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for definition) that have individual and 
interactive effects on ocean biota and 
processes. Increasing atmospheric CO2 
not only acidifies the seawater in which 
it dissolves, but also leads to increased 
air and water temperatures that can melt 
ice, decrease oxygen solubility, and alter 
patterns of precipitation, wind, stratifi-
cation, ventilation, and currents (Doney 
et al., 2012; Levin et al., 2014). Nutrients 
from land-based activities alter pro-
ductivity and biomass, which affect the 
O2 and CO2 content of water through 
respiration and reduced light pene-
tration (Rabalais et  al., 2014; Wallace 
et al., 2014). All of these processes have 
the potential to change the abundances 
and distributions of organisms. Given 
the importance of species interactions, 

a major challenge is predicting effects 
of ocean acidification on species within 
the context of the communities in which 
they occur (Gaylord et al., 2014). 

As the number of stressors acting on 
our coastal and oceanic waters increases, 
the statistical probability of any one 
stressor affecting a critical physiological 
or ecological process increases even in 
the absence of mechanistic interactions 
among them. Because effects of stress-
ors are often non-additive, the design and 
interpretation of research incorporating 
multiple stressors is complex. Whether 
effects of multiple stressors are addi-
tive, greater than additive (synergistic), 
or less than additive (antagonistic) can 
depend on the particular response vari-
able (Griffith et al., 2011), level of ecolog-
ical organization or trophic group studied 
(Crain et al., 2008), and exposure history. 
Compensatory mechanisms and path-
ways within organisms and food webs 
can influence the magnitude and form 
of response. Nevertheless, predicting 
effects of an individual stressor, includ-
ing acidification, in isolation from the 
milieu in which it occurs is problematic 
given the potential for multiple stressors 
to interact in nonlinear ways (Breitburg 
and Riedel, 2005; Boyd and Hutchins, 
2012; Kroeker et  al., 2013, Todgham 
and Stillman, 2013). In order to develop 
ecosystem-based management scenarios 
and approaches that address ocean acidi-
fication, it is necessary to understand the 
sources, interactive effects, and emergent 
consequences of co-occurring stressors. 

THE CHALLENGE
Acidification is occurring in coastal and 
ocean ecosystems where human activ-
ities are increasingly altering chemical, 
physical, and biological processes (Doney 
et al., 2012; Bopp et al., 2013; Duarte et al., 
2013). Changing land-based nutrient, 
sediment, and contaminant inputs, along 
with fisheries, aquaculture, marine trans-
portation, mining, and energy develop-
ment at sea, have the potential to alter the 
severity or effects of acidification on indi-
vidual organisms and whole ecosystems.

The factors most directly responsi-
ble for acidification—increasing CO2 
in Earth’s atmosphere and high rates 
of respiration fueled by anthropogenic 
inputs of nutrients to coastal waters—
create a cascade of stressors (see Box  1 

ABSTRACT. Oceanic and coastal waters are acidifying due to processes dominated in 
the open ocean by increasing atmospheric CO2 and dominated in estuaries and some 
coastal waters by nutrient-fueled respiration. The patterns and severity of acidification, 
as well as its effects, are modified by the host of stressors related to human activities 
that also influence these habitats. Temperature, deoxygenation, and changes in food 
webs are particularly important co-stressors because they are pervasive, and both their 
causes and effects are often mechanistically linked to acidification. Development of a 
theoretical underpinning to multiple stressor research that considers physiological, 
ecological, and evolutionary perspectives is needed because testing all combinations 
of stressors and stressor intensities experimentally is impossible. Nevertheless, use of a 
wide variety of research approaches is a logical and promising strategy for improving 
understanding of acidification and its effects. Future research that focuses on spatial 
and temporal patterns of stressor interactions and on identifying mechanisms by 
which multiple stressors affect individuals, populations, and ecosystems is critical. It 
is also necessary to incorporate consideration of multiple stressors into management, 
mitigation, and adaptation to acidification and to increase public and policy recognition 
of the importance of addressing acidification in the context of the suite of other stressors 
with which it potentially interacts.

 “While ocean acidification has achieved widespread 
recognition, the consequences of acidification caused by 

increasing atmospheric CO2 in conjunction with respiration-
driven acidification and changes in temperature, oxygen, 

productivity, circulation, and other factors has not.

”
. 
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TEMPERATURE, OXYGEN, 
AND FOOD WEBS
Of the vast number of stressors that 
potentially interact with acidification, 
three—increased temperature, decreased 
oxygen, and altered food webs—are inex-
tricably linked (Figure  1). They are all 
consequences of increased CO2 input into 
the atmosphere (Doney et al., 2012), and 
they affect primary production of auto-
trophs and food quantity and quality for 
heterotrophs. Input of land-based nutri-
ents and carbonate species can also alter 
pCO2, pO2, and food supply in receiv-
ing waters. All of these stressors are also 
linked within organisms and food webs 
through their effects on energy require-
ments and supply (Pörtner, 2012), and the 
food web is linked back to environmen-
tal O2 and CO2 levels though the balance 
between photosynthesis and respiration. 
Although the magnitudes of changes in 
temperature, oxygen, and food will vary 
with latitude and among habitats, increas-
ing atmospheric CO2 affects all of these 
stressors and co- occurs with acidification 
globally to varying degrees (Figure 1).

Temperature 
Increasing atmospheric CO2 is the major 
driver of increasing global temperatures 
(IPCC, 2014). Mean global sea surface 
temperature is projected to rise by ~2.7°C 
between the 1990s and the 2090s under 
the business-as-usual model scenario 
RCP 8.5 (Bopp et al., 2013). In addition 
to removing CO2 from the atmosphere, 

the ocean removes a significant amount 
of the heat that results from greenhouse 
gas accumulation (Bopp et al., 2013). 

A 10°C increase in temperature typ-
ically doubles or triples the whole- 
animal metabolic rate of marine ecto-
therms. Elevated temperature and pCO2 
together can additively elevate or limit 
the metabolic rate of animals depend-
ing on the sensitivity of particular pro-
cesses (e.g., blood-oxygen transport) and 
the natural capacity for acid-base regula-
tion (Pörtner et al., 2011). Increased sea-
water temperatures can increase sensi-
tivity to elevated pCO2 (Kroeker et  al., 
2013). For example, elevated tempera-
ture can exacerbate negative effects of 
elevated pCO2 on calcification of coral-
line algae (Martin and Gattuso, 2009) and 
on aggregation and sinking rates of par-
ticles resulting from extracellular trans-
parent exopolymers produced by phyto-
plankton (Seebah et al., 2014). 

Elevated pCO2 has also been suggested 
to narrow the thermal window of marine 
heterotrophs and can limit metabolic 
scope and O2 carrying capacity (Pörtner 
et al., 2011). For example, there are stud-
ies that show decreased ability for sea 
urchin larvae to respond to (O’Donnell 
et al., 2009) or crabs to tolerate (Metzger 
et al., 2007) thermal stress with elevated 
pCO2. Active metabolism in the squid 
Dosidicus gigas is reduced at high tem-
perature and elevated pCO2, most likely 
due to reduced O2 carrying capacity 
(Pörtner et al., 2011). 

Species interactions can sometimes 
modify, or be modified by, the effects 
of co-occurring warming and acidifica-
tion. For example, mesograzers (amphi-
pods and small gastropods) can reduce 
the magnitude of the combined effects 
of these stressors in seagrass commu-
nities and mediate their effects on eco-
system properties such as primary pro-
duction and algal biomass (Alsterberg 
et  al., 2013). Warming and ocean acidi-
fication can also influence predator-prey 
dynamics via altered energy alloca-
tion among maintenance, growth, and 
defense (Kroeker et  al., 2014), altered 
metabolism (O’Donnell et  al., 2009), or 
increased energetic demands in a warmer, 
more acidic ocean.

Oxygen
Deoxygenation is closely linked to acid-
ification through several mechanisms, 
highlighting the importance of consider-
ing these stressors together. Aerobic res-
piration, which uses O2 and releases CO2, 
is a major driver of acidification both in 
metabolically active coastal waters and 
in deeper, bathyal waters where respi-
ration decreases pO2 and elevates pCO2 
over much longer time scales. As a result, 
dissolved oxygen concentrations and 
pH are positively correlated in habitats 
that range from salt marshes and eutro-
phic estuaries (Cai et al., 2011; Baumann 
et al., 2015), to oceanic oxygen minimum 
zones (Paulmier et  al., 2011), to kelp 
forests (Frieder et  al., 2012; Figure  2). 

In this paper, we focus on drivers (environmental and biological 
variables such as acidity, temperature, hypoxia, and disease) that 
have been altered by human activities, and refer to these driv-
ers as “stressors” where they have been altered to the extent 
that the likelihood of eliciting negative responses in physiologi-
cal or ecological processes is increased. Responses to stressors 
occur at all levels of biological and ecological organization, and 
behavioral responses can act as the vehicle to translate effects 
between physiological and ecological scales. 

Understanding and predicting effects of multiple stressors is 
particularly important, but also most difficult, when effects are 
non-additive. In such cases, predictions beyond the exact con-
ditions of experiments require a mechanistic understanding that 
allows for the incorporation of real-world complexity into concep-
tual and quantitative models.

Box 1. What is a Stressor?
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As the atmosphere warms, wind-driven 
upwelling has intensified in some regions 
(Sydeman et  al., 2014). This upwell-
ing causes local shelves to be increas-
ingly bathed by low-pH, low-oxygen 
waters (Feely et al., 2008). Increased sur-
face layer temperatures are predicted to 
increase stratification, reducing ventila-
tion and oxygenation of the ocean interior 
or bottom waters, and increase hypoxia 
(Keeling et  al., 2010). At the same time, 
increasing temperatures reduce O2 solu-
bility (although not partial pressure) in 
seawater. The variety of processes con-
trolling the relationship between pO2 and 
pH or pCO2 results in temporal and spa-
tial patterns that vary in scale and habitat 

specificity (Duarte et al., 2013). 
The combination of elevated pCO2 and 

reduced pO2 can have strong effects on 
physiological processes. For example, pH 
can affect the oxygen-binding ability of 
blood pigments. Some squid families have 
very pH-sensitive respiratory proteins 
and are among the first non-calcifying 
groups considered to be susceptible to 
ocean acidification (Seibel, 2015). The 
combination of elevated pCO2 and low 
pO2 can also decrease the response of 
invertebrates to bacterial (Mikulski et al., 
2000) and protistan pathogens (Boyd 
and Burnett, 1999) by reducing phago-
cytosis and the production of reactive 
oxygen species. Both larval and juvenile 

bivalves can be more strongly affected by 
joint exposure to hypoxia and acidifica-
tion than to hypoxia alone (Gobler et al., 
2014). The effect can vary with age even 
within life stage, can be non-additive, and 
may not be predictable from responses to 
single stressors. In contrast to the above 
examples, there are also some cases where 
responses to mild hypoxia can compen-
sate for negative effects of acidification 
(Mukherjee et al., 2013).

