO22 InjectionInjection

Courtesy of Statoil

Sleipner T

Utsira
Formation

Production and 
Injection Wells

CO2

CO2 Injection 
Well

Sleipner A

Gas from 
Sleipner Vest



COCO2 2 Enhanced Oil Recovery (e.g. Texas, Canada)Enhanced Oil Recovery (e.g. Texas, Canada)

CO2 Injection

Production

Well

CO2 Oil

Recycled CO2



StorageStorage timescaletimescale forfor different different storagestorage optionsoptions

Carbonate Carbonate 
neutralizationneutralization



EthicalEthical dilemmadilemma

„new or incrementing“       Viability Public perception if it exists (?)

ongoing events
- Temperature, - …..passive /rising attention
- CO2, „business as usual“, - …..passive
- CO2, „IPCC stabilization

at 550 ppm“ - …..passive

active measures for mitigation
- CO2, „geological storage, 

leakage“ +/- …..sceptical, 
- CO2, „ocean disposal“ - …..sceptical, negative..

Decisions needed

ContaminatingContaminating factorfactor
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5000 5000 GtCGtC
releasedreleased, , 
no intentionalno intentional
storagestorage

5000 5000 GtCGtC
550 550 ppmppm stabilizedstabilized
<90 % in <90 % in geolgeol. . storstor.,.,
10 % 10 % leakageleakage

5000 5000 GtCGtC
550 550 ppmppm stabilizedstabilized
<100% <100% storedstored
no no leakageleakage

modified after Caldeira and Wickett, 2003, 2005

WhateverWhatever wewe do: do: AnthropogenicAnthropogenic COCO22
risesrises in in thethe world‘sworld‘s oceanocean overover time.time.

surfacesurface waterswaters: : 
up to up to –– 0.77 0.77 pHpH, , 
1900 1900 ppmppm COCO22

variable variable 
bodiesbodies of of 
waterwater withwith
-- 0.2 to 0.4 0.2 to 0.4 
pHpH unitsunits
550 550 ppmppm COCO22

Effects are unavoidable!



Global sources of COGlobal sources of CO22
The final solution: Emission reduction!!

0

1000

2000

3000

4000

5000

6000

7000

8000

Buildings Transport Industry/Agric Power
Generation

E
m

is
si

on
s, 

M
io

 t 
C

O
2/y



CLIMATE CHANGE, CO2 effects, ENERGY 
BUDGETS 

Dr. Christian Bock 
Carsten Burkhard
Dr. Martina Langenbuch
Dr. Vasilis Michailidis
Dr. Anke Reipschläger
Susann Schmidt 
Rolf-M. Wittig


