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Changes in the Earth’s environment are now sufficiently complex that our abil-
ity to forecast the emergent ecological consequences of ocean acidification
(OA) is limited. Such projections are challenging because the effects of OA
may be enhanced, reduced or even reversed by other environmental stressors
or interactions among species. Despite an increasing emphasis on multifactor
and multispecies studies in global change biology, our ability to forecast out-
comes at higher levels of organization remains low. Much of our failure lies in
a poor mechanistic understanding of nonlinear responses, a lack of specificity
regarding the levels of organization at which interactions can arise, and an
incomplete appreciation for linkages across these levels. To move forward,
we need to fully embrace interactions. Mechanistic studies on physiological
processes and individual performance in response to OA must be comple-
mented by work on population and community dynamics. We must also
increase our understanding of how linkages and feedback among multiple
environmental stressors and levels of organization can generate nonlinear
responses to OA. This will not be a simple undertaking, but advances are of
the utmost importance as we attempt to mitigate the effects of ongoing
global change.

1. Introduction

Environmental change, which encompasses a wide range of physical and
chemical changes, is outpacing our ability to forecast its consequences. Several
issues limit our understanding of the emergent effects of these changes. First,
CO,-driven environmental change comprises a suite of stressors with different
and sometimes opposing patterns of occurrence and effects on species. Inter-
actions between OA and other environmental stressors, defined here as
natural or anthropogenic pressures that cause measureable biological responses,
both positive or negative [1], can determine species responses [2,3]. Context is
critical for forecasting the ecological effects of OA, and studies spanning a
wide range of conditions are crucial to accurately interpret experiments.
Second, the combined effects of multiple stressors on individual species will
be mediated by the interactions with other species in an ecosystem [4]. Thus,
studies are needed in diverse, functioning ecosystems that incorporate species
interactions and compensatory dynamics.

© 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
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Figure 1. Conceptual figure highlighting how non-additive effects of environmental change drivers can arise within an organism, population or community despite a
lack of non-additivity at lower levels of organization. For a single species exposed to two drivers (e.g. warming x high (O, or low 0,), the coloured symbols
represent (a) changes in individual-level performance (circles), (b) intraspecific population responses at a static point in time (bars), (c) intraspecific population
growth trajectories (lines) based on the scenarios presented in panel (b), and (d) alterations to one such set of growth trajectories (panel ¢, centre) when influenced
by negative (left) or positive species interactions (right). For all graphs, blue represents the current ‘control’ conditions, green represents acidification (or low
oxygen), orange represents warming, and red represents the simultaneous application of both stressors. The dotted line in panel (b) represents zero population
growth (A = 1). In these examples, a change in thermal performance with exposure to low oxygen or high (0, can create antagonistic, additive or synergistic
effects [12] (a). Species physiological responses can result in population persistence or extinction if growth rates are pushed past a demographic threshold (b,c).
Interactions among species can also push populations past demographic thresholds (d), as when negative species interactions reduce population growth rates
(shifting the orange trajectory from growth (in panel (c), centre) to decline (in panel (d), left)) or when positive interactions enhance population growth rates
(shifting the green trajectory from decline (in panel (c), centre) to growth (in panel (d), right)). In such cases, indirect effects can override the direct effects
at lower levels of organization.

Interactions among multiple environmental stressors, where
the ecological effect of one is dependent on the magnitude of
another, are very common across ecosystems [5-7]. These inter-
actions can lead to non-additive outcomes, where the combined
effects are more or less than expected (synergistic or antagonistic,
respectively) compared with an additive or multiplicative

model. However, our ability to predict interaction outcomes is
very limited [6,8]. Several recent reviews highlight the need for
a more mechanistic understanding of the physiological
responses to OA and multiple stressors [9] and suggest a frame-
work for scaling up these physiological effects to ecosystems
[10,11]. Here, we expand that perspective to discuss how the
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underlying causes of non-additive outcomes of OA and other
stressors may be due to interactions at or among several levels
of organization (figure 1).

2. Interactions within the environmental milieu

Increasing atmospheric CO, concentrations are causing a
wide range of physical and chemical changes both on land
and sea that interact [13]. For example, temperature influences
seawater carbonate chemistry, such that warming will affect
OA by decreasing CO, solubility and affecting the disso-
ciation coefficients of the carbonate system, leading to higher
saturation states given the same CO, concentration [14].
Environmental change is also likely to affect other physical
and chemical factors associated with organismal performance.
For example, the biological availability of heavy metals in
the environment is enhanced by a reduction in pH, which
increases the toxicity of these contaminants [12]. In cases
such as these, researchers must ensure that OA effects are
examined at appropriate levels of potentially interacting factors
[15] and recognize that the ecological effects of OA may vary
spatially and temporally, resulting in a mosaic of effects due
to overlapping and interacting factors [3].

