
Regional Studies in Marine Science 29 (2019) 100612

Contents lists available at ScienceDirect

Regional Studies inMarine Science

journal homepage: www.elsevier.com/locate/rsma

A review of interventions proposed to abate impacts of ocean
acidification on coral reefs

Rebecca Albright a,∗, Sarah Cooley b

a California Academy of Sciences, San Francisco, CA 94118, United States
b Ocean Conservancy, 1300 19th St NW #800, Washington DC 20036, United States

a r t i c l e i n f o

Article history:

Received 20 December 2018

Received in revised form 29 March 2019

Accepted 30 March 2019

Available online 2 April 2019

a b s t r a c t

Coral reefs experiencing ocean acidification (OA) are likely to recover much more slowly from damage

caused by acute events such as mass bleaching because OA slows coral reef growth and reproduction.

To maintain reefs in a net growth or net-neutral condition, curbing the impact of OA is therefore

necessary. A variety of mitigation and adaptation strategies have been proposed to abate OA impacts

on reefs. However, detailed guidance for managers on the types, effectiveness, or costs of different

local interventions to address OA is scarce. To advance the discussion about available interventions,

this review explores and compares mitigation and adaptation techniques that have been proposed to

abate OA impacts on coral reefs. We focus primarily on four categories of interventions intended to

address different ecosystem service changes: phytoremediation, chemical remediation, reef restoration,

and assisted evolution. We briefly touch on traditional restoration methods like marine protected areas

(MPAs) and reducing secondary sources of stress. Of the techniques reviewed, most are costly and do

not scale at the same pace as global reef loss. Nor do they address the root cause of OA, global carbon

emissions. That said, intervention should not be an all or nothing approach; some techniques may be

worth implementing at smaller scales in a coordinated way. Working to save pieces of ecosystems and

buying time may help ensure that there is more to rebuild from in the future. Despite the seemingly

high price tag of many of these techniques, given the potential value of regained ecosystem services,

net gains may exceed implementation costs. It is certain, however, from the limited reach of coral reef

interventions, that they must be undertaken as part of a suite of global-scale interventions including

atmospheric CO2 reduction to preserve coral reef ecosystem function and benefits to humanity.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

While they cover less than 1% of the ocean floor, coral
reefs support approximately one-quarter of marine biodiversity
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(Burke et al., 2011) and the livelihoods of tens of millions of peo-
ple in tropical coastal regions in both developing and developed
countries (Burke et al., 2011; Ferrario et al., 2014) (Fig. 1). Coral
reefs protect coasts by mitigating wave energy and storm surges,
an increasingly important service in the face of climate change
and sea level rise. The ecosystem services that coral reefs pro-
vide (i.e., fisheries, coastal protection, habitat, cultural services,
tourism) are valued at $40,000 to $2 million ha−1 y−1, which is
two and three orders of magnitude more than tropical forests and
the open ocean, respectively (de Groot et al., 2012). Furthermore,
many people have cultural and emotional connections to reefs,
increasing the overall importance of healthy coral reef systems
to humans.

Already under severe pressure from a number of stressors,
including overfishing, pollution, and increasingly frequent bleach-
ing events (Hughes et al., 2017a), coral reefs are among the
most vulnerable ecosystems to ocean acidification because their
very framework is dependent on calcium carbonate secreting
organisms. Tropical coral reefs are identified as one of the most
sensitive ecosystems in the Special Report on Global Warming of
1.5 ◦C of the Intergovernmental Panel on Climate Change, with
mass coral bleaching and mortality projected to increase due
to interactions between rising ocean temperature, ocean acid-
ification and increased frequency of storms (IPCC, 2018). The
report presents an extremely bleak outlook for these ecosystems,
with a very high risk of loss of most (70%–90%) coral-dominated
ecosystems and remaining structures being weakened due to OA
if warming exceeds 1.5 ◦C.