FOOD AND FOOD WEBS 
Acidification has a strong potential to 
alter food web dynamics because both 
the magnitude and direction of its effects 
can be species-, trophic mode-, and 

FIGURE  1. Projected changes in sea surface temperature, pH, dissolved oxygen concentration and primary production in 2090–2099 relative to 
1990–1999 under the RCP8.5 “business-as-usual” model scenario (Bopp et al., 2013). Figure courtesy of Laurent Bopp
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context-dependent. Increasing pCO2 can 
simultaneously stimulate primary pro-
duction (e.g., Riebesell and Tortell, 2011) 
and negatively affect consumer physiol-
ogy (e.g.,  Stumpp et  al., 2013). In addi-
tion, the food web is linked back to 
acidification: photosynthesis fixes carbon 
and lowers CO2 concentrations, while 
respiration increases CO2. Changes in 
food web dynamics may also affect the 
rate of carbon export from the surface 
to the benthos and subsequent storage of 
the carbon in sediment. 

Nutrition and responses to increased 
pCO2 are intimately linked in auto-
trophs. Stimulation of primary produc-
tion by increased pCO2 can be dependent 
on sufficient supplies of other nutri-
ents (e.g., Falkenberg et al., 2012), high-
lighting the importance of the combined 
effects of increased pCO2 and anthro-
pogenic nutrient enrichment in coastal 
waters. Acidification can also exacerbate 
trace element limitations, for example, 
by further decreasing iron bioavailability 
(Sugie et al., 2013). As a result, negative 
effects of high pCO2 on phytoplankton 
can be more pronounced under iron- 
limited conditions.

Increased pCO2 alters the food quality 

of herbivores by inducing shifts in species 
composition and succession (Riebesell 
and Tortell, 2011; Hutchins et  al., 2013) 
as well as toxin concentrations in phyto-
plankton (Kremp et  al., 2012), and by 
affecting nutrient stoichiometry of 
organic matter. A decrease in producer 
quality and palatability has been shown 
to negatively affect grazers such as cope-
pods (Schoo et  al., 2013). Changes such 
as these near the base of the food web 
are likely to propagate to higher trophic 
levels, altering the energy flow and mod-
ifying species and community function-
ing and resilience.

Exposure to elevated pCO2 is often 
associated with increased energy costs in 
consumers (e.g., Stumpp et al., 2012). As a 
result, acidification may be more likely to 
have negative effects on consumers under 
food-limited conditions (e.g.,  Pedersen 
et al., 2014). For example, copepods pro-
duced fewer eggs under experimentally 
elevated pCO2 when food was limited but 
not under ad libitum feeding (Thomsen 
et  al., 2013; Pedersen et  al., 2014). In 
the field, high food availability can out-
weigh ocean acidification effects, some-
times allowing calcifying heterotrophs to 
thrive in high pCO2 environments such 

as the Kiel fjord (Thomsen et  al., 2013). 
However, food limitation does not always 
exacerbate acidification effects. In exper-
iments on Antarctic pteropods, ocean 
acidification led to metabolic suppression 
under high food conditions but not when 
food was limiting (Seibel et al., 2012). 

Food acquisition and digestive pro-
cesses are also sensitive to ocean acidifica-
tion (e.g., Stumpp et al., 2013) as well as to 
other stressors. Sea urchin larvae exposed 
to elevated pCO2 suffered from a drop of 
gastric pH, which directly translated into 
decreased digestive efficiencies and trig-
gered compensatory feeding (Stumpp 
et  al., 2013). In experiments on other 
species, ocean acidification reduced feed-
ing efficiency (Vargas et al., 2013), atten-
uated the induced defenses of prey (Bibby 
et al., 2007), and reduced foraging perfor-
mance of predators (Ferrari et al., 2011). 

Like acidification, some co-occurring 
stressors (e.g.,  elevated temperatures) 
directly influence both primary produc-
ers and consumers with high variability 
in the magnitude and direction of effects. 
Other stressors (e.g.,  nutrient enrich-
ment, fishing) directly target particular 
trophic levels and affect others only indi-
rectly through altered production or con-
sumption rates. The variability of effects 
of individual stressors on trophic inter-
actions and food web structure, and the 
wide range of ways that altered food webs 
can modify stressor effects, are likely to 
translate into highly variable impacts in 
space and time. 

MULTIPLE DRIVERS AND 
MODIFIERS OF ACIDIFICATION
Environmental factors that modify pat-
terns of acidification can also exert phys-
iological stress through independent 
mechanisms, including osmotic stress 
associated with freshwater input, thermal 
stress associated with greenhouse effects 
of increasing atmospheric CO2, and 
increased biomass and hypoxia associ-
ated with anthropogenic nutrient loading 
and intensified upwelling. These potent 
modifiers of acidification combine to 
create patterns of temporal, spatial, and 

FIGURE 2. Relationship between dis-
solved oxygen and pH in: (a) a 0 m 
to 1,000 m depth profile at the Costa 
Rica Dome (Maas et  al., 2011), and 
(b) in < 1 m of water in a salt marsh 
creek in the Rhode River, MD (author 
Breitburg’s unpublished data).
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habitat-specific variation in the severity 
of acidification (Table 1, Figures 3 and 4).

For example, the severity of atmo-
spheric CO2-driven acidification varies 
spatially due to the effects of tempera-
ture on CO2 solubility and the relation-
ship between salinity and alkalinity. 
CO2 is released during remineralization 
of organic carbon, as water circulates 
throughout the ocean over the course of 
centuries and through coastal systems 
over much shorter time scales. High-CO2 
water is brought to the surface via upwell-
ing over multiple spatial and temporal 
scales. Due to greater nutrient availabil-
ity, upwelling and coastal regions gen-
erally support high primary productiv-
ity, which results in enhanced uptake of 
atmospheric CO2 and eventual export of 
CO2 below the pycnocline due to sink-
ing and respiration. Daily and seasonal 
cycles associated with changes in tem-
perature, photosynthesis, circulation, 
tides, and ice cover also drive cycles in 
carbonate chemistry. 

Co-occurrence of acidification with 
other stressors also varies (Figures  1 
and 4). Like acidification, warming and 

deoxygenation are occurring globally, 
with their magnitudes varying geograph-
ically (Bopp et al., 2013). In addition to 
obvious daily and seasonal cycles, tem-
perature fluctuates both on shorter and 
longer time scales as a result of differ-
ent physical processes such as inter-
nal waves and the North Atlantic and 
Pacific Decadal Oscillations. The inten-
sities of coastal stressors are modulated 
by anthropogenic activities, freshwater 
input, and the composition of terres-
trial soil and vegetation (Duarte et  al., 
2013). The following examples from 
polar waters, coral reefs, and estuaries 
illustrate the variety of drivers that affect 
the patterns and severity of acidifica-
tion and some of the range of important 
co-occurring stressors. 

 
Polar Environments
Calcium carbonate saturation states in 
polar surface waters are already relatively 
low (Steinacher et al., 2009) due primar-
ily to the enhanced solubility of CO2 in 
cold water. These systems are therefore 
particularly sensitive to factors that fur-
ther increase pCO2. The most intensive 

warming caused by increasing atmo-
spheric CO2 is occurring at the poles, 
resulting in reduced ice cover, especially 
in the Arctic. Reduced sea ice cover can 
result in increased air-sea exchange and 
increased primary productivity, leading 
to greater uptake of atmospheric CO2. 
Although rising temperatures reduce 
CO2 solubility somewhat, this enhanced 
CO2 uptake, combined with decreased 
alkalinity due to freshwater input from 
ice melt, has already created aragonite 
undersaturation in surface waters of the 
Canada Basin (Yamamoto-Kawai et  al., 
2011) and western Arctic Ocean (Robbins 
et al., 2013). Because polar animals often 
have narrow temperature tolerances 
and low capacity for thermal acclima-
tion (Somero, 2012), intense warming 
near the poles may cause physiological 
stress, range contractions, and migra-
tion into deeper waters. Warming has 
also allowed some temperate species to 
move poleward, leading to altered com-
petitive interactions (Ingels et al., 2012). 
Reduced carbonate saturations states and 
increased acidity may, however, create 
barriers to some poleward migrations. 

 TABLE 1. Overview of the multiple causes of acidification, along with examples of impacted habitats and predominant co-occurring stressors. 

Drivers of Acidification Particularly Impacted Habitats Co-stressors and Coupled Processes

Atmospheric CO2

Worldwide but spatially variable 
(polar waters are particularly 
acidic because CO2 is more 
soluble in cold water) 

Warming strongly affects polar and coral reef organisms and melts sea ice, increasing 
air-sea exchange of CO2. Warming also increases stratification and reduces ventilation 
of the ocean interior, leading to oxygen decline and changes in primary productivity 
due to subsequent changes in nutrient ratios.

Respiration/ 
eutrophication

Estuaries, sediment-based 
benthos, deep waters

Hypoxia, eutrophication. Effects may be mitigated, at least during daylight hours, 
by increased primary productivity in shallow waters, but exacerbated in deepwater 
habitats that receive marine snow where particles sink and decay.

Upwelling Coastal environments, 
equatorial regions

Warming can cause changes in upwelling winds. Nutrient-rich upwelled water can 
exhibit reduced oxygen levels due to respiration, but it is also cooler, which can 
provide relief from thermal stress (e.g., reefs). 

Atmospheric deposition 
of nitrogen and sulfur 
from combustion and 
agricultural activities

Coastal environments pH can increase or decrease, depending on type of deposition.

Ice melt Polar environments
Can lead to altered stratification, light and nutrient availability, freshwater input, and 
increased atmospheric exchange. Freshwater input tends to decrease salinity and 
alkalinity, reducing the buffering capacity of seawater.

Altered terrestrial 
hydrological and 
geochemical cycles

Estuaries and coastal 
environments

Altered alkalinity, alkalinity:DIC ratio, salinity, stratification, eutrophication, 
sedimentation, and terrestrial pollutants. Direction of change will depend on changes 
in the magnitude, form and timing of precipitation.

Precipitation and storms Coral reefs and other shallow 
environments

Reduced salinity and alkalinity. Extreme storms may increase in frequency, and damage 
to reefs may be intensified if acidification weakens reef structures. Wind associated 
with storms mixes and oxygenates hypoxic waters, but precipitation increases 
stratification. 
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Shallow-Water Coral Reefs
Acidification is of particular concern for 
reefs because reef structures are built 
from the calcareous skeletons of corals 
and coralline algae. Carbonate chemis-
try varies on reefs as a result of calcifi-
cation, photosynthesis, and respiration, 
as well as wave energy and morphol-
ogy (Falter et  al., 2013). Physiological 
stress associated with elevated tempera-
tures can result in expulsion of symbiotic 
algae from coral tissues, a global phenom-
enon known as “bleaching” (Baker et al., 
2008). Upwelling of cool, nutrient-rich 
water can provide relief from warming 
(e.g., in the eastern Pacific), but upwelled 
water is also more acidic and lower in 
oxygen. Upwelled nutrients, along with 
epizootics and fisheries removals that 
reduce herbivore populations, can alter 
the ecological balance between benthic 
algae and corals. Climatological warm-
ing may lead to increased frequencies of 
very strong tropical cyclones (Knutson 
et  al., 2010). The damage to reef struc-
tures and reduction in coral cover from 
these storms may be compounded if acid-
ification leads to weakened reef structures 
(Manzello et al., 2008). 