3. Interactions within an organism

At the physiological level, changes in an environmental stres-
sor may exert selective pressure on traits that increase
susceptibility or tolerance to a second stressor, such as OA
[16]. The combined effect is in part due to whether both stres-
sors stimulate or impair similar or different physiological
pathways. For example, a stressor can increase susceptibility
if it impairs a pathway that is critical in mounting a response
to a second stressor (e.g. low oxygen levels preventing organ-
isms from mounting a heat shock response to warming [17]).
By contrast, a stressor can increase tolerance if it activates a
pathway that is used in response to a second stressor [18].
For example, exposure to elevated temperature can prepare
an organism to elicit a stress response to low oxygen [19].
In all of these scenarios, the history of exposure to the
different stressors can further define the outcomes [9].

One simplified way to envision nonlinear outcomes of
multiple stressors is to consider each stressor as having a
threshold beyond which performance is inhibited, but the
position of this threshold is dependent on the level of
additional, interacting factors [20], such as OA lowering
species” upper thermal lethal limits [21] (figure 1a). Elucidating
the energy budgets for species of concern may provide a
framework for incorporating the effects of interactions among
multiple stressors. For example, a non-additive outcome of
exposure to multiple stressors may arise when energy expended
via maintenance metabolism exceeds energy gained through
photosynthesis or consumption, creating a tipping point
beyond which exposure results in death [20].

4. Threshold dynamics in populations

At the population level, non-additive outcomes could arise
through the additive accumulation of effects on physiological
processes when the cumulative effect crosses a demographic tip-
ping point. For example, even a small, additive effect of a second
stressor could cause population growth rate to switch from

positive to negative (figure 1b). If sustained, the consequences
of such combined effects may result in local extinction when
the drivers co-occur (figure 1c). Thus, additivity at one level of
organization does not preclude non-additivity at another.

5. Interactions within a community

Environmentally mediated changes in per capita interaction
strength of species with strong influence on the community,
including keystone species [22] or ecosystem engineers [23],
can also have cascading effects on the abundance of other
species. Even small increases in the abundance or per capita
effects of competitors and consumers that nudge population
growth rates of a focal species downwards could cause non-
additive outcomes in response to OA if the population is
pushed past key demographic thresholds (figure 1d, left).
By contrast, increased resource availability (and the concomi-
tant reduction in competition) or increased facilitation via
habitat provision can increase population growth rates,
potentially pushing the population past the threshold from
negative to positive growth (figure 1d, right). Thus, non-
additive effects of multiple stressors can arise in populations
in a community setting due to interactions with other species,
even when/if multiple stressors combine additively for the
organism or population alone (figure 14). While the mechan-
isms underlying community responses to OA and multiple
stressors can be ecological in nature, these effects primarily
stem from physiological changes of the constituent species.
Intra- or interspecies differences in responses to multiple
stressors can also lead to non-additive outcomes in ecosystem
function depending on whether species’ tolerance or adaptive
ability covaries [16]. If functional redundancy is low or many
functionally similar species have similar responses to OA,
then the effects on the ecosystem may be much greater than
expected based on population-level responses of single
species. Exposure to multiple stressors could increase the
probability of non-additive changes in ecosystem function
even among communities with high variability in tolerance
or adaptive ability among species to single drivers, due to
the probability that more species within the community are
likely to be affected as the number of stressors increases.

6. Moving forward

At the physiological level, a better understanding of the func-
tional responses to single stressors, such as OA, is critical for
building the theoretical framework necessary to forecast the
combined effects of multiple stressors. Energy allocation con-
cepts, commonly used to describe responses to temperatures
[24], will be useful to assess the costs of physiological and
adaptive responses and can provide important guidance
for OA [25]. These theoretical frameworks can then inform
population-level studies regarding the combined effects of
multiple stressors on energy budgets and vital rates governing
population dynamics. At the community level, long-term
manipulative field experiments that incorporate natural
variation in other environmental factors through time, as well
as organismal acclimation or adaptation, may provide
unparalleled insight into the emergent effects of ocean
change. Long-term experiments in terrestrial grasslands can
provide important guidance here [26]. Moreover, coordinated
manipulative OA experiments that span a range of
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environmental conditions will be critical for understanding
generalities in ecosystem responses [27]. In marine ecosystems,
natural analogue systems, such as CO, vents, could be
especially useful to cross with other stressors. In all of these
approaches, a focus on organismal traits or ecosystem
responses that allow comparisons across levels of biological
organization can reduce the likelihood of ecological surprises
and improve the practical application of global change biology
to conservation and management.