Because ocean acidification slows coral reef growth and re-
production, coral reefs experiencing ocean acidification are likely
to recover much more slowly from damage caused by acute
events such as mass bleaching (Andersson and Gledhill, 2013). To
maintain reefs in a net growth or net-neutral condition, curbing
the impact of OA is therefore necessary. A variety of mitigation
and adaptation strategies have therefore been proposed to abate
OA impacts on reefs. As global reef decline accelerates worldwide
(Hughes et al., 2017a), the demand is increasing for solutions to
abate global change impacts and to sustain ecological function
of reefs and associated goods and services (McLeod et al., 2013;
Cooley et al., 2016; Strong et al., 2014; National Academies of
Sciences, E. and Medicine, 2018).

Detailed guidance for managers on the types, effectiveness, or
costs of different local interventions to address OA is scarce. Few
scientific studies are designed to address conservation planning
and resource management priorities (McLeod et al., 2013). It is
clear that no single intervention will suit every coral reef system,
owing to the unique local mixture of oceanic conditions, coral reef
uses and functions, and socioeconomic characteristics including
differences in management, economics, and culture (Cooley et al.,
2016). To advance the discussion about available interventions,
this review explores and compares mitigation and adaptation
techniques that have been proposed to abate OA impacts on
coral reefs. We begin by providing context on OA impacts to
coral reefs and ecosystem services. We focus primarily on four
categories of interventions intended to address different ecosys-
tem service changes: phytoremediation, chemical remediation,
reef restoration, and assisted evolution. We also briefly touch
on traditional restoration methods like marine protected areas
(MPAs) and reducing secondary sources of stress. We assess the
state of knowledge for each, with particular emphasis on im-
plementation readiness and practicality. We review case studies,
costs, risks and limitations. This sheds light on information needs
and unresolved issues. We refer to the usefulness of different
interventions to address different aspects of coral reef damage
and loss, and we provide perspective on the appropriate use,
scale, and scope of these interventions. We do not intend to

advocate for any intervention, but instead present this analysis

as a way to advance pragmatic, evidence-based discussion on

coral-focused adaptation and mitigation within a planning and

management perspective.

2. Array of OA interventions

The underlying principles for managing coral reefs for OA, and

global change in general, are to support resilience (i.e., increase

the capacity of reef systems, which could have multiple stable

states, to withstand and adapt to change (Holling, 1973; Nys-

trom and Folke, 2001) and support adaptation (i.e., help human

and reef systems thrive despite a changed ocean (Nystrom and

Folke, 2001)). Interventions available to achieve these goals range

from conventional strategies like spatial planning (e.g., MPAs),

reducing fishing pressure on herbivores, and reef restoration, to

unconventional and/or novel techniques such as phytoremedia-

tion, chemical remediation (e.g., liming, geochemical buffering)

and assisted evolution. These strategies can be applied in preven-

tative (resisting change) and/or responsive (abating or recovering

from change) ways (Gattuso et al., 2015).

To advance discussions on coral-focused adaptation and miti-

gation within a planning and management perspective, we focus

primarily on four categories of interventions intended to address

different ecosystem service changes: phytoremediation, chem-

ical remediation, reef restoration, and assisted evolution. We

also briefly touch on other management tactics thought to be

beneficial for OA-affected systems, like marine protected areas

(MPAs) and reducing secondary sources of stress. We assess the

state of knowledge for each, with particular emphasis on imple-

mentation readiness and practicality. In this review, mitigation

refers to interventions intended to reduce atmospheric or oceanic

CO2 levels, and adaptation refers to interventions that will help

coral reefs adjust to actual or expected climate change effects

(IPCC, 2014). Mitigations designed to address OA near coral reefs

include two major clusters, including controlling CO2 via in-

ternational policy (for a comprehensive analysis of this cluster,

see Harrould-Kolieb and Herr (Simon et al., 2013)) and direct

removal of aquatic CO2 or acidity (Fig. 2). Adaptations intended to

offset reef impacts from OA (Fig. 2) can also be divided into two

clusters: ‘‘reef-facing’’ interventions focused on ecological mech-

anisms that bolster ecosystem resilience, and ‘‘human-facing’’

interventions focused on socioeconomic mechanisms (e.g., policy

options and market forces). We leave discussion of socioeconomic

mechanisms for a future analysis.

