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Please do not use these slides beyond teaching 
purposes or without permission. 

Contact kleypas@ucar.edu  
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Homo sapiens is much more sophisticated now… 
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… the past 800,000 years!

CO2 Fluctuations over Different Time Scales 

Current CO2 level exceeds the levels of … 
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… or even the past 24 million years 

… exceeds events of 

past 800,000 years!

CO2 Fluctuations over Different Time Scales 

Current CO2 level exceeds the levels of … 
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… exceeds events of 

past 800,000 years!

CO2 Fluctuations over Different Time Scales 
But more important than the CO2 increase is the RATE of the increase  
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The pH scale 
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neutral 

More 

acidic 

More 

alkaline 

Battery acid 

Lemon juice 

Vinegar 

Milk 

Seawater (8.1-8.2) 

Milk of magnesia 

Ammonia 

Lye 

Human blood (7.35-7.45) 

pH = -log10 [H
+] 

[H+]  = 0.001 

pH  = 3 

[H+]  = 0.000001 

pH  = 6 

[H+]  = 0.000000001 

pH  = 9 

Beer 
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The CO2 System in Seawater 

CO2aq 
(CO2 + H2O) 

H2CO3 

CO2 

HCO3
– + H+ 

CO3
2–  + H+ 

CaCO3
 

Carbonic 
acid 

bicarbonate 

carbonate 

Mg2+ 

Ca2+ 

Na+ 

K+ 

Alkalinity 

photosynthesis 
respiration 

calcification 
dissolution 

Proportions of HCO3
– 

and CO3
2– adjust to 

balance total alkalinity 

[CO3
2–] = TALK — TCO2 
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CO2aq 
(CO2 + H2O) 

H2CO3 

CO2 

HCO3
– + H+ 

CO3
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Carbonic 
acid 

bicarbonate 

carbonate 

Mg2+ 

Ca2+ 

Na+ 

K+ 

Alkalinity 

photosynthesis 
respiration 

calcification 
dissolution 

1xCO2   

  280 

 8 

1635 

  272 

 1915 

8.17 

4.3 

TCO2 / DIC 

pH 

!-arag 

2xCO2   

  560 

 16 

1867 

  177 

 2061 

7.93 

2.8 

The CO2 System in Seawater 
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To characterize the entire CO2 system in seawater, 

need to measure at least 2 of the 4 measureable CO2 

system parameters: 

1. ! Total Alkalinity    Temperature 

2. ! Total CO2 (DIC)    Salinity 

3. ! pCO2 in seawater   Nutrients 

4. ! pH     Water Depth 

The CO2 System in Seawater 

A pH meter is not enough! 



CU Sep 09 

Observed decline 

in the surface 

ocean pH and 

!arag 

-./0"+&1"#2&345+&64"78&.,&3#,+9&+:&47;&&'(()*+&,)*-"%)*./0;&'((<&
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 Aragonite Saturation 1765-2100 
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Shoaling of the 

aragonite & calcite 

saturation horizons 

Atlantic 

Pacific 
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Evidence for Ocean Acidification in the Past 
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Paleocene-Eocene Thermal Maximum (55 Ma) 
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What Happened in the PETM? 

Physical changes: 

•! Increase in ocean temperature 5-8ºC 

•! Decrease in marine and terrestrial C isotopes 3-8‰ 

•! Shoaling of the CCD up to 2 km 

Biological responses: 

•! Dramatic reorganization of marine and terrestrial 
ecosystems 

marine:  35-50% of deep-water benthic foraminifera went extinct 
!"#$%&'()**+, 

 high species turnover of plankton !-.//'(01(&2(34456(7&8(01(

&2(344*,(

land:   mammalian radiation 

 reorganization of terrestrial plant communities !9.:;(01(&2<(
344=,(
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CO2 spike within an already high 

CO2 environment  

 (CO2 = 2000-4000 ppm) 

Rate of change uncertain  

 (time resolution = 1000 y) 

Source of carbon is still debated 

Different suite of organisms 

Not just acidification in the oceans, 

but also: 

 warming 

 oxygen depletion 

 changes in ocean circulation 
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1x 2x 

Changing Proportions of Carbonate Species 
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Effects of ocean acidification on marine life 
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Effects of ocean acidification on marine life 
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Effects of Lowered pH on Organisms 

Physiology: 

Calcification rate 

Respiration rate 
Blood chemistry 

Growth rate 

Chemoreception 

Reproduction Eggs or Larvae 

Food Supply 
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60N,+"&+:&47;&'(()&!"#$%&*<&=6/0&(/&&
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Crustose Coralline Algae 

2x Present-day pH 

•! Crustose coralline algae  

•!   86% ! surface cover 

•! 250% ! calc’n rate 

(rhodoliths)  

•! Corals 

•! 15-20% ! calc’n rate 

•!No sign of adaptation 

•!Gamete production & 

recruitment not impaired 

Present-day pH 
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Calcification Records 

from Porites corals 
(Lough & Barnes 2000) 
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Field Observations 
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13.3% 

Reduction in 
Extension 

since 1990 

14.2% 

Reduction in 
Calcification 

since 1990 

"#$%&'%#(&)*! +,(-*.&)*! /-*.&(0!

