
From chemistry to biology



On the menu today

o What part of the carbonate chemistry is biologically 

relevant?

o What part of the local carbonate chemistry shall we 

monitor to infer biological response?

o Shall we care about variability in itself?

o How long shall we monitor to see biological impacts?
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Ocean acidification in a nutshell
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What is driving biological changes?





e.g. Threshold:  < 1.5 for calcifiers
e.g. 80% of present

Is it ?



(Thomsen et al. 2010)

pH 7.5, ara=0.35

Organisms are not pieces of calcium 

carbonate

Acid-base

regulatory

mechanisms



Concept of threshold

Temperature: 0℃



Afreezer

Energy cost

How do you make ice at >0℃



Concept of threshold

=



How to make CaCO3 at <1?

>1 at the calcification site

Physiological mechanisms



pH 5.36, ara=0.01

(Tunnicliffe et al. 2009)

Life adapts to its environment



Omega myth… but…

 can be important for organisms with:

- Exposed skeletal structure (dissolution) 

e.g. corals

- Periods of fast calcification (kinetic

constrains) e.g. larval bivalves



Is it CO3
2-?

Calcification:

Ca++ + CO3
-- -> CaCO3

Ca++ + 2HCO3
- -> CaCO3 + H2O + CO2



Roleda et al. 2012

Seawater CO3
2-

not main bricks

for calcification

Is it CO3
2-?



Why science matters?

Mussels and oysters aquaculture as a CO2 capture method



(Many) animal exposed to ocean 

acidification?

OA

 Calcification

Dissolution

pH

pHe/i
Acid-Base 

regulation

ATP

ATP

ATP

Species sensitivity relates to: ability to protect/compensate & 

energy



Early oyster larvae

OA

 Calcification

Dissolution

pH

pHe/i
Acid-Base

regulation

ATP

ATP

main driver (kinetic constrains) 



Mussels

OA

 Calcification

Dissolution

pH

pHe/i
Acid-Base 

regulation

ATP

ATP



Mussels

Compensatory calcification
Ventura et al. (2016)



Echinoderms

OA

 Calcification

Dissolution

pH

pHe/i
Acid-Base

regulation

ATP

ATP

pH main driver (regulation) 



Echinoderms



Is it CO2?

6CO2 + 6H2O ------> C6H12O6 + 6O2

Photosynthesis



Summary

o Understand your biology to define the key driver(s)
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Population 1 Population 2

--- =

Species- / population- specific



Population 1 Population 2

--- =

Species- / population- specific

Need local data



P(CO2)atm = p(CO2)sw

CO2

CO2
Atmosphere

Seawater

400ppm

400atm pH 8.1

Equilibrium true for open ocean Present: 8.1

OA – 2100: 7.7 (pH: 0.4)



Other parameters are influencing the 

carbonate chemistry in the ocean

✓ Mixing/upwelling

✓ Interaction with other parameters (e.g. temperature, salinity)

✓ Other sources of acidification (nutrients, SOx/NOx)

✓ Biology (photosynthesis, respiration, calcification, etc.)

CO2 CO2 CO2



P(CO2)atm ≠ p(CO2)sw

CO2

CO2
Atmosphere

Seawater

400ppm

200-1400 atm pH 8.7 - 7.6

Biology

E.g. coastal zone

Not in equilibrium Present: 8.7-7.6

OA – 2100: 8.3-7.2 (pH: 0.4)



(Van Straalen 2007)

Global stressors



Population effect



Local adaptation



The more you deviate from 

today, the more negative impact

If you know the present 

variability, you can predict the 

threshold

Local adaptation



Upscale to the world

Same global trends

Differences between phyla



Summary

o Understand your biology to define the key driver(s)

o Need to capture the short-term variability and extremes



Biology is complicated

What are the physico-chemical conditions experienced 

by my organism/ecosystem?

Important to take into account:

✓ Microhabitats



50 mmol O2

pH 7.67

250 mmol O2

pH 8.00

Microhabitats



Before starting your experiment

What are the physico-chemical conditions experienced 

by my organism/ecosystem?

Important to take into account:

✓ Microhabitats

✓ Behaviour

✓ Life-history stages



Behaviour



Life-history stages



Summary

o Understand your biology to define the key driver(s)

o Need to capture the short-term variability and extremes

… experienced by the organism / ecosystem
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Scales of time and variability

Variability:
o Predictable (cycles)
o Unpredictable (extreme 

events)
Exposure:

o Duration (time, life-cycles, 
generations)



Adaptation: ecosystem protection & 

restoration (e.g. seagrass)

Increase biodiversity

Increase resilience

Capture carbon



Short term natural variability

Damboia

Cossa

Echinus esculentus



Create variability

Day: light

= Photosynthesis + respiration

Night: dark

= respiration

O2   CO2  pH

O2   CO2  pH

How will organism respond to this variability?