2.1. Adaptation — ecological mechanisms

Most adaptation-focused interventions use ecological mecha-

nisms to enhance ecosystem resilience, either by removing

sources of stress that prevent natural recovery (i.e., passive tech-

niques) or by physically manipulating the system to enhance

function (i.e., active techniques) (Fig. 2). Ecological restoration,

defined as ‘‘the process of assisting the recovery of an ecosys-

tem that has been degraded, damaged, or destroyed’’ (SfERISPW

Group, 2004), can be a critical practice for habitats where natural

recovery is hindered (e.g., when OA reduces growth and recruit-

ment). While the ultimate goal of most restoration initiatives is to

restore ecosystems to pre-disturbance states, this is becoming in-

creasingly challenging in many coral reef systems (Hughes et al.,

2017a). Consequently, techniques capable of restoring biological

integrity, diversity, and ecosystem function and services may help

mitigate long-term impacts of OA.
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Fig. 1. Ecosystem services at risk from OA in coral reef ecosystems. Provisioning services are most often quantified economically, but other services are just as

critical to coastal human communities.

2.1.1. Passive techniques

In this review, passive techniques refer to those which re-
move sources of stress to prevent natural recovery, as opposed
to active techniques which physically manipulate the system to
enhance function (see above). To enhance evolutionary potential,
the broad strategies of maintaining large population sizes and
maximizing genetic and epigenetic variation upon which natural
selection can act can be effective techniques to mitigate OA and
other stressors (Bille et al., 2013; Albright et al., 2016a; van Oppen
et al., 2017, 2015; Munday et al., 2013; Sunday et al., 2014).
Maintaining the viability of different habitat-forming species also
provides resistance to ecological change. For example, there is
evidence from kelp forests that if the presence and health of
habitat-forming species is maintained, the ecosystem’s ability
to resist change is greatly enhanced (Falkenberg et al., 2012).
Strategies for promoting large population sizes and genetic diver-
sity generally include spatial planning (e.g., effectively managed
MPAs) and managing secondary sources of stress including fish-
ing pressure and water quality. These techniques are tangible and
effective strategies that support resilience and adaptation, and are
beneficial, regardless of OA (Bille et al., 2013).

2.1.1.1. Spatial planning. At least four decision criteria have been
proposed in spatial planning to support resilience and adaptation
on coral reefs in the face of ocean warming and OA (McLeod

et al., 2013). First, identifying and protecting natural ‘refugia’ may

preselect individuals well-suited to survive and repopulate de-

nuded areas post-disturbance. This may include reefs located near

seagrass beds (Manzello et al., 2012), reefs with physiologically

resistant species (Fabricius et al., 2011) or in locations projected

to experience less change in seawater chemistry as oceans acid-

ify (possibly due to local species’ ability to modify seawater

chemistry (Anthony et al., 2011a; Kleypas et al., 2011)). Coral

communities that already experience naturally high fluctuations

in pH or aragonite saturation state (Ωarag) could have adapted

to these conditions, and might thus represent better choices for

protection. Second, maintaining ecological connectivity among

MPAs may preserve genetic diversity and foster post-disturbance

recovery. Impacts of OA on larval stages will affect connectiv-

ity, recruitment, and recovery. Maximizing connectivity within

networks of ‘source’ and ‘sink’ reefs (e.g., by removing artificial

barriers to dispersal), can help preserve genetic diversity, the

raw material for evolutionary adaptation (Jones et al., 2009; van

Oppen and Gates, 2006). Third, recognizing that not all geographic

areas will be equally impacted, spatial risk spreading aims to

protect replicates of major habitat types and bioregions; this

approach has previously been shown to be successful on the Great

Barrier Reef (Fernandes et al., 2005). Fourth, prioritizing areas

where local threats (e.g., pollution, sedimentation, overfishing)
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Fig. 2. Mitigation- and adaptation-focused interventions that have been proposed to address impacts of OA on coral reefs. Solid branches are examined in this review.

can be effectively managed can improve reef health and increase
ecosystem resilience (e.g., McCook et al., 2010). For example,
improved land-use management to reduce the pollution that con-
tributes to lowered pH in coastal waters is a potentially effective
means of supporting ecosystem resilience (Anthony et al., 2011b;
Kelly et al., 2011; Carilli et al., 2009).