Estuaries
Proximity to dense centers of human 
population and traditional uses of estu-
arine waters for fisheries, shipping, and 
disposal of human waste expose estuar-
ies to many factors that can affect acid-
ity and act as co-stressors with acidifi-
cation. Estuarine carbonate chemistry 
is modified by freshwater inputs, atmo-
spheric deposition, nutrient stimula-
tion of biomass and production, and 
upwelling, and many estuaries experi-
ence natural cycles of acidity and oxy-
gen concentrations driven by respiration, 
photosynthesis, and tides. Freshwater 
input from rivers increases buoyancy and 
therefore stratification, which can stim-
ulate primary productivity but it also 
tends to decouple photosynthesis from 
respiration (Salisbury et  al., 2008). The 
salinity gradients created by the mix-
ing of fresh and saline waters create spa-
tial variation in acidification, and salinity 
itself acts as a co-stressor for many estu-
arine organisms. Nutrient loading from 
both terrestrial runoff and atmospheric 
inputs of sulfur and nitrogen can stim-
ulate primary production and trigger a 
cascade of effects, including decreased 

light penetration, reduced benthic pri-
mary production, altered species com-
position, and intensified respiration lead-
ing to hypoxia (Cloern and Jassby, 2012) 
and acidification. 

Within estuaries, about a quarter of the 
organic inputs are respired by sediments 
(Hopkinson and Smith, 2005). Most of this 
respiration is confined to the upper milli-
meters to centimeters of sediment (Glud, 
2008), elevating pCO2 (and decreasing 
pH and Ω) within a horizon critical to 
bivalve development (Green et al., 2009). 
Sharp pH and pCO2 changes at narrow 
depths within the sediment pose seri-
ous challenges to benthic organisms (Cai 
and Reimers, 1993). The demise of oyster 
reefs resulting from overfishing, disease, 
and poor water quality also results in the 
loss of CaCO3 shells and their potential 
to increase alkalinity (and, therefore, the 
buffering capacity) of near-bottom waters 
(Waldbusser et al., 2013).

Respiratory CO2 currently has a 
greater effect on acidification than atmo-
spheric CO2 in many estuaries. However, 
the latter will exceed the former in many 
systems near the end of the twenty-first 
century (Feely et  al., 2010; Cai et  al., 

FIGURE 3. A wide range of anthropogenic stressors—some related to increasing atmospheric CO2, and some caused by other human activities—can 
modify both the effects and severity of acidification through a variety of pathways. Effects of acidification can be modified when other stressors directly 
affect target species or processes (green arrow) alter the patterns or severity of acidification (blue), or influence targets through both of these path-
ways (red). Acidification can also modulate the effects of other stressors (yellow) and target species and ecological processes that can alter the sever-
ity of patterns of acidification (orange). Each effect may then indirectly influence target species and processes through any of the connecting pathways. 
Examples are shown in arrow labels and colored boxes that match arrow colors.
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2011), and their interactive effect will 
also increase with time (Cai et al., 2011). 
Combined effects of atmospheric CO2 
and respiration on estuarine pCO2 and pH 
will depend on a number of system- and 
location-specific factors, including algal 
bloom dynamics, alkalinity, stratification, 
and freshwater residence time. But if cur-
rent eutrophication is not reduced and 
atmospheric CO2 rises to 800 ppm, even 
the strongly buffered bottom waters of 
the northern Gulf of Mexico will become 
undersaturated for aragonite, with pHtotal 
declining from a pre-industrial pH value 
of 8.19 to 7.34 (Cai et al., 2011). 

WHEN ARE MULTIPLE 
STRESSORS IMPORTANT? 
PARALLELS IN PHYSIOLOGICAL 
AND ECOLOGICAL 
PERSPECTIVES
A theoretical framework for predicting 
the effects of multiple stressors is needed 
because it is impossible to experimen-
tally test all combinations of stressors on 
all organisms and ecological processes of 
interest. Although approaches and end-
points differ, physiologists and ecolo-
gists tend to agree on some of the fea-
tures that are important to consider in 
understanding when and where multi-
ple stressors will cause large, threshold, 
or non-additive effects. 

Modes of Action1

Cellular responses to a stressor that 
decreases the physiological capac-
ity to compensate or respond to a sec-
ond stressor result in greater than addi-
tive stressor effects (Chen and Stillman, 
2012). Responding to several stress-
ors simultaneously can involve multiple 
molecular and cellular signaling pathways 
(i.e.,  modes of action) and can result in 
considerable energy expenditures. Even if 
the way in which stressors act on an organ-
ism is similar, the extra energy expendi-
ture required to cope with multiple chal-
lenges can reduce an organism’s resilience 
to additional challenges (Melzner et  al., 

2013). In contrast, stressors that elicit 
similar response pathways without addi-
tional energy expenditure, and stressors 
with differing modes of action but that 
induce a pathway that is protective against 
a range of stressors, can result in effects 
that are less than additive or less severe 
(Sinclair et al., 2013). 

A concept analogous to modes of 
action is used by ecologists to examine 
whether multiple stressors tend to affect 
the same species or processes within an 
ecosystem (rather than the same physi-
ological pathway within an individual), 
and whether different species or pro-
cesses tend to be susceptible to differ-
ent stressors (negative co-tolerances; 
Vinebrooke et  al., 2004; Crain et  al., 
2008). Multiple stressors tend to elicit 
the largest ecological effects when dif-
ferent species—especially species with 
similar ecological roles—are sensitive 
to different stressors, and when effects 
of one stressor reduce the ability of the 
system to respond to additional stress-
ors. The ecological analog of induc-
ing “protective” pathways may also be 
important. In some cases, once stressors 
cause an ecosystem to become degraded 
or dominated by hardy, stress-tolerant 
species, the new ecosystem state may 
actually be more resilient to additional 
stressors (Côté and Darling, 2010). 

Severity 
Whether the response to multiple 
stressors is additive can also depend 
on the unique combination of values 
(e.g.,  severity, concentration) involved. 
Decreased pH can lead to positive, 
neutral, or negative effects depending 
on the tested temperature (Gianguzza 
et  al., 2013; Sett et  al., 2014; Kroeker 
et  al., 2014). The relationships among 
the typically nonlinear dose-response 
curves of each stressor with the various 
environmental factors that character-
ize a species’ (or population’s) environ-
mental niche create variation in both the 
magnitude and additivity of responses 
to multiple stressors. Severity is import-
ant to consider when scaling up from 
physiological to food web or ecosystem 
responses because severity can deter-
mine whether the responses of inter-
acting species include altered behavior, 
reduced growth and reproduction, or 
mortality. Each of these effects will have 
different consequences for species inter-
actions and will vary in their potential 
to be exacerbated by additional stress-
ors. Stressors that reduce population size 
may be particularly important; by reduc-
ing populations, they may reduce genetic 
variability and thus reduce a popula-
tion’s evolutionary capacity for adapta-
tion (Munday et al., 2013).

FIGURE  4. The co-occurrence of stressors, as well as 
the magnitude and direction of their combined effects, 
vary across space, time, and the levels of biological and 
ecological organization. Mechanisms that influence the 
propagation of stressor effects across scales are partic-
ularly important to predicting multiple stressor effects.

1 A mode of action is an integrated, coordinated molecular, cellular, and physiological response to a stimulus or change in environmental condition(s). 
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Persistent and Sequential Effects 
Exposure to stressors during one part of 
an animal’s life can have lasting impacts 
on its performance later in life (Podolsky 
and Moran, 2006) or on its offspring. The 
energetic costs of responding to mul-
tiple stressors may persist (carry-over 
effects) or only start to manifest in the 
previously exposed organism after it 
has been removed from these condi-

tions (latent effects). Offspring may also 
be affected by parental exposure (trans-
generational effects). Exposure to stress-
ors can have long-term consequences 
that are not fully captured through 
short-term observations. Previous stud-
ies have demonstrated that exposure of 
oyster larvae to elevated pCO2 can result 
in carry-over effects on the growth rate 
of juveniles (Hettinger et  al., 2012) and 
that exposure of urchin adults to ele-
vated pCO2 can cause latent transgen-
erational effects on juvenile survival 
that are not apparent in larvae (Dupont 
et  al., 2013). Transgenerational effects 
of exposure to elevated pCO2 have 
been noted for both Atlantic silver-
sides (Murray et  al., 2014) and three-
spined stickleback (Schade et  al., 2014) 
fishes. Increased energy demand associ-
ated with elevated pCO2  (e.g.,  in fishes; 
Rummer et  al., 2013) may result in less 
energy being allocated to processes that 
are important for long-term aerobic fit-
ness or in there being less energy avail-
able for later developmental stages. These 
persistent effects may be amplified by 
exposure to additional stressors that also 

increase energy demand.
Sequentially applied stressors may be 

particularly important when one stressor 
increases the sensitivity of an organism to 
subsequent stressors. For example, expo-
sure of red king crab embryos to low pH 
reduces subsequent survival of larvae 
under low food conditions (Long et  al., 
2013). Individuals coping with persistent 
stress (e.g., lower pH) could be more sus-

ceptible to additional stressors such as 
heat waves or pulses of freshwater from 
intense storms than if they were living 
under more benign conditions (Miller 
et  al., 2014). Species with complex life 
cycles may be more susceptible to mul-
tiple stressors because life-cycle comple-
tion can be disrupted by stressors in one 
of several habitats (Crozier et al., 2008). 

At higher levels of organization, 
effects can persist if a stressor influ-
ences a slow ecological process or influ-
ences a species or process that is part of a 
“return trajectory” that would otherwise 
allow a system to recover along the same 
path as it was perturbed (Scheffer and 
Carpenter, 2003). This results in a situ-
ation similar to a carry-over effect in an 
organism, where the system is changed 
due to previous exposure to one or more 
stressors. Because of lags or lack of recov-
ery from initial stressors, the order and 
timing of exposure to multiple stressors 
can strongly influence outcomes. In con-
trast, resistance to subsequent stressors 
can be enabled when the initial stress-
ors result in a community dominated by 
stress- resistant species. Degraded coral 

reefs that are composed of disturbance- 
tolerant massive corals are more tolerant 
of thermal stress than more pristine reefs 
composed of both sensitive and tolerant 
species (Darling et al., 2010).  

Number and Pattern of Stressors 
The number and pattern of stressors 
may be especially important in creat-
ing large or threshold changes. As the 
number of stressors increases, the prob-
ability that the mix will include stress-
ors with different modes of action also 
increases. At the level of the individual or 
clone, an increase in the number of stress-
ors with different modes of action could 
increase the likelihood of exceeding phys-
iological plasticity. At the level of the food 
web, the likelihood of affecting different 
species and reducing functional redun-
dancy and compensatory pathways may 
increase (Vinebrooke et al., 2004). As the 
number of stressors increases, the statisti-
cal likelihood that a slow ecological pro-
cess or a species or process that is part of 
a return trajectory will be affected also 
increases. As a result, the likelihood of 
persistent and threshold responses may 
increase. Meta-analyses indicate that the 
probability of greater than additive effects 
increases if more than two stressors are 
present (Crain et al., 2008). 