Field Observations 

>0?&1#(01(&2(!344*,(!"#$%"$(
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Natural undersea CO2 

fertilization 
Volcanic vents off Italy 

P477QBR+,G+"&+:&47;&
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Calcareous 

Noncalcareous 
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Community Shifts with Decreasing pH 

P477QBR+,G+"&+:&47;&
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7.4-7.8 

@4":.,&+:&47;&
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Coccolithophores 

T. Tyrrel 

Forams 

Important Shell-forming Plankton 

H. Spero 

C. Farmer 
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Coccolithophores from Space 

S Groom & A Wilson 
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“Pteropods” 

– planktonic marine snails 

Shells of living pteropods 

begin to dissolve at elevated 

CO2 levels 

E>=#=6*/=$%#&63*=B*F0/#=%0"*1"G%3*
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Effects on Open Ocean Food Webs 

F0H&=*/=$%#&63*=B*C%"H*.&0G&2*
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Effects on Fisherman 

Homer Alaska: commercial fishermen, mariners and others spelled out ‘SOS’ to 

protect jobs and fisheries from the threat of ocean acidification. 

‘Voices for the Ocean’ hosted by the Alaska 
Marine Conservation Council (AMCC) and the 

Sustainable Fisheries Partnership (SFP). 
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Homing Ability in Fish 

Probably NOT 

due to 

ocean 
acidification 

Larval Clownfish: Amphiprion percula  
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Homing Ability in Fish 

control suitable 

habitat 

unsuitable 

habitat 

unreliable 

clue 

suitable 

habitat 

@0,A49&+:&47;&
S'((<T&E!'.&

       
       

Scent + Normal pH 

Scent + Future pH 
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Sound ‘effects’ 
Calculated % decrease in sound absorption at 0.44 kHz 
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Sound ‘effects’ 
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Seagrasses: Zostera marina 

U474G.#%&K&F.22+"24,&
S'((MT&@VUB&

Winners 
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Biological Environment 

determines which species SUCCEED 

“It’s a jungle out there”  

Predator-Prey 

Competition 

Impacts on Communities 

Physical Environment 

determines which species CAN occur 

“It’s a nice place” 

Temperature 

Light 

Chemistry 

Spatial complexity 

So far, few studies suggest that 

ocean acidification has directly 

eliminated reef species: 
•!Hall-Spencer et al. & Martin et al. 

•!Guinotte et al. (cold-water corals)  
•!Recruitment rates 

Most studies have shown - or 

presumed - impacts on biological 

environment: 
•! Increased vulnerability to predation 

•! Decreased recruitment success 
•! Reduced competition for space 
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Predator-Prey 
Weakened shells 
Physiological compromises 

(less energy for avoidance) 

Phenology: Match-mismatch 

Competition 
Lower growth rates 

Overgrowth by ‘winners’ 

Physiological compromises 

(less energy for 
competition) 

Impacts on Communities 

Biological Environment 

determines which species SUCCEED 

“It’s a jungle out there”  

Predator-Prey 

Competition  

Recruitment  
Delayed reproduction 

Low population density 

Reduced settlement success 
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Shell thinning  
but lack of predation 

NW Eifuku 

pH = 5.36 and 7.29  

Bathymodiolus brevior 

L0,,.G7.N+&+:&47;&S'((<T&!"#$%&*<&=6/0)&

Bathymodiolus brevior 
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Shell thinning  
affects response to predators 

Dirk Schories http://www.guiamarina.com/ 

Barbara Driscoll 

Littorina littorea 

Carcinus maenas 

!.II9&+:&47;&S'((MT&
C0=2)*D&##)&
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Galapagos example 

Eucidaris sp. 

Galápagos Coral Reefs 
dramatic erosion 
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@4,W+77#&+:&47;&S'(()T*E!'.*

Galápagos Coral Reefs 
Lack of Cementation 

Cementation 
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Does ocean acidification 

affect bioeroders? 