Design – experimental system

n=3 n=3

Water
+sediment

Water
+sediment
+seagrass

- Natural flowing surface seawater

- 12:12 light

- True replication

- Discrete + continuous measurements

     (temperature, salinity, oxygen, alkalinity, pH)

(X 4 pH)

(8.3 to 7.5)



Seagrass increases the 

variability in pH through 

photosynthesis / respiration

4 different starting pH

4-8x more variability when 

seagrass is present

Chemistry



Decreasing calcification with decreasing pH

Same daily calcification

Seagrass

Water

Daily net calcification
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Summary

o Understand your biology to define the key driver(s)

o Need to capture the short-term variability and extremes

… experienced by the organism / ecosystem

o Variability is important in itself
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Factors modulating biological rate of 

change

✓ Biological sensitivity

✓ Chemical rate of change



Chemical rate of change depends

on where you are

Where to monitor to see biological changes? 



Factors modulating biological rate of 

change

✓ Biological sensitivity

✓ Chemical rate of change

Rate of change

Shorter you need to monitor to see an effect and 

collect robust data



How to estimate how long to monitor to 

see (robust) changes?

Use experimental data



Example: Gullmarsfjord, Sweden



Rate of chemical change

-0.0044 pH unit / year



Combine these data

Step 1: turn time into pH

Time

2020

pH

2030 2040 2050 2060 2070

8.1

o Present pH (observed)
o Average/extreme/etc. depends on 

what is biologically relevant

Or any biologically relevant 
parameter of the carbonate

chemistry



Combine these data

Step 1: turn time into pH

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.1

pH2030 = pH2020 + Rate of chemical change x (2030 – 2020) 

Rate of chemical change = -0.0044 pH unit / year

pH2030 = 8.1 – 0.0044 x 10 = 8.056

8.056

Limitations:
o Rate not constant (mitigation, 

modulating factors)



Combine these data

Step 1: turn time into pH

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect



Biological sensitivity (e.g. blue mussels)

Effect size (in this case, same thing)

Tipping point for normal 

development = pHT 7.765.

Limitations:
o Experimental design
o Adaptation / Acclimation
o Ecological interactions
o Modulating factors
o Etc.

Effect size (%) = 100 x e –e (5.837 x (pH – 7.765))



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect

0.085

0.085303513 = 100 x e –e (5.837 x (8.056 – 7.765))



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect

0.085

0.422765065 = 100 x e –e (5.837 x (8.056 – 7.765))

0.423



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect

0.085 0.423 1.458



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect

0.085 0.423 1.458 3.799



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect

0.085 0.423 1.458 3.799 7.968



Combine these data

Step 2: turn pH into biological effects

Time

2020

pH

2030 2040 2050 2060 2070

8.1 8.18.056 8.012 7.968 7.924 7.88

Biological effect

0.085 0.423 1.458 3.799 7.968 14.133



What can be expected

Biological response

Chemical 

rate of 

change
Biological observation 

(projected)



Step 3: estimate the rate of biological

change

o Not linear
o Need a wide range of pH 

to have the full curve

Range covered by 

2100
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Step 3: estimate the rate of biological

change

Not possible to calculate
real non-linear rate of 
change with incomplete
dataset

In that example, need 200 
years of data



Step 3: estimate the rate of biological

change

10 years of data

Effect size = 0.0332 x Time – 67.043

Linear regression (R2=0.97)

Biological rate: 0.033 % / year



Step 3: estimate the rate of biological

change

40 years of data

Effect size = 0.4266 x Time – 871.03

Linear regression (R2=0.99)

Biological rate: 0.427 % / year

”Maximum” linear growth



Step 3: estimate the rate of biological

change
All curve

Effect size = 0.9196 x Time – 1681

Linear regression (R2=0.99)

Max biological rate: 0.9196 % / year
(linear)
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Estimate the observed maximum rate of change

after different duration of biological monitoring

Step 3: estimate the rate of biological

change



Rate of biological change vs duration of 

monitoring

Need >80 years of data for a robust 

evaluation

Reach saturation



Caution: Factors modulating biological 

rate of change

✓ Biological sensitivity

✓ Chemical rate of change

Rate of change

For this exercise we assumed that both were constants BUT 

both can vary over time



Biological sensitivity

Decreased sensitivity (e.g. Adaptation)

Increased sensitivity (e.g. multiple stressors)



Higher the sensitivity = shorter the 

monitoring

y = 0.91x - 1842.8

R² = 0.9994

y = 0.8861x - 1820.8

R² = 0.9987
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Species sensitivity

The higher the species sensitivity, the faster you observe a 

robust rate of change



Higher the sensitivity = shorter the 

monitoring
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Faster the chemical rate = shorter the 

monitoring

Date to reach robust data: 2100 2070 2050

Threshold



Summary

✓ Biological sensitivity

✓ Chemical rate of change

Rate of change

IF the goal is to observe robust estimate of biological rate of 

change, prioritize locations with high biological sensitivity 

and high chemical rate of change



Summary

o Understand your biology to define the key driver(s)

o Need to capture the short-term variability and extremes

… experienced by the organism / ecosystem

o Variability is important in itself

o Depending on you question and/or your capacities, chose 

location / strategy accordingly
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