Spatial and temporal patterns of 
stressor exposure are also particularly 
important when considering multiple- 
stressor effects, whether at the physio-
logical or ecological level of organization. 
Spatial and temporal patterns deter-
mine the co-occurrence of stressors, their 
coincidence with sensitive life states, the 
sequence of exposures, and ultimately the 
cumulative stress impacts. 

THE IMPORTANCE OF MULTIPLE 
RESEARCH APPROACHES 
TO MULTIPLE STRESSOR 
QUESTIONS 
No single research approach can achieve 
all goals or provide a comprehensive 
understanding of the many factors that 
affect acidification as well as its effect on 
organisms. Instead, diverse approaches 

 “Improved literacy in the field of multi-
stressor interactions can help to focus attention 
on the problem and create the political will 
to find solutions that keep our ocean healthy 
for future generations.

”
. 
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1
are needed (Table  2). The goal of any 
suite of approaches should be to gener-
ate and utilize physiological and ecologi-
cal mechanistic understandings that will 
facilitate prediction. Information on the 
patterns of co-occurrence of acidification 
and other stressors in the field can pro-
vide important guidance on the design 
of experiments. Consideration of tem-
poral and spatial scales is important both 
to the design of studies and the inter-
pretation of results. 

Laboratory incubations used to test 
individual species in controlled, single 
or multiple stressor experimental con-
ditions have brought significant insight 
into mechanisms that can provide pre-
dictive power. Mesocosms are often large 
enough to include multiple trophic levels, 
natural light and temperature regimes, 
benthic-pelagic interactions, and other 
processes of interest. They also permit 
manipulations of the pelagic environ-
ment (Riebesell et al., 2012) and measure-
ment of larger-scale natural processes like 
aggregation and particle sinking. Natural 
gradient experiments take advantage 
of the fact that the ocean is replete 

with strong natural gradients in hydro-
graphic parameters that can act as stress-
ors and that manifest in space or time. 
These gradients may offer valuable clues 
about how natural systems may respond 
to multiple stressors on different scales, 
including over evolutionary time. In both 
manipulative experiments and studies of 
natural populations, high-throughput 
molecular approaches will likely pro-
vide new insight into effects of multi-
ple stressors on populations and com-
munities (genomics and metagenomics) 
as well as mechanisms and pathways 
through which stressors combine to 
affect organisms (transcriptomics, 
proteomics, and metabolomics). Studies 
of the fossil and geochemical records, 
geochemical proxies (Levin et  al., 2015, 
in this issue), models, and meta-analyses 
have the potential to provide a more 
synthetic view of multiple stressor con-
sequences. The general strengths and 
weaknesses of these approaches are not 
unique to multiple stressor acidification 
research, but the urgency and complexity 
of the problem argue for the need to use 
all available tools. 

RESEARCH PRIORITIES 
Several areas and approaches for future 
research are clearly necessary to improve 
our understanding and ability to predict 
the complex dynamics of systems chal-
lenged by multiple stressors that include 
ocean acidification.

1. We must better characterize the spa-
tial and temporal patterns of potentially 
interacting stressors occurring in natu-
ral systems. This includes creating and 
enhancing observing systems in a variety 
of pelagic, benthic, and shallow-water 
habitats in estuaries, coastal waters, and 
the open ocean. We need to identify and 
understand the occurrence and vari-
ability of components that are physical, 
chemical, and biological in nature. With 
a better characterization of natural sys-
tems, it will be possible to design exper-
iments that reveal mechanisms behind 
the biological responses (from physio-
logical to ecosystem scales) to multiple 
stressors most relevant to current condi-
tions and future scenarios.

 TABLE 2. Research approaches to predict effects of multiple stressors on effects of acidification. The list is not intended to be exhaustive.

Research Approach Advantages Disadvantages Example of Use to Examine Multiple 
Stressors that Include Acidification

Laboratory 
incubations Can test specific mechanisms • Most simplified conditions relative to 

natural exposures
Temperature and pCO2 effects on crucial 
oxygen partial pressure (Seibel, 2011)

Mesocosms and 
FOCE (free ocean 
CO2 enrichment) 
experiments

Can often include more natural 
variation and complexity in 
physical environment and 
ecological interactions

• Can be difficult to disentangle the 
contribution of specific processes to net 
responses within mesocosms harboring 
a complex community

• Expense limits replication and number 
of treatments to parse out individual and 
interactive effects of several stressors

Presence of grazers eliminated beneficial 
effects of increased pCO2 and warming on 
benthic microalgae (Alsterberg et al., 2013)

Natural gradient 
experiments and 
field sampling

Possible to use natural 
gradients, including outplant 
and transplant experiments, to 
better understand the relative 
contributions of covarying factors

• Difficult or impossible to control for 
co-varying factors

• Gene flow from non-affected 
populations may limit conclusions about 
potential evolutionary responses 

Mussels grew more at higher pCO2 site 
with higher particulate organic carbon 
(POC) and particulate organic nitrogen 
(PON) than at lower pCO2 site with lower 
POC and PON (Thomsen et al., 2013)

Fossil record 
and geochemical 
signatures

Provides insight into historical 
consequences of processes 
of interest

• Possibility of extinct organisms irrelevant 
to extant communities

• Inability to confidently know all 
environmental parameters during time 
period of interest

Acidification and hypoxia during the 
Eocene Thermal Maximum 2 and the 
Paleocene Eocene Thermal Maximum 
(Foster et al., 2013) 

Modeling and 
meta-analysis

Can synthesize results of diverse 
sources and approaches in a 
predictive construct

• Dependent on other approaches to 
generate input data and mechanisms

• Difficult to incorporate full range of 
natural complexity

Acidification worsened hypoxia 
by reducing mineral ballast fluxes 
(Hofmann and Schellnhuber, 2009)



3
4
5

6
net benefits from action. Ocean manage-
ment options must be assessed in terms 
of effectiveness, cost, scalability, and 
direct and indirect environmental con-
sequences. In many cases, trade-offs will 
arise because solutions that may main-
tain or maximize some ecosystem ser-
vices potentially may also have negative 
effects or trade-offs for other ocean uses 
(Ruckelshaus et  al., 2013). Some of the 
proposed solutions to ocean acidification 
are similar to those needed to address 
long-standing environmental problems 
such as high nutrient loads to estuarine 
and coastal waters. Often problems arise 
because of conflicting economic interests 
and values of distinct stakeholder groups. 
Therefore, managing ocean acidification 
and co-occurring stressors requires sub-
stantial efforts to improve science- policy 
coordination, raise public awareness, 
establish (or adapt existing) legal and reg-
ulatory frameworks, develop better gov-
ernance, and address and reduce political 
barriers to action (e.g., Kelly et al., 2011). 

Mitigation of estuarine and coastal 
acidification, hypoxia, and poor water 
quality are linked via the need to 
reduce land-based sources of pollu-
tion (e.g.,  excess nutrients, erosion of 
soil organic matter, nitrogen and sulfur 
emissions to the atmosphere). Options 
have also been proposed for remediating 
coastal waters by, for example, restoration 
efforts that would enhance algal and sea-
grass carbon uptake and in turn reduce 
eutrophication, hypoxia, and acidifica-
tion. Some proposed CO2 removal meth-
ods involve making seawater more alka-
line, which could potentially also address 
acidification directly on some scale, 
though none of these approaches has 
moved beyond either design studies or 
small-scale pilot investigations. 

Adaptation strategies focus on 
strengthening the resilience of eco-
systems and human systems in the face of 
ongoing, and perhaps rising, stressor lev-
els such that these systems maintain key 
functions and delivery of essential ben-
efits and services. Proposed adaptation 
efforts for acidification include reducing 
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2 individual and generational adaptation 
to multiple stressors.  While looking to 
the future, we can also look to the past 
for guidance. Examining the geological 
record and making use of geochemical 
proxies (Levin et al., 2015, in this issue) 
allows us to test effects at more complex 
natural ecological scales and to include 
natural variability.

6. It is necessary to recognize that all of 
these stressors, interactions, and mecha-
nisms have the potential to change over 
different habitats and seasons. By integrat-
ing observing systems, stressor identifica-
tion, mechanistic approaches to identify-
ing impacts, mesocosm/field studies, and 
model development, it is possible both to 
make unanticipated discoveries and to 
improve our predictive capacity for iden-
tifying the impacts of multiple stressors 
across marine environments.

MANAGING FOR MULTIPLE 
STRESSORS
The biological and ecological effects of 
ocean acidification and other stressors 
have the potential to substantially degrade 
many of the marine ecosystem services 
upon which human communities around 
the world depend (e.g.,  Cooley et  al., 
2009; Doney et al., 2012). Ocean manage-
ment approaches to reducing the negative 
impacts of ocean acidification have been 
proposed for coastal and coral reef sys-
tems (Strong et al., 2014) and have been 
developed at the regional planning level 
(Washington State Blue Ribbon Panel 
on Ocean Acidification, 2012). Similar 
to other global-scale environmental 
problems, management approaches can 
be roughly divided into (1) mitigation 
options that aim to limit the underlying 
drivers of acidification and other stress-
ors, and (2) adaptation options that aim 
to minimize the negative impacts of these 
stressors on natural and managed eco-
systems and human communities. 

A key to managing multiple stressors is 
to identify underlying commonalities in 
solutions to address more than one ocean 
stressor simultaneously, thus maximizing 

2. As the number of potential stressors is 
almost limitless, it is important to iden-
tify those stressors most likely to interact 
with acidification, causing effects at a level 
likely to substantially alter the system. 
Environmental conditions that might be 
innocuous on their own may show debil-
itating impacts to the system when com-
bined with elevated pCO2, or may exert 
a mitigating effect with elevated pCO2. 
Variability must be considered: for exam-
ple, fluctuating conditions and static con-
ditions differ in stimulating resilience and 
negative responses.

3. Approaches that lead to a better under-
standing of stressor effects across a range 
of intensities and temporal and spa-
tial scales should be emphasized. This 
includes studies that assess responses to 
a gradient of stressors and examine tip-
ping points that might also be pres-
ent. It will also be necessary to under-
stand responses to long-term exposure, 
including both adaptive and evolution-
ary responses. Understanding mecha-
nisms driving these responses on cellular, 
organismal, or ecosystem levels will result 
in data more useful for model projections 
and upscaling.  

4. Additional mechanistic research focus-
ing on specific levels of organization is 
still required to build predictive models; 
finding underlying mechanisms that are 
general across species and processes is 
important. When examining these mech-
anisms, it is essential to consider nuances 
that might have particular beneficial or 
negative influences on different organ-
isms. In addition, understanding how 
acidification alters food webs in conjunc-
tion with other stressors will be critical to 
predicting effects in nature.

5. Predictive models are needed to 
advance the understanding of multiple 
stressor effects. Once created, predictive 
models should be validated with meso-
cosm and field experiments, and at least 
some should be run on extended time-
frames to allow for the incorporation of 



Oceanography  |  June 2015 59

local stressors such as overfishing, ero-
sion, and pollution, and incorporat-
ing global-scale ecological pressures in 
regional marine spatial planning frame-
works. Enhanced flexibility is required in 
spatial planning and resource manage-
ment, which is also typically place- and 
time-based, to address the already on-
going shifts in the geographic ranges of 
marine populations, community compo-
sition, and fishery harvests in response 
to multiple stressors. Growing evidence 
of differential susceptibility and acclima-
tion of organisms, subpopulations, and 
communities to acidification and other 
stressors can be incorporated into man-
agement by targeting local refugia for 
special protection or by adapting aqua-
culture practices. Overlying all of these 
efforts is the need for improved and coor-
dinated monitoring networks of the cou-
pled natural-human system.

