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• Multiple stressor focus even more important 
with climate change
o Considerations of what will get worse
o Combined effects

• Keep doing what we’re doing but add
o total alkalinity 
o canaries (biological mimics)
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Breitburg et al., in press; data from Maas et 
al. 2014, Breitburg et al., unpublished
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O2 solubility declines as temperature increases

http://academic.keystone.edu/jskinner/Limnology/Water_Chemistry_LectureNotes_files/image002.jpg



Pörtner & Knust 2007

As temperatures increase, oxygen solubility 
decreases AND oxygen requirements increase



Sokolova et al. 2012
‘limitations of both the amount of available energy and the rates of its acquisition and 
metabolic conversions result in trade-offs between basal maintenance of a stressed 
organism and energy costs of fitness-related functions such as reproduction, 
development and growth’ ..and survival



Calculating pH or pCO2



Warming adds to eutrophication

Capet et al., 2013
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Other critical multiple stressor issues

• Disease –salinity
• Temperature-disease
• Temperature – intertidal exposure
• Salinity & use of intertidal habitat

***real need for downscaling of climate models



A few oyster examples



Low oxygen 
reduces hermocyte
function in oysters-
Boyd & Burnett

Is the susceptibility of oysters 
to Perkinsus marinus

infections (dermo)  increased 
by diel-cycling hypoxia & 

acidification
in shallow water habitats?



Field experiment (2008-09) 
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Diel cycling hypoxia can decrease growth rates 
adult oysters

Breitburg et al., 2015
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Diel-cycling hypoxia can increase the intensity and 
prevalence of P. marinus infections

Breitburg et al., 2015; Keppel et al., in press
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Low salinity year
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cycling down to DO = 0.5, pH = 7.1
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Logit-transformed; Gender and treatment independent variables
Significant effect of gender (p<0.0001), Significant effect of treatment (p=0.0013)
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Scattered other studies…



fresh dredgedweathered

Low pH increases shell 
dissolution rate
Waldbusser et al., 2011



Shell formation: Juveniles

Beniash et al., 2010

Juvenile oyster growth





Modest increases in 
pCO2 reduce growth 
and calcium carbonate 
content of shells of C. 
virginica larvae

Miller et al., 2012



Gobler & Talmage - larvae
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Gobler & Talmage - larvae



Gobler & Talmage - larvae



Temperature, salinity, pH and 
the interaction between 
salinity & pH affect 
calcification by juvenile oysters

Waldbusser et al., 2011



Increasing temperature increases oxygen uptake rates –
especially and low to medium salinity
Shumway & Koehn 1982



Negative effects found 
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• Multiple stressor focus important with climate 
change

• Keep doing what we’re doing (temperature, 
salinity, pH, chl, DO, disease metrics)but add
o total alkalinity 
o canaries (biological mimics and sentinals)

• Take measurements where oysters really occur –
water column for larvae, right on the bottom for 
metamorphosis, and juvenile & adult stages

• Use continuous measurements to capture 
minimum DO, pH, salinity and maximum 
temperature



Why sentinals?
Integrates environmental variables
Can measure multiple responses – growth, 
reproduction, disease
Problem – year to year genetic variation in sentinals

Mimics
Could be useful for measuring internal temperatures 
caused by intertidal exposure

Spat collection plates could help standardize 
measures of potential recruitment
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