2.1.1.2. Mitigating secondary sources of stress. Mitigating
secondary sources of acidification (e.g., water quality) can be
effective ways to address OA at local to regional scales. Sediment
loads from terrestrial sources and nutrient inputs can modify the
carbonate chemistry of surface waters by altering the balance
between autotrophy and heterotrophy (Bille et al., 2013). For
example, the inshore reefs of the Great Barrier Reef that receive
runoff from river catchments are subjected to elevated pCO2

levels compared to offshore reefs, and the rate of increase in
inshore pCO2 is faster than offshore and atmospheric values
(Uthicke et al., 2014). In the United States, decision makers in
several states including Alaska, Maine, Washington, California,
and Oregon have started taking action to mitigate local causes
of acidification with existing legislation (Strong et al., 2014; Kelly
et al., 2011). There are also compelling reasons beyond OA for
local governments to enforce existing water quality measures
(Kelly and Caldwell, 2013), including evidence of improved reef
health and resilience (Carilli et al., 2009). In addition to water
quality, managing fish stocks and reducing fishing pressures on
herbivore populations is critical in helping prevent reef com-
munity shifts under combinations of warming, OA and nutrient

enrichment (Anthony et al., 2011b) because faster-growing algae

may outcompete slower-growing corals under elevated pCO2

(McLeod et al., 2013; Diaz-Pulido et al., 2011; McLeod et al.,

2008). Supporting ecosystem resilience in these ways will also

help facilitate recovery following acute climate change impacts

like bleaching, disease, and storms.

2.1.2. Active restoration

2.1.2.1. Physical reef restoration.

Theory

For thousands of years (Riggio et al., 2000), artificial reefs have

been constructed to create undersea defenses and to increase

fish and kelp yields, and more recently to alter wave action and

support surfing (Rendle and Rodwell, 2014). Creation of undersea

structure to encourage coral growth is a more recent goal. Now,

the majority of physical reef restoration projects are conducted

with primary goals of aiding coral recovery and fish production

and/or improving recreation, and very infrequently with a goal

of enhancing coastal defense (Fabian et al., 2013) despite the

importance of coral reefs in protecting coastlines in the face of

climate change and sea level rise.

Modern physical reef restoration uses a variety of hard ma-

terials, from sunken ships to open concrete reef-replacement

structures (e.g., Reef Balls, reefball.org). Earlier approaches of

using waste products, like tires, are now discouraged because

they may degrade into toxic materials (Perkol-Finkel et al., 2006).

Electrochemical limestone deposition (e.g., BiorockTM creation)
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has also been proposed as way to create reef structure in situ,

by applying a low voltage across a metal frame, creating a ca-

thodic cell on which limestone crystallizes. Waste products of the

electrochemical creation of limestone in seawater are hydrogen,

oxygen, and chlorine gas (Goreau, 2012). This approach con-

sumes CO2, helping address the cause of OA, and raises local pH

(Goreau, 2014). After creating physical structures, some restora-

tion projects initiate coral gardening (see below) to accelerate the

development of restored coral reef ecosystems.

Case studies

A number of physical reef restoration projects in the Caribbean

and Southeast Asia are reviewed by Fabian et al. (2013), who

paired a literature review with a practitioner survey. Despite the

suitability of physical methods for enhancing coastal defense, an

ecosystem service provided by reefs that stands to be damaged

by OA, only 19.6% of survey respondents (approximately 50 total

responses) mentioned considering coastal defense in the project

design, and only 10% reported measuring coastal defense ben-

efits provided by their restoration project. Case studies report

mixed results concerning the success of physical reef restoration

in restoring coral reef ecosystems. The major obstacle in the

majority of cases was lack of funding for maintenance (64% of

respondents), followed by lack of effective management (43.9%),

possibly also a result of lack of ongoing funding. A large benefit

uncovered by Fabian et al. (2013) and Young et al. (2012) was

the effect of reef restoration projects on public education and

awareness. Fabian et al. (2013) conclude that despite ongoing

lack of detailed information on the performance of certain ap-

proaches, the most effective physical restoration method seems

to be placement of concrete reef structures paired with coral

gardening activities. This also happens to be one of the lower cost

options.