CONCLUSIONS
There is a strong need to raise aware-
ness globally that CO2 accumulation 
in the atmosphere is changing multi-
ple aspects of the ocean environment, 
potentially with major negative conse-
quences. These ocean changes are the 
true face of climate change. While ocean 
acidification is widely recognized, the 
consequences of acidification caused by 
increasing atmospheric CO2 in conjunc-
tion with respiration-driven acidifica-
tion and changes in temperature, oxygen, 
productivity, circulation, and other fac-
tors is not. A major effort that commu-
nicates this important point is needed 
that targets all stakeholders—the pub-
lic, regulators, policymakers, industry, 
and other scientists. Improved literacy 
in the field of multi-stressor interactions 
can help to focus attention on the prob-
lem and create the political will to find 
solutions that keep our ocean healthy 
for future generations. 

ACKNOWLEDGEMENTS. We would like to 
thank the organizers of the 2013 Ocean Acidification 
principal investigators meeting for bringing the 
authors together to focus on this important issue, 
and S.R. Cooley and the other editors of this vol-
ume for their help and support throughout the writing 

process. A. Maas provided data plotted in Figure 2a. 
DLB thanks K. Cottingham for sharing ideas on multi-
ple stressors, and I. Fang and H. Soulen for collecting 
data plotted in Fig. 2b. Funding for research on acidifi-
cation and multiple stressors was provided by NOAA-
CSCOR NA10NOS4780138 to DLB, NASA NNX14AL8 
to JS, NSF OCE-1219948 to JMB, NSF OCE-927445 
and OCE-1041062 to LAL, NSF EF-1041070 to W-JC, 
a Linnaeus grant from the Swedish Research Councils 
VR and Formas to SD, NSF EF-0424599 to SCD, 
NSF OCE-1041038 to UP, NSF EF-1316113 to BAS, 
NSF ANT-1142122 to AET, NSF OCE-1316040 to AMT, 
and the NOAA Ocean Acidification Program Office to 
BP, LMM, and WCL. The findings and conclusions in 
the paper are those of the authors and do not nec-
essarily represent the views of the National Marine 
Fisheries Service, NOAA.

REFERENCES
Alsterberg, C., J.S. Eklöf, L. Gamfeldt, J.N. Havenhand, 

and K. Sundbäck. 2013. Consumers mediate the 
effects of experimental ocean acidification and 
warming on primary producers. Proceedings of the 
National Academy of Sciences of the United States 
of America 110:8,603–8,608, http://dx.doi.org/ 
10.1073/pnas.1303797110.

Baker, A.C., P.W. Glynn, and B. Riegl. 2008. Climate 
change and coral reef bleaching: An ecological 
assessment of long-term impacts, recovery trends 
and future outlook. Estuarine, Coastal and Shelf 
Science 80:435–471, http://dx.doi.org/10.1016/ 
j.ecss.2008.09.003.

Baumann, H., R.B. Wallace, T. Tagliaferri, and 
C.J. Gobler. 2015. Large natural pH, CO2 and O2 
fluctuations in a temperate tidal salt marsh on diel, 
seasonal, and interannual time scales. Estuaries 
and Coasts 38:220–231, http://dx.doi.org/10.1007/
s12237-014-9800-y.

Bibby, R., P. Cleall-Harding, S. Rundle, S. Widdicombe, 
and J. Spicer. 2007. Ocean acidification disrupts 
induced defenses in the intertidal gastropod 
Littorina littorea. Biology Letters 3:699–701.

Bopp, L., L. Resplandy, J. Orr, S. Doney, J. Dunne, 
M. Gehlen, P. Halloran, C. Heinze, T. Ilyina, and 
R. Séférian. 2013. Multiple stressors of ocean 
ecosystems in the 21st century: projections with 
CMIP5 models. Biogeosciences 10:6,225–6,245, 
http://dx.doi.org/10.5194/bg-10-6225-2013.

Boyd, J.N., and L.E. Burnett. 1999. Reactive oxy-
gen intermediate production by oyster hemo-
cytes exposed to hypoxia. Journal of Experimental 
Biology 202:3,135–3,143.

Boyd, P.W., and D.A. Hutchins. 2012. Understanding 
the responses of ocean biota to a complex 
matrix of cumulative anthropogenic change. 
Marine Ecology Progress Series 470:125–135, 
http://dx.doi.org/10.3354/meps10121.

Breitburg, D.L., and G.F. Riedel. 2005. Multiple stress-
ors in marine systems. Pp.167–182 in Marine 
Conservation Biology: The Science of Maintaining 
the Sea’s Biodiversity. E.A. Norse and L.B. Crowder, 
eds, Island Press, Washington.

Cai, W.-J., X. Hu, W.-J. Huang, M.C. Murrell, 
J.C. Lehrter, S.E. Lohrenz, W.-C. Chou, W. Zhai, 
J.T. Hollibaugh, and Y. Wang. 2011. Acidification 
of subsurface coastal waters enhanced by eutro-
phication. Nature Geoscience 4:766–770, 
http://dx.doi.org/10.1038/ngeo1297.

Cai, W.-J., and C.E. Reimers. 1993. The develop-
ment of pH and pCO2 microelectrodes for study-
ing the carbonate chemistry of pore waters near 
the sediment-water interface. Limnology and 
Oceanography 38:1,762–1,773, http://dx.doi.org/ 
10.4319/lo.1993.38.8.1762.

Chen, X., and J.H. Stillman. 2012. Multigenerational 
analysis of temperature and salinity variability 
affects on metabolic rate, generation time, and 

acute thermal and salinity tolerance in Daphnia 
pulex. Journal of Thermal Biology 37:185–194, 
http://dx.doi.org/10.1016/j.jtherbio.2011.12.010.

Cloern, J.E., and A.D. Jassby. 2012. Drivers of change 
in estuarine-coastal ecosystems: Discoveries 
from four decades of study in San Francisco 
Bay. Reviews of Geophysics 50, RG4001, 
http://dx.doi.org/10.1029/2012RG000397.

Cooley, S.R., H.L. Kite-Powell, and S.C. Doney. 
2009. Ocean acidification’s potential to 
alter global marine ecosystem services. 
Oceanography 22(4):172–181, http://dx.doi.org/ 
10.5670/oceanog.2009.106.

Côté, I.M., and E.S. Darling. 2010. Rethinking ecosys-
tem resilience in the face of climate change. PLOS 
Biology 8(7):e1000438, http://dx.doi.org/10.1371/
journal.pbio.1000438.

Crain, C.M., K. Kroeker, and B.S. Halpern. 2008. 
Interactive and cumulative effects of mul-
tiple human stressors in marine systems. 
Ecology Letters 11:1,304–1,315, http://dx.doi.org/ 
10.1111/j.1461-0248.2008.01253.x.

Crozier, L., A. Hendry, P. Lawson, T. Quinn, 
N. Mantua, J. Battin, R. Shaw, and R. Huey. 
2008. Potential responses to climate change 
in organisms with complex life histories: evolu-
tion and plasticity in Pacific salmon. Evolutionary 
Applications 1:252–270, http://dx.doi.org/10.1111/ 
j.1752-4571.2008.00033.x.

Darling, E.S., T.R. McClanahan, and I.M. Côté. 2010. 
Combined effects of two stressors on Kenyan coral 
reefs are additive or antagonistic, not synergistic. 
Conservation Letters 3:122–130, http://dx.doi.org/ 
10.1111/j.1755-263X.2009.00089.x.

Doney, S.C., M. Ruckelshaus, J.E. Duffy, J.P. Barry, 
F. Chan, C.A. English, H.M. Galindo, J.M. Grebmeier, 
A.B. Hollowed, and N. Knowlton. 2012. Climate 
change impacts on marine ecosystems. Annual 
Review of Marine Science 4:11–37, http://dx.doi.org/ 
10.1146/annurev-marine-041911-111611.

Duarte, C.M., I.E. Hendriks, T.S. Moore, Y.S. Olsen, 
A. Steckbauer, L. Ramajo, J. Carstensen, 
J.A. Trotter, and M. McCulloch. 2013. Is ocean acid-
ification an open-ocean syndrome? Understanding 
anthropogenic impacts on seawater pH. Estuaries 
and Coasts 36:221–236, http://dx.doi.org/10.1007/
s12237-013-9594-3.

Dupont, S., N. Dorey, M. Stumpp, F. Melzner, and 
M. Thorndyke. 2013. Long-term and trans-life-
cycle effects of exposure to ocean acidification 
in the green sea urchin Strongylocentrotus droe-
bachiensis. Marine Biology 160:1,835–1,843, 
http://dx.doi.org/10.1007/s00227-012-1921-x.

Falter, J.L., R.J. Lowe, Z. Zhang, and M. McCulloch. 
2013. Physical and biological controls on the car-
bonate chemistry of coral reef waters: Effects of 
metabolism, wave forcing, sea level, and geomor-
phology. PLoS ONE 8(1):e53303, http://dx.doi.org/ 
10.1371/journal.pone.0053303.

Falkenberg, L.J., B.D. Russell, and S.D. Connell. 
2012. Stability of strong species interactions resist 
the synergistic effects of local and global pol-
lution in kelp forests. PLoS ONE 7(3):e33841, 
http://dx.doi.org/10.1371/journal.pone.0033841.

Feely, R.A., S.R. Alin, J. Newton, C.L. Sabine, 
M. Warner, A. Devol, C. Krembs, and C. Maloy. 
2010. The combined effects of ocean acidifi-
cation, mixing, and respiration on pH and car-
bonate saturation in an urbanized estuary. 
Estuarine, Coastal and Shelf Science 88:442–449, 
http://dx.doi.org/10.1016/j.ecss.2010.05.004.