Grazers 

Macroborers 

Microborers 

Changes in euendoliths 

at 750 vs 400 ppm CO2 

•!Deeper penetration of 

euendoliths 

•!48% increase in carbonate 
dissolution rates 

L".I#77+:&+:&47;&S'((<T&&
<2=G"2*C0=I&=/>&?)*A3/2&6*
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Cascading effects to other 

ecosystems 

Slowing Down the Carbonate Factory 
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THRESHOLDS 

Geochemical 

Physiological 

Population 

Community/ 

Ecosystem 

calcium carbonate dissolves 

organisms are impacted physiologically 

organisms cease to survive 

organisms cease to function as before 

populations of organisms are not 

maintained 

ecosystem experiences a phase shift 

or regime shift 
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Future Calcification 
- Combined T & ! effects WITH bleaching - 

B.75+"24,&+:&47;&S'((<T&
<+D&

“Coral reefs may start 

dissolving when atmospheric 

CO2 doubles” 

Gross Calcification (% of Preindustrial Rate) 
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Cold-water Coral Communities 
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X0.,#::+&+:&47;&S'((MT&1%=(#)*J/=2)*J,=2)&

Photo courtesy SW Ross 

Geochemical 

Threshold 
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Resilience, Thresholds 

Phase Shifts and Regime Shifts 

Coral Cover 
Resilience 

Y9%:"Z2&+:&47;&S'(()T&
A=%"2*+&&B6*

Ocean Acidification 

disturbance 
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Alternative Stable States in Coral Reefs 

!+77>##A&+:&47;&S'(()T&
!"#$%&*
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Can We See A Regime Shift Coming? 
DETECTION / PREDICTION 

1.! Increased variance 

2.! Slower recovery following disturbance 

3.! Monitoring resilience: 
a) ! functional groups (e.g. grazers) 

b)! demographic skewness in populations 

c) ! discontinuities (e.g. redundancy, diversity within body-size 

aggregates) 

4.! Indicators 
e.g. ratios of “good” colonizers versus “bad” colonizers 

5.! Tracking local phase shifts within a reef network 

[+5.+>+A&I9&&

Y9%:"Z2&+:&47;&S'(()T&A=%"2*+&&B6*

BG?+N+"&+:&47;&S'((<T&!"#$%&*
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How Bad Will it Be? 

Nick Anderson, Houston Chronicle 
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Marine Ecosystem Response to Ocean Acidification 
High Uncertainty – High Risk 

Widespread response of calcifiers  Major extinction event 

& non-calcifiers    

Widespread Response of Calcifiers  Major ecosystem disruption 

& low response of non-calcifiers 

Selected Species Response   Significant ecosystem response 

Selected Species Response   Low ecosystem effects 

No effect     Selective extinction of some scientists! Good 

Worst 

Bad 
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1.! Slow the growth of atmospheric CO2 

•! Engineering solutions 

•! Human behavior changes 

2.! Local engineering solutions 

3.! Minimize other “controllable” stressors 

Standard Recommendations to Protect 

Coral Reefs from Climate Change 
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A Different Way of Looking at It… 

We are 

here 
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High CO2 

Window 

Noah’s 

Ark 

A Different Way of Looking at It… 
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Climate Geoengineering Options 
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@A&:B$:(C0.%(!9.A0B,(

D22E'1A&F$:G(&'(%)*+",$#--)

H$#:(I&1#&%(!JKL7,(M(N10O#0:(N&210A(!P:.Q<(RB.:/EA;#,(

Example:  Cloud Formation 

Climate Geoengineering Options 
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@A&:B$:(C0.%(!9.A0B,(

D22E'1A&F$:G(.-'/+-)0$1$+2"()3$"(%'-'4#$1)

Example:  Air Capture of CO2 from Atmosphere 

Climate Geoengineering Options 
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Homo sapiens is much more sophisticated now… 

CONCLUSIONS 

Ocean acidification has many direct 
and indirect effects on marine 
ecosystems. 

Effects of ocean acidification on 
marine ecosystems remain poorly 
known … 
the rate of ocean acidification is exceeding 
our rate of research! 
… but there will be winners and 
losers 

Geochemical thresholds to ocean 
acidification are commonly used, 
but more subtle thresholds are 
probably more important 

There are no solutions to ocean 
acidification, but dealing with it will 
be much easier once we set a 
maximum concentration for CO2atm 
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Thanks 

To Baylor, to CU, and to you 

For inviting me, for reading the 
article, and for enduring this long 
presentation! 