Costs

Fabian et al. (2013) compiled detailed cost information via

surveys and case studies, and found that the cost of physical reef

restoration projects generally ranged in the tens to hundreds of

thousands of USD. 60% of the projects cost $100,000 or less, and

50% of the projects ranged in size from 10–1000 m2. Both capital

and operational costs are substantial over the lives of the projects;

physical size and construction requirements of the projects are

major factors.

Risks & Limitations

The success of physical reef restoration in restoring coral reef

ecosystems has been mixed (Fabian et al., 2013). Fabian et al.

(2013) note that the largest obstacle in the cases they reviewed

was lack of funding for maintenance (64% of respondents), fol-

lowed by lack of effective management (43.9%), possibly also

a result of funding shortages. Although placing physical struc-

tures in places that will invite coral settlement seems to require

little maintenance, follow-up is required to ensure growth of

non-invasive species that recreate the original community com-

position and ecosystem function (Simon et al., 2013) and to repair

damage from storms. Other techniques such as electrochemical

reef deposition need dependable electrical current, which can

be difficult to achieve in marine environments due to remote

location, weather, or limited coastal supporting infrastructure.

In terms of global carbon cycling, concrete-based artificial

reef materials may represent a zero-sum situation. Concrete pro-

duction releases CO2 owing to both the energy requirements of

heating and mining ingredients and the curing process. Carbon

mass-balance calculations comparing the expected CO2 emis-

sions from creating coral reef concrete materials and the CO2

sequestration potential of any resultant future reef are lacking.

2.1.2.2. Coral gardening and sexual propagation.

Theory

Reef restoration techniques such as coral gardening (a.k.a.
coral nurseries) and sexual propagation aim to maintain large
population sizes and maximize genetic and epigenetic variation,
both of which have been widely acknowledged as potential reser-
voirs of resilience to climate change and OA (Bille et al., 2013;
Albright et al., 2016a; van Oppen et al., 2017, 2015; Rinkevich,
2015). Maintaining gene flow and genetic diversity are important
in maximizing the ability of populations to respond to environ-
mental drivers via evolutionary processes. Based on silviculture,
where forest growth is carefully cultivated, ‘‘coral gardening’’
begins with cultivating large stocks of coral colonies in land- or
water-based nurseries — typically propagating coral clones using
asexual fragmentation. Next, nursery-farmed coral colonies are
‘‘outplanted’’ onto degraded reef areas. Nearly 90 species have
been successfully farmed around the world, showing enhanced
growth rates and low mortality (Rinkevich, 2015). New tech-
niques involving microfragmentation are being explored to max-
imize growth rates (Forsman et al., 2015). There is also growing
interest in combining asexual and sexual techniques to generate
genetic and epigenetic variation and mass-produce them.

Active reef restoration has been shown to reshape coral reef
communities (and associated biota) in such a way that novel
reef ecosystems, with novel functionalities, may be developed
(Rinkevich, 2015). The goal of reef restoration is typically not
to replant entire reefs, but to foster natural recovery by re-
establishing spatially connected populations with high genotypic
diversity that can promote successful sexual reproduction and
natural recovery (Vaughn, Lirman, and Rinkevich interviews).

Case Studies

Currently, reef restoration efforts have successfully recovered
reef function at ecologically meaningful scales, though only small-
scale restoration efforts (<1 ha) have been documented (Bayrak-
tarov et al., 2016); success depends on the ecosystem, site selec-
tion, and techniques applied (Bayraktarov et al., 2016). A synthe-
sis showed that median survival of restored organisms one to two
years after restoration was ∼64.5% (n = 954) (Bayraktarov et al.,
2016), though recent advances have yielded survival ranging
from 80%–100%, depending on the technique and environment
(Rinkevich, 2017b). Most survivorship estimates are short-term
(e.g., 1–2 yr post-transplantation), with few studies measuring
long-term success.