Feely, R.A., C.L. Sabine, J.M. Hernandez-Ayon, 
D. Ianson, and B. Hales. 2008. Evidence for 
upwelling of corrosive “acidified” water onto 
the continental shelf. Science 320:1,490–1,492, 
http://dx.doi.org/10.1126/science.1155676.

http://dx.doi.org/10.1073/pnas.1303797110
http://dx.doi.org/10.1073/pnas.1303797110
http://dx.doi.org/10.1016/j.ecss.2008.09.003
http://dx.doi.org/10.1016/j.ecss.2008.09.003
http://dx.doi.org/10.1007/s12237-014-9800-y
http://dx.doi.org/10.1007/s12237-014-9800-y
http://dx.doi.org/10.5194/bg-10-6225-2013
http://dx.doi.org/10.3354/meps10121
http://dx.doi.org/10.1038/ngeo1297
http://dx.doi.org/10.4319/lo.1993.38.8.1762
http://dx.doi.org/10.4319/lo.1993.38.8.1762
http://dx.doi.org/10.1016/j.jtherbio.2011.12.010
http://dx.doi.org/10.1029/2012RG000397
http://dx.doi.org/10.5670/oceanog.2009.106
http://dx.doi.org/10.5670/oceanog.2009.106
http://dx.doi.org/10.1371/journal.pbio.1000438
http://dx.doi.org/10.1371/journal.pbio.1000438
http://dx.doi.org/10.1111/j.1461-0248.2008.01253.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01253.x
http://dx.doi.org/10.1111/j.1752-4571.2008.00033.x
http://dx.doi.org/10.1111/j.1752-4571.2008.00033.x
http://dx.doi.org/10.1111/j.1755-263X.2009.00089.x
http://dx.doi.org/10.1111/j.1755-263X.2009.00089.x
http://dx.doi.org/10.1146/annurev-marine-041911-111611
http://dx.doi.org/10.1146/annurev-marine-041911-111611
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1007/s12237-013-9594-3
http://dx.doi.org/10.1007/s00227-012-1921-x
http://dx.doi.org/10.1371/journal.pone.0053303
http://dx.doi.org/10.1371/journal.pone.0053303
http://dx.doi.org/10.1371/journal.pone.0033841
http://dx.doi.org/10.1016/j.ecss.2010.05.004
http://dx.doi.org/10.1126/science.1155676


Oceanography |  Vol.28, No.260

Ferrari, M.C., M.I. McCormick, P.L. Munday, 
M.G. Meekan, D.L. Dixson, O. Lonnstedt, and 
D.P. Chivers. 2011. Putting prey and predator 
into the CO2 equation–qualitative and quantita-
tive effects of ocean acidification on predator–
prey interactions. Ecology Letters 14:1,143–1,148, 
http://dx.doi.org/10.1111/j.1461-0248.2011.01683.x.

Foster, L.C., D.N. Schmidt, E. Thomas, S. Arndt, and 
A. Ridgwell. 2013. Surviving rapid climate change in 
the deep sea during the Paleogene hyperthermals. 
Proceedings of the National Academy of Sciences 
of the United States of America 110:9,273–9,276, 
http://dx.doi.org/10.1073/pnas.1300579110.

Frieder, C., S. Nam, T. Martz, and L. Levin. 2012. High 
temporal and spatial variability of dissolved oxy-
gen and pH in a nearshore California kelp forest. 
Biogeosciences 9:3,917–3,930, http://dx.doi.org/ 
10.5194/bg-9-3917-2012.

Gaylord, B., K.J. Kroeker, J.M. Sunday, K.M. Anderson, 
J.P. Barry, N.E. Brown, S.D. Connell, S. Dupont, 
K.E. Fabricius, J.M. Hall-Spencer and others. 2014. 
Ocean acidification through the lens of ecolog-
ical theory. Ecology 96:3–15, http://dx.doi.org/ 
10.1890/14-0802.1.

Gianguzza, P., G. Visconti, F. Gianguzza, S. Vizzini, 
G. Sarà, and S. Dupont. 2013. Temperature modu-
lates the response of the thermophilous sea urchin 
Arbacia lixula early life stages to CO2-driven acidi-
fication. Marine Environmental Research. 93:70–77, 
http://dx.doi.org/10.1016/j.marenvres.2013.07.008.

Glud, R.N. 2008. Oxygen dynamics of marine sedi-
ments. Marine Biology Research 4:243–289.

Gobler, C.J., E.L. DePasquale, A.W. Griffith, and 
H. Baumann. 2014. Hypoxia and acidification 
have additive and synergistic negative effects 
on the growth, survival, and metamorphosis of 
early life stage bivalves. PLoS ONE 9:e83648, 
http://dx.doi.org/10.1371/journal.pone.0083648.

Green, M.A., G.G. Waldbusser, S.L. Reilly, K. Emerson, 
and S. O’Donnell. 2009. Death by dissolu-
tion: Sediment saturation state as a mortal-
ity factor for juvenile bivalves. Limnology and 
Oceanography 54:1,037–1,047, http://dx.doi.org/ 
10.4319/lo.2009.54.4.1037.

Griffith, G.P., E.A. Fulton, and A.J. Richardson. 2011. 
Effects of fishing and acidification-related benthic 
mortality on the southeast Australian marine eco-
system. Global Change Biology 17:3,058–3,074, 
http://dx.doi.org/10.1111/j.1365-2486.2011.02453.x.

Hettinger, A., E. Sanford, T.M. Hill, A.D. Russell, 
K.N. Sato, J. Hoey, M. Forsch, H.N. Page, and 
B. Gaylord. 2012. Persistent carry-over effects 
of planktonic exposure to ocean acidification 
in the Olympia oyster. Ecology 93:2,758–2,768, 
http://dx.doi.org/10.1890/12-0567.1.

Hofmann, M., and H.-J. Schellnhuber. 2009. Oceanic 
acidification affects marine carbon pump and trig-
gers extended marine oxygen holes. Proceedings 
of the National Academy of Sciences of the 
United States of America 106:3,017–3,022, 
http://dx.doi.org/ 10.1073/pnas.0813384106.

Hopkinson, C.S., and E.M. Smith. 2005. Estuarine 
respiration: An overview of benthic, pelagic, 
and whole system respiration. Pp. 122–146 in 
Respiration in Aquatic Ecosystems. P. del Giorgio 
and P. Williams, eds, http://dx.doi.org/10.1093/ 
acprof:oso/9780198527084.003.0008.

Hutchins, D.A., F.X. Fu, E.A. Webb, N. Walworth, and 
A. Tagliabue. 2013. Taxon-specific response of 
marine nitrogen fixers to elevated carbon dioxide 
concentrations. Nature Geoscience 6:790–795, 
http://dx.doi.org/10.1038/ngeo1858.

Ingels, J., A. Vanreusel, A. Brandt, A.I. Catarino, 
B. David, C. De Ridder, P. Dubois, A.J. Gooday, 
P. Martin, and F. Pasotti. 2012. Possible 
effects of global environmental changes on 

Antarctic benthos: A synthesis across five 
major taxa. Ecology and Evolution 2:453–485, 
http://dx.doi.org/10.1002/ece3.96.

IPCC. 2014. Climate Change 2014: Impacts, 
Adaptation, and Vulnerability. Part A: Global 
and Sectoral Aspects. Contribution of Working 
Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. 
Cambridge University Press, New York, 
New York, USA.

Keeling, R.F., A. Körtzinger, and N. Gruber. 
2010. Ocean deoxygenation in a warm-
ing world. Annual Review of Marine 
Science 2:199–229, http://dx.doi.org/10.1146/
annurev.marine.010908.163855.

Kelly, R.P., M. Foley, W. Fisher, R. Feely, B. Halpern, 
G. Waldbusser, and M. Caldwell. 2011. 
Mitigating local causes of ocean acidification 
with existing laws. Science 332:1,036–1,037, 
http://dx.doi.org/10.1126/science.1203815.

Knutson, T.R., J.L. McBride, J. Chan, K. Emanuel, 
G. Holland, C. Landsea, I. Held, J.P. Kossin, 
A. Srivastava, and M. Sugi. 2010. Tropical cyclones 
and climate change. Nature Geoscience 3:157–163, 
http://dx.doi.org/10.1038/ngeo779.

Kremp, A., A. Godhe, J. Egardt, S. Dupont, 
S. Suikkanen, S. Casabianca, and A. Penna. 
2012. Intraspecific variability in the response 
of bloom-forming marine microalgae to 
changed climate conditions. Ecology and 
Evolution 2:1,195–1,207, http://dx.doi.org/10.1002/
ece3.245.

Kroeker, K.J., R.L. Kordas, R. Crim, I.E. Hendriks, 
L. Ramajo, G.S. Singh, C.M. Duarte, and 
J.P. Gattuso. 2013. Impacts of ocean acidifica-
tion on marine organisms: quantifying sensitivi-
ties and interaction with warming. Global Change 
Biology 19:1,884–1,896, http://dx.doi.org/10.1111/
gcb.12179.

Kroeker, K.J., E. Sanford, B.M. Jellison, and B. Gaylord. 
2014. Predicting the effects of ocean acidification 
on predator-prey interactions: A conceptual frame-
work based on coastal molluscs. The Biological 
Bulletin 226:211–222.

Levin, L.A., B. Hönisch, and C.A. Frieder. 
2015. Geochemical proxies for esti-
mating faunal exposure to ocean acid-
ification. Oceanography 28(2):62–73, 
http://dx.doi.org/10.5670/oceanog.2015.32.

Levin, L.A., K.-K. Liu, K.-C. Emeis, D.L. Breitburg, 
J. Cloern, C. Deutsch, M. Giani, A. Goffart, 
E.E. Hofmann, Z. Lachkar, and others. 2014. 
Comparative biogeochemistry-ecosystem- 
human interactions on dynamic continen-
tal margins. Journal of Marine Systems 141:3–17, 
http://dx.doi.org/10.1016/j.jmarsys.2014.04.016.

Long, C.W., K.M. Swiney, and R.J. Foy. 2013. Effects 
of ocean acidification on the embryos and lar-
vae of red king crab, Paralithodes camtschat-
icus. Marine Pollution Bulletin 69:38–47, 
http://dx.doi.org/10.1016/j.marpolbul.2013.01.011.

Maas, A.E., L.E. Elder, H.M. Dierssen, and B.A. Seibel. 
2011. Metabolic response of Antarctic pteropods 
(Mollusca: Gastropoda) to food deprivation and 
regional productivity. Marine Ecology Progress 
Series 441:129–139, http://dx.doi.org/10.3354/
meps09358.

Manzello, D.P., J.A. Kleypas, D.A. Budd, C.M. Eakin, 
P.W. Glynn, and C. Langdon. 2008. Poorly 
cemented coral reefs of the eastern tropi-
cal Pacific: Possible insights into reef devel-
opment in a high-CO2 world. Proceedings 
of the National Academy of Sciences of the 
United States of America 105:10,450–10,455, 
http://dx.doi.org/10.1073/pnas.0712167105.

Martin, S., and J.P. Gattuso. 2009. Response 
of Mediterranean coralline algae to ocean 
acidification and elevated temperature. 
Global Change Biology 15:2,089–2,100, 
http://dx.doi.org/10.1111/j.1365-2486.2009.01874.x.

Melzner, F., J. Thomsen, W. Koeve, A. Oschlies, 
M.A. Gutowska, H.W. Bange, H.P. Hansen, and 
A. Körtzinger. 2013. Future ocean acidification will 
be amplified by hypoxia in coastal habitats. Marine 
Biology 160:1,875–1,888, http://dx.doi.org/10.1007/
s00227-012-1954-1.

Metzger, R., F.J. Sartoris, M. Langenbuch, and 
H.O. Pörtner. 2007. Influence of elevated CO2 
concentrations on thermal tolerance of the edi-
ble crab Cancer pagurus. Journal of Thermal 
Biology 32:144–151, http://dx.doi.org/10.1016/ 
j.jtherbio.2007.01.010.

Mikulski, C.M., L.E. Burnett, and K.G. Burnett. 2000. 
The effects of hypercapnic hypoxia on the survival 
of shrimp challenged with Vibrio parahaemolyticus. 
Journal of Shellfish Research 19:301–311.