Authors” contributions. K.J.K., R.L.K. and C.D.G.H. conceived of and
drafted the manuscript. All authors agreed to be held accountable
for the content therein and approve the final version of the
manuscript.

Competing interests. We have no competing interests.

Funding. K.J.K. was supported by the David and Lucille Packard Foun-
dation, the Sloan Foundation and NSF (OCE 1524377). R.L.K. was
supported by NSF (PRFB 1401656). C.D.G.H. and K]J.K. were
supported by the Peter Wall Institute for Advanced Studies, and
C.D.G.H. was supported by NSERC (2016-05441).

Multiple stressors in a changing world: the need
for an improved perspective on the physiological
responses to the dynamic marine environment.

marine fishes through the oxygen limitation of
thermal tolerance. Science 315, 95-97. (doi:10.
1126/science.1135471)

References
Boyd PW, Hutchins DA. 2012 Understanding the Annu. Rev. Mar. Sci. 8, 357—378. (doi:10.1146/ 18.  Sinclair BJ, Ferguson LV, Salehipour-shirazi G,
complex matrix of cumulative anthropogenic annurev-marine-122414-033953) MacMillan HA. 2013 Cross-tolerance and cross-talk
change. Mar. Ecol. Progr. Ser. 470, 125-135. 10.  Griffen BD, Belgrad BA, Cannizzo ZJ, Knotts ER, in the cold: relating low temperatures to dessication
(doi:10.3354/meps10121) Hancock ER. 2016 Rethinking our approach to and immune stress in insects. Integr. Comp. Biol.
Breitburg DL et al. 2015 And on top of all multiple stressor studies in marine environments. 53, 545-556. (doi:10.1093/ich/ict004)
that. . .Coping with ocean acidification in the midst Mar. Ecol. Progr. Ser. 543, 273-281. (d0i:10.3354/  19. Todgham AE, Schulte PM, Iwama GK. 2005 Cross-
of many stressors. Oceanography 25, 48—61. meps11595) tolerance in the tidepool sculpin: the role of heat
(doi:10.5670/0cean0g.2015.31) 11. (6té IM, Darling ES, Brown (. 2016 Interactions shock proteins. Physiol. Biochem. Zool. 78,
Kroeker KJ et al. 2016 Interacting environmental among ecosystem stressors and their importance 133-144. (doi:10.1086/425205)
mosaics drive geographic variation in mussel in conservation. Proc. R. Soc. B 283, 20152592. 20.  Sokolova IM. 2013 Energy-limited tolerance to stress
performance and predation vulnerability. Ecol. Lett. (doi:10.1098/rspb.2015.2592) as a conceptual framework to integrate the
19, 771-779. (doi:10.1111/ele.12613) 12. Millero FJ, Woosley R, Ditrolio B, Waters J. 2009 effects of multiple stressors. Integr. Comp. Biol. 53,
Alsterberg C, EKI6f JS, Gamfeldt L, Havenhand JN, Effect of ocean acidification on the speciation of 597 -608. (doi:10.1093/ich/ict028)
Sundbéck K. 2013 Consumers mediate the effects of metals in seawater. Oceanography 22, 72— 85. 21, Walther K, Sartoris FJ, Bock C, Pértner HO. 2009
experimental ocean acidification and warming on (doiz10.5670/0ceanog.2009.98) Impact of anthropogenic ocean acidification on
primary producers. Proc. Nat! Acad. Sci. USA 110, 13. Harley (DG, Randall Hughes A, Hultgren KM, Miner thermal tolerance of the spider crab Hyas araneus.
8603 —8608. (doi:10.1073/pnas.1303797110) BG, Sorte (B, Thornber CS, Williams SL. 2006 Biogeosciences 6, 2207—2215. (doi:10.5194/hg-6-
Dieleman W1 et al. 2011 Simple additive effects are The impacts of climate change in coastal marine 2207-2009)
rare: a quantitative review of plant biomass and soil systems. Ecol. Lett. 9, 228—241. (doi:10.1111/j. 22. Sanford E. 1999 Regulation of keystone predation by
process responses to combined manipulations of 1461-0248.2005.00871.x) small changes in ocean temperature. Science 283,
(0, and temperature. Glob. Change Biol. 18, 2681—  14.  Humphreys MP. 2016 Climate sensitivity and the 2095-2097. (doi:10.1126/science.283.5410.2095)
2693. (doi:10.1111/.1365-2486.2012.02745.x) rate of ocean acidification: future impacts, and 23. Sunday JM et al. 2017 Ocean acidification can mediate
Crain (M, Kroeker K, Halpern BS. 2008 Interactive implications for experimental design. /CES J. Mar. biodiversity shifts by changing biogenic habitat. Nat.
and cumulative effects of multiple human stressors Sci. pfsw189. (doi:10.1093/icesjms/fsw189) (lim. Change 7, 81—85. (doi:10.1038/nclimate3161)
in marine systems. Ecol. Lett. 11, 1304—1315. 15. Reum JCP et al. 2016 Interpretation and design of ~ 24. Brown JH, Gillooly JF, Allen AP, Savage VM, West
(doi:10.1111/}.1461-0248.2008.01253.x) ocean acidification experiments in upwelling GBW. 2004 Toward a metabolic theory of ecology.
Jackson MC, Loewen (JG, Vinebrooke RD, Chimimba systems in the context of carbonate chemistry co- Ecology 85, 1771—1789. (doi:10.1890/03-9000)
(T. 2016 Net effects of multiple stressors in variation with temperature and oxygen. /CES J. Mar. ~ 25. Gaylord B et al. 2015 Ocean acidification through
freshwater ecosystems: a meta-analysis. Sci. 73, 582—595. (doi:10.1093/icesjms/fsu231) the lens of ecological theory. Ecology 96, 3—15.
Glob. Change Biol. 22, 180—189. (doi:10.1111/ 16.  Vinebrooke RD, Cottingham KL, Norberg J, Scheffer (doi:10.1890/14-0802.1)
gcb.13028) M, Dodson SI, Maberly SC, Sommer U. 2004 Impacts ~ 26.  Zhu K, Chiariello NR, Tobeck T, Fukami T, Field CB.
Piggott JJ, Townsend (R, Matthaei (D. 2015 of multiple stressors on biodiversity and ecosystem 2016 Nonlinear, interacting responses to climate
Reconceptualizing synergism and antagonism functioning: the role of species co-tolerance. Oikos limit grassland production under global change.
among multiple stressors. Ecol. Evol. 5, 1538—1547. 104, 451-457. (doi:10.1111/.0030-1299.2004. Proc. Natl Acad. Sci. USA 113, 10 589—10 594.
(doi:10.1002/ece3.1465) 13255.x) (doi:10.1073/pnas.1606734113)
Gunderson AR, Armstrong EJ, Stillman JH. 2016 17. Portner HO, Knust R. 2007 Climate change affects 27. Duffy JE et al. 2015 Biodiversity mediates top—