Miller, S.H., S. Zarate, E.H. Smith, B. Gaylord, 
J.D. Hosfelt, and T.M. Hill. 2014. Effect of ele-
vated pCO2 on metabolic responses of porce-
lain crab (Petrolisthes cinctipes) larvae exposed to 
subsequent salinity stress. PLoS ONE 9:e109167, 
http://dx.doi.org/10.1371/journal.pone.0109167.

Mukherjee, J., K.K. Wong, K.H. Chandramouli, 
P.Y. Qian, P.T. Leung, R.S. Wu, and V. Thiyagarajan. 
2013. Proteomic response of marine inverte-
brate larvae to ocean acidification and hypoxia 
during metamorphosis and calcification. The 
Journal of Experimental Biology 216:4,580–4,589, 
http://dx.doi.org/10.1242/jeb.094516.

Munday, P.L., R.R. Warner, K. Monro, J.M. Pandolfi, 
and D.J. Marshall. 2013. Predicting evolutionary 
responses to climate change in the sea. Ecology 
Letters 16:1,488–1,500, http://dx.doi.org/10.1111/
ele.12185.

Murray, C.S., A. Malvezzi, C.J. Gobler, and 
H. Baumann. 2014. Offspring sensitivity to ocean 
acidification changes seasonally in a coastal marine 
fish. Marine Ecology Progress Series 504:1–11, 
http://dx.doi.org/10.3354/meps10791.

O’Donnell, M.J., L.M. Hammond, and G.E. Hofmann. 
2009. Predicted impact of ocean acidification on a 
marine invertebrate: Elevated CO2 alters response 
to thermal stress in sea urchin larvae. Marine 
Biology 156:439–446, http://dx.doi.org/10.1007/
s00227-008-1097-6.

Paulmier, A., D. Ruiz-Pino, and V. Garçon. 2011. 
CO2 maximum in the oxygen minimum 
zone (OMZ). Biogeosciences 8:239–252, 
http://dx.doi.org/10.5194/bg-8-239-2011.

Pedersen, S.A., O.J. Håkedal, I. Salaberria, A. Tagliati, 
L.M. Gustavson, B.M. Jenssen, A.J. Olsen, 
and D. Altin. 2014. Multigenerational expo-
sure to ocean acidification during food lim-
itation reveals consequences for copepod 
scope for growth and vital rates. Environmental 
Science & Technology 48:12,275–12,284, 
http://dx.doi.org/10.1021/es501581j.

Podolsky, R.D., and A.L. Moran. 2006. Integrating 
function across marine life cycles. Integrative 
and Comparative Biology 46:577–586, 
http://dx.doi.org/10.1093/icb/icl026.

Pörtner, H.O. 2012. A new challenge. Journal of 
Thermal Biology 37:547, http://dx.doi.org/10.1016/ 
j.jtherbio.2012.06.009.

Pörtner, H.O., M. Gutowska, A. Ishimatsu, 
M. Lucassen, F. Melzner, and B. Seibel. 2011. Effects 
of ocean acidification on nektonic organisms. 
Pp. 154–175 in Ocean Acidification. J.P. Gattuso 
and L. Hansson, eds, Oxford University Press, 
Oxford.

Rabalais, N.N., W.-J. Cai, J. Carstensen, 
D.J. Conley, B. Fry, X. Hu, Z. Quinones-Rivera, 
R. Rosenberg, C.P. Slomp, and R.E. Turner. 2014. 

http://dx.doi.org/10.1111/j.1461-0248.2011.01683.x
http://dx.doi.org/10.1073/pnas.1300579110
http://dx.doi.org/10.5194/bg-9-3917-2012
http://dx.doi.org/10.5194/bg-9-3917-2012
http://dx.doi.org/10.1890/14-0802.1
http://dx.doi.org/10.1890/14-0802.1
http://dx.doi.org/10.1016/j.marenvres.2013.07.008
http://dx.doi.org/10.1371/journal.pone.0083648
http://dx.doi.org/10.4319/lo.2009.54.4.1037
http://dx.doi.org/10.4319/lo.2009.54.4.1037
http://dx.doi.org/10.1111/j.1365-2486.2011.02453.x
http://dx.doi.org/10.1890/12-0567.1
http://dx.doi.org/10.1073/pnas.0813384106
http://dx.doi.org/10.1093/acprof:oso/9780198527084.003.0008
http://dx.doi.org/10.1093/acprof:oso/9780198527084.003.0008
http://dx.doi.org/10.1038/ngeo1858
http://dx.doi.org/10.1002/ece3.96
http://dx.doi.org/10.1146/annurev.marine.010908.163855
http://dx.doi.org/10.1146/annurev.marine.010908.163855
http://dx.doi.org/10.1126/science.1203815
http://dx.doi.org/10.1038/ngeo779
http://dx.doi.org/10.1002/ece3.245
http://dx.doi.org/10.1002/ece3.245
http://dx.doi.org/10.1111/gcb.12179
http://dx.doi.org/10.1111/gcb.12179
http://dx.doi.org/10.5670/oceanog.2015.32
http://dx.doi.org/10.1016/j.jmarsys.2014.04.016
http://dx.doi.org/10.1016/j.marpolbul.2013.01.011
http://dx.doi.org/10.3354/meps09358
http://dx.doi.org/10.3354/meps09358
http://dx.doi.org/10.1073/pnas.0712167105
http://dx.doi.org/10.1111/j.1365-2486.2009.01874.x
http://dx.doi.org/10.1007/s00227-012-1954-1
http://dx.doi.org/10.1007/s00227-012-1954-1
http://dx.doi.org/10.1016/j.jtherbio.2007.01.010
http://dx.doi.org/10.1016/j.jtherbio.2007.01.010
http://dx.doi.org/10.1371/journal.pone.0109167
http://dx.doi.org/10.1242/jeb.094516
http://dx.doi.org/10.1111/ele.12185
http://dx.doi.org/10.1111/ele.12185
http://dx.doi.org/10.3354/meps10791
http://dx.doi.org/10.1007/s00227-008-1097-6
http://dx.doi.org/10.1007/s00227-008-1097-6
http://dx.doi.org/10.5194/bg-8-239-2011
http://dx.doi.org/10.1021/es501581j
http://dx.doi.org/10.1093/icb/icl026
http://dx.doi.org/10.1016/j.jtherbio.2012.06.009
http://dx.doi.org/10.1016/j.jtherbio.2012.06.009


Oceanography  |  June 2015 61

Eutrophication-driven deoxygenation in the 
coastal ocean. Oceanography 27(1):172–183, 
http://dx.doi.org/ 10.5670/oceanog.2014.21.

Riebesell, U., J. Czerny, K.V. Bröckel, T. Boxhammer, 
J. Büdenbender, M. Deckelnick, M. Fischer, 
D. Hoffmann, S. Krug, and U. Lentz. 2012. Technical 
note: A mobile sea-going mesocosm system–
new opportunities for ocean change research. 
Biogeosciences Discussions 9:12,985–13,017, 
http://dx.doi.org/10.5194/bg-10-1835-2013.

Riebesell, U., and P.D. Tortell. 2011. Effects of ocean 
acidification on pelagic organisms and ecosystems. 
Pp. 99–121 in Ocean Acidification. J.P. Gattuso and 
L. Hansson, eds, Oxford University Press, Oxford.

Robbins, L.L., J.G. Wynn, J.T. Lisle, K.K. Yates, 
P.O. Knorr, R.H. Byrne, X. Liu, M.C. Patsavas, 
K. Azetsu-Scott, and T. Takahashi. 2013. Baseline 
monitoring of the western Arctic Ocean esti-
mates 20% of Canadian Basin surface waters 
are undersaturated with respect to aragonite. 
PLoS ONE 8:e73796, http://dx.doi.org/10.1371/
journal.pone.0073796.

Ruckelshaus, M., S. Doney, H. Galindo, J. Barry, 
F. Chan, J. Duffy, C. English, S. Gaines, 
J. Grebmeier, and A. Hollowed. 2013. Securing 
ocean benefits for society in the face of cli-
mate change. Marine Policy 40:154–159, 
http://dx.doi.org/10.1016/j.marpol.2013.01.009.

Rummer, J.L., J.A. Stecyk, C.S. Couturier, S.-A. Watson, 
G.E. Nilsson, and P.L. Munday. 2013. Elevated 
CO2 enhances aerobic scope of a coral 
reef fish. Conservation Physiology 1:cot023, 
http://dx.doi.org/10.1093/conphys/cot023.

Salisbury, J.E., D. Vandemark, C.W. Hunt, 
J.W. Campbell, W.R. McGillis, and W.H. McDowell. 
2008. Seasonal observations of surface 
waters in two Gulf of Maine estuary-plume sys-
tems: Relationships between watershed attri-
butes, optical measurements and surface pCO2. 
Estuarine, Coastal and Shelf Science 77:245–252, 
http://dx.doi.org/10.1016/j.ecss.2007.09.033.

Schade, F.M., C. Clemmesen, and K.M. Wegner. 2014. 
Within- and transgenerational effects of ocean 
acidification on life history of marine three-spined 
stickleback (Gasterosteus aculeatus). Marine 
Biology 161:1,667–1,676, http://dx.doi.org/10.1007/
s00227-014-2450-6.

Scheffer, M., and S.R. Carpenter. 2003. 
Catastrophic regime shifts in ecosystems: Linking 
theory to observation. Trends in Ecology & 
Evolution 18:648–656, http://dx.doi.org/10.1016/ 
j.tree.2003.09.002.

Schoo, K.L., A.M. Malzahn, E. Krause, and M. Boersma. 
2013. Increased carbon dioxide availability alters 
phytoplankton stoichiometry and affects car-
bon cycling and growth of a marine plank-
tonic herbivore. Marine Biology 160:2,145–2,155, 
http://dx.doi.org/10.1007/s00227-012-2121-4.

Seebah, S., C. Fairfield, M.S. Ullrich, and U. Passow. 
2014. Aggregation and sedimentation of 
Thalassiosira weissflogii (diatom) in a warmer and 
more acidified future ocean. PLoS ONE 9:e112379, 
http://dx.doi.org/10.1371/journal.pone.0112379.

Seibel, B.A. 2011. Critical oxygen levels and metabolic 
suppression in oceanic oxygen minimum zones. 
The Journal of Experimental Biology 214:326–336, 
http://dx.doi.org/10.1242/jeb.049171.

Seibel, B.A. 2015. Environmental physiology of 
the jumbo squid, Dosidicus gigas (d’Orbigny, 
1835) (Cephalopoda: Ommastrephidae): 
Implications for changing climate. American 
Malacological Bulletin 33:1–13, http://dx.doi.org/ 
10.4003/006.033.0113.

Seibel, B.A., A.E. Maas, and H.M. Dierssen. 2012. 
Energetic plasticity underlies a variable response 
to ocean acidification in the pteropod, Limacina 
helicina antarctica. PLoS ONE 7:e30464, 
http://dx.doi.org/10.1371/journal.pone.0030464.

Sett, S., L.T. Bach, K.G. Schulz, S. Koch-Klavsen, 
M. Lebrato, and U. Riebesell. 2014. Temperature 
modulates coccolithophorid sensitivity of growth, 
photosynthesis and calcification to increasing sea-
water pCO2. PLoS ONE 9:e88308, http://dx.doi.org/ 
10.1371/journal.pone.0088308.