down control in eelgrass ecosystems: a global
comparative-experimental approach. Ecol. Lett. 18,
696—705. (doi:10.1111/ele.12448)

20809107 €L a7 ‘joig  bio'buiysigndfranosiedorqss H


http://dx.doi.org/10.3354/meps10121
http://dx.doi.org/10.5670/oceanog.2015.31
http://dx.doi.org/10.1111/ele.12613
http://dx.doi.org/10.1073/pnas.1303797110
http://dx.doi.org/10.1111/j.1365-2486.2012.02745.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01253.x
http://dx.doi.org/10.1111/gcb.13028
http://dx.doi.org/10.1111/gcb.13028
http://dx.doi.org/10.1002/ece3.1465
http://dx.doi.org/10.1146/annurev-marine-122414-033953
http://dx.doi.org/10.1146/annurev-marine-122414-033953
http://dx.doi.org/10.3354/meps11595
http://dx.doi.org/10.3354/meps11595
http://dx.doi.org/10.1098/rspb.2015.2592
http://dx.doi.org/10.5670/oceanog.2009.98
http://dx.doi.org/10.1111/j.1461-0248.2005.00871.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00871.x
http://dx.doi.org/10.1093/icesjms/fsw189
http://dx.doi.org/10.1093/icesjms/fsu231
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/10.1126/science.1135471
http://dx.doi.org/10.1126/science.1135471
http://dx.doi.org/10.1093/icb/ict004
http://dx.doi.org/10.1086/425205
http://dx.doi.org/10.1093/icb/ict028
http://dx.doi.org/10.5194/bg-6-2207-2009
http://dx.doi.org/10.5194/bg-6-2207-2009
http://dx.doi.org/10.1126/science.283.5410.2095
http://dx.doi.org/10.1038/nclimate3161
http://dx.doi.org/10.1890/03-9000
http://dx.doi.org/10.1890/14-0802.1
http://dx.doi.org/10.1073/pnas.1606734113
http://dx.doi.org/10.1111/ele.12448

	Embracing interactions in ocean acidification research: confronting multiple stressor scenarios and context dependence
	Introduction
	Interactions within the environmental milieu
	Interactions within an organism
	Threshold dynamics in populations
	Interactions within a community
	Moving forward
	Authors’ contributions
	Competing interests
	Funding
	References