Sinclair, B.J., L.V. Ferguson, G. Salehipour-Shirazi, 
and H.A. MacMillan. 2013. Cross-tolerance and 
cross-talk in the cold: Relating low tempera-
tures to desiccation and immune stress in insects. 
Integrative and Comparative Biology 53:545–556, 
http://dx.doi.org/10.1093/icb/ict004.

Somero, G.N. 2012. The physiology of global change: 
linking patterns to mechanisms. Annual Review of 
Marine Science 4:39–61, http://dx.doi.org/10.1146/
annurev-marine-120710-100935.

Steinacher, M., F. Joos, T. Frolicher, G.-K. Plattner, 
and S.C. Doney. 2009. Imminent ocean acidi-
fication in the Arctic projected with the NCAR 
global coupled carbon cycle-climate model. 
Biogeosciences 6:515–533, http://dx.doi.org/ 
10.5194/bg-6-515-2009.

Strong, A.L., K.J. Kroeker, L.T. Teneva, L.A. Mease, and 
R.P. Kelly. 2014. Ocean Acidification 2.0: managing 
our changing coastal ocean chemistry. BioScience, 
http://dx.doi.org/10.1093/biosci/biu072.

Stumpp, M., M. Hu, I. Casties, R. Saborowski, 
M. Bleich, F. Melzner, and S. Dupont. 2013. 
Digestion in sea urchin larvae impaired 
under ocean acidification. Nature Climate 
Change 3:1,044–1,049, http://dx.doi.org/10.1038/
nclimate2028.

Stumpp, M., M.Y. Hu, F. Melzner, M.A. Gutowska, 
N. Dorey, N. Himmerkus, W.C. Holtmann, 
S.T. Dupont, M.C. Thorndyke, and M. Bleich. 2012. 
Acidified seawater impacts sea urchin larvae 
pH regulatory systems relevant for calcification. 
Proceedings of the National Academy of Sciences 
of the United States of America 109:18,192–18,197, 
http://dx.doi.org/10.1073/pnas.1209174109.

Sugie, K., H. Endo, K. Suzuki, J. Nishioka, H. Kiyosawa, 
and T. Yoshimura. 2013. Synergistic effects 
of pCO2 and iron availability on nutrient con-
sumption ratio of the Bering Sea phytoplank-
ton community. Biogeosciences 10:6,309–6,321, 
http://dx.doi.org/10.5194/bg-10-6309-2013.

Sydeman, W., M. García-Reyes, D. Schoeman, 
R. Rykaczewski, S. Thompson, B. Black, and 
S. Bograd. 2014. Climate change and wind inten-
sification in coastal upwelling ecosystems. 
Science 345:77–80, http://dx.doi.org/10.1126/
science.1251635.

Thomsen, J., I. Casties, C. Pansch, A. Körtzinger, and 
F. Melzner. 2013. Food availability outweighs ocean 
acidification effects in juvenile Mytilus edulis: 
Laboratory and field experiments. Global Change 
Biology 19:1,017–1,027, http://dx.doi.org/10.1111/
gcb.12109.

Todgham, A.E., and J.H. Stillman. 2013. Physiological 
responses to shifts in multiple environmen-
tal stressors: Relevance in a changing world. 
Integrative and Comparative Biology 53:539–544, 
http://dx.doi.org/10.1093/icb/ict086.

Vargas, C.A., M. de la Hoz, V. Aguilera, V. San Martín, 
P.H. Manríquez, J.M. Navarro, R. Torres, 
M.A. Lardies, and N.A. Lagos. 2013. CO2-driven 
ocean acidification reduces larval feeding effi-
ciency and changes food selectivity in the mollusk 
Concholepas concholepas. Journal of Plankton 
Research, http://dx.doi.org/10.1093/plankt/fbt045.

Vinebrooke, R.D., K. Cottingham, M.S. Norberg, 
S. Dodson, S. Maberly, and U. Sommer. 2004. 
Impacts of multiple stressors on biodiversity 
and ecosystem functioning: The role of species 
co-tolerance. Oikos 104:451–457, http://dx.doi.org/ 
10.1111/j.0030-1299.2004.13255.x.

Waldbusser, G.G., E.N. Powell, and R. Mann. 
2013. Ecosystem effects of shell aggre-
gations and cycling in coastal waters: An 
example of Chesapeake Bay oyster reefs. 
Ecology 94:895–903, http://dx.doi.org/ 
10.1890/12-1179.1.

Wallace, R.B., H. Baumann, J.S. Grear, R.C. Aller, 
and C.J. Gobler. 2014. Coastal ocean acidi-
fication: The other eutrophication problem. 
Estuarine, Coastal and Shelf Science 148:1–13, 
http://dx.doi.org/10.1016/j.ecss.2014.05.027.

Washington State Blue Ribbon Panel on Ocean 
Acidification. 2012. Ocean Acidification: From 
Knowledge to Action, Washington State’s Strategic 
Response.

Yamamoto-Kawai, M., F.A. McLaughlin, and 
E.C. Carmack. 2011. Effects of ocean acidifica-
tion, warming and melting of sea ice on ara-
gonite saturation of the Canada Basin surface 
water. Geophysical Research Letters 38, L03601, 
http://dx.doi.org/10.1029/2010GL045501.

AUTHORS. Denise L. Breitburg (breitburgd@
si.edu) is Senior Scientist, Smithsonian 
Environmental Research Center, Edgewater, MD, 
USA. Joseph Salisbury is Research Assistant 
Professor, Ocean Processes Analysis Laboratory, 
University of New  Hampshire, Durham, NH, USA. 
Joan M. Bernhard is Senior Scientist, Geology 
and Geophysics Department, Woods Hole 
Oceanographic Institution (WHOI), Woods Hole, 
MA, USA. Wei-Jun Cai is Professor, School of 
Marine Science and Policy, University of Delaware, 
Newark, DE, USA. Sam Dupont is Researcher, 
Department of Biological and Environmental 
Sciences, University of Gothenburg, Fiskebäckski, 
Sweden. Scott C. Doney is Department Chair, Marine 
Chemistry and Geochemistry Department, WHOI, 
Woods Hole, MA, USA. Kristy J. Kroeker is Assistant 
Professor, Department of Ecology and Evolutionary 
Biology, University of California Santa Cruz, 
Santa Cruz, CA, USA. Lisa A. Levin is Professor, 
Center for Marine Biodiversity and Conservation, 
Scripps Institution of Oceanography, La  Jolla, CA, 
USA. W. Christopher Long is Biologist, National 
Oceanic and Atmospheric Administration (NOAA), 
National Marine Fisheries Service (NMFS), Kodiak, 
AK, USA. Lisa M. Milke is Research Fishery Biologist, 
NOAA, NMFS, Milford, CT, USA. Seth H. Miller is 
Postdoctoral Fellow, Smithsonian Environmental 
Research Center, Edgewater, MD, USA. Beth Phelan is 
Research Fishery Biologist, NOAA, NMFS, Highlands, 
NJ, USA. Uta Passow is Research Oceanographer, 
Marine Science Institute, University of California Santa 
Barbara, Santa Barbara, CA, USA. Brad A. Seibel is 
Associate Professor, Biological Sciences Department, 
University of Rhode Island, Kingston, RI, USA. 
Anne E. Todgham is Assistant Professor, Department 
of Animal Science, University of California Davis, 
Davis, CA, USA. Ann M. Tarrant is Associate Scientist, 
Biology Department, WHOI, Woods Hole, MA, USA.

ARTICLE CITATION
Breitburg, D.L., J. Salisbury, J.M. Bernhard, 
W.-J. Cai, S. Dupont, S.C. Doney, K.J. Kroeker, 
L.A. Levin, W.C. Long, L.M. Milke, S.H. Miller, 
B. Phelan, U. Passow, B.A. Seibel, A.E. Todgham, and 
A.M. Tarrant. 2015. And on top of all that… Coping with 
ocean acidification in the midst of many stressors. 
Oceanography 28(2):48–61, http://dx.doi.org/10.5670/
oceanog.2015.31.

http://dx.doi.org/10.5670/oceanog.2014.21
http://dx.doi.org/10.5194/bg-10-1835-2013
http://dx.doi.org/10.1371/journal.pone.0073796
http://dx.doi.org/10.1371/journal.pone.0073796
http://dx.doi.org/10.1016/j.marpol.2013.01.009
http://dx.doi.org/10.1093/conphys/cot023
http://dx.doi.org/10.1016/j.ecss.2007.09.033
http://dx.doi.org/10.1007/s00227-014-2450-6
http://dx.doi.org/10.1007/s00227-014-2450-6
http://dx.doi.org/10.1016/j.tree.2003.09.002
http://dx.doi.org/10.1016/j.tree.2003.09.002
http://dx.doi.org/10.1007/s00227-012-2121-4
http://dx.doi.org/10.1371/journal.pone.0112379
http://dx.doi.org/10.1242/jeb.049171
http://dx.doi.org/10.4003/006.033.0113
http://dx.doi.org/10.4003/006.033.0113
http://dx.doi.org/10.1371/journal.pone.0030464
http://dx.doi.org/10.1371/journal.pone.0088308
http://dx.doi.org/10.1371/journal.pone.0088308
http://dx.doi.org/10.1093/icb/ict004
http://dx.doi.org/10.1146/annurev-marine-120710-100935
http://dx.doi.org/10.1146/annurev-marine-120710-100935
http://dx.doi.org/10.5194/bg-6-515-2009
http://dx.doi.org/10.5194/bg-6-515-2009
http://dx.doi.org/10.1093/biosci/biu072
http://dx.doi.org/10.1038/nclimate2028
http://dx.doi.org/10.1038/nclimate2028
http://dx.doi.org/10.1073/pnas.1209174109
http://dx.doi.org/10.5194/bg-10-6309-2013
http://dx.doi.org/10.1126/science.1251635
http://dx.doi.org/10.1126/science.1251635
http://dx.doi.org/10.1111/gcb.12109
http://dx.doi.org/10.1111/gcb.12109
http://dx.doi.org/10.1093/icb/ict086
http://dx.doi.org/10.1093/plankt/fbt045
http://dx.doi.org/10.1111/j.0030-1299.2004.13255.x
http://dx.doi.org/10.1111/j.0030-1299.2004.13255.x
http://dx.doi.org/10.1890/12-1179.1
http://dx.doi.org/10.1890/12-1179.1
http://dx.doi.org/10.1016/j.ecss.2014.05.027
http://dx.doi.org/10.1029/2010GL045501
mailto:breitburgd@si.edu
mailto:breitburgd@si.edu
http://dx.doi.org/10.5670/oceanog.2015.31
http://dx.doi.org/10.5670/oceanog.2015.31

	University of Rhode Island
	DigitalCommons@URI
	2015

	And on Top of All That… Coping with Ocean Acidification in the Midst of Many Stressors
	Denise L. Breitburg
	John Salisbury
	See next page for additional authors
	Terms of Use
	Citation/Publisher Attribution
	Authors


	tmp.1548864488.pdf.8zIyW