Costs

Cost estimates for reef restoration vary widely and depend
on the system, target species, technique(s), and economy of the
country (Bayraktarov et al., 2016; Lirman, 2017). The cost to
replant 40,000 km2 of the Great Barrier Reef with aquaculture-
grown fragments of a single coral species has been estimated at
$200 billion (UQ Global Change Institute, 2012). While a meta-
analysis reported a median reef restoration cost of $160,000
(2010 $USD) ha−1 (n = 59) (Cooley et al., 2012), Rinkevich
(Rinkevich, 2017b) suggests that restoration can be effective for
costs as low as $10,000–$17,500 $USD ha−1. Estimated costs rep-
resent gross numbers and do not account for services gained; the
monetary, social, and cultural value of the benefits derived from
re-gained services (e.g., coastal protection, carbon sequestra-
tion, fisheries production) may exceed restoration costs (Spald-
ing et al., 2017). For instance, Creighton (2014) found that an
Australia-wide investment of AU$350 million into estuarine
restoration repairs would likely be returned in less than 5 years
by fisheries production.

Risks & Limitations

One of the biggest limitations with reef restoration is scalabil-
ity. Most restoration efforts are small-scale (<1 ha), whereas reef
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degradation is occurring over hundreds to thousands of square
kilometers. Minimizing the diver-coral interaction time associ-
ated with outplanting and maximizing long-term survival in con-
tinually changing (and degrading) systems are two of the primary
bottlenecks to restoration efforts (Simon et al., 2013). Partnering
with citizen science groups, which also extend the outreach and
education capacity of restoration initiatives, as well as engaging
with engineers to devise technical solutions for overcoming scala-
bility challenges may increase overall success, as might borrowing
techniques from analogous and longer-established processes like
silviculture (Rinkevich, 2017a).

2.1.2.3. Assisted evolution.

Theory

We are entering an era of innovative reef restoration with
trait enhancement techniques that aim to augment the capacity
of key organisms to tolerate environmental stress and facilitate
recovery (van Oppen et al., 2015). These techniques include the
use of chemicals, optimized biofilms, and modified coral stock.
In comparison with terrestrial ecology and commercial applica-
tions, the development of genetically enhanced stocks that boost
resilience of natural populations is rare (van Oppen et al., 2015);
however, one approach that is gaining interest is human-assisted
evolution, or the acceleration of natural evolutionary processes to
enhance certain traits (van Oppen et al., 2017, 2015). For corals, at
least four approaches have been proposed to develop stock with
enhanced environmental stress resistance: (i) preconditioning or
epigenetic programming, (ii) modification of coral-associated mi-
crobes (e.g., prokaryotes, fungi, and viruses), (iii) selective breed-
ing, and (iv) laboratory evolution of algal endosymbionts (Sym-

biodinium) under elevated temperature and pCO2, followed by
coral inoculation with the evolved algal cultures (van Oppen et al.,
2017, 2015). In theory, embedding assisted evolution with reef
restoration initiatives could enhance stress resistance and in-
crease adaptive capacity, helping to maintain ecosystem function
and goods and services.

(i) Preconditioning/epigenetic programming. Acclimatization is
the process by which an organism adjusts to a change in its envi-
ronment and typically occurs in a short period of time (hours to
weeks), whereas evolutionary and physiological adaptation takes
place over many generations. While evidence for widespread
adaptation or acclimatization of reef corals to climate change
or OA does not currently exist (van Oppen et al., 2017, 2015),
the notion of exploiting epigenetic mechanisms for stock im-
provement is gaining traction. While acidification-related studies
are few, there is some evidence that exposure to nonlethal light
or temperature stress may enhance stress tolerance (Middle-
brook et al., 2008; Maynard et al., 2008; Guest et al., 2012;
Palumbi et al., 2014) (though this may not scale to a reef-wide
phenomenon (Hughes et al., 2017b)). Within-generation acclima-
tization can be achieved by changes in the symbiotic communities
found in corals (e.g., zooxanthellae, microbes (Berkelmans and
van Oppen, 2006)) and/or processes likely involving epigenetic
modification (Brown and Cossins, 2011). Transgenerational ac-
climatization may also infer resistance that can last for several
generations. In corals, the importance of transgenerational ac-
climatization is largely unstudied; however, early work suggests
that transgenerational inheritance may play an important role in
the stress tolerance of brooding corals to high temperature and
pCO2 (Putnam and Gates, 2015).

(ii) Modification of microbes. Reef-building corals form obli-
gate, mutually beneficial symbioses with dinoflagellates in the
genus Symbiodinium. These relationships are fundamental to the
productivity and high rates of calcification that create reef struc-
tures. Genetically similar corals that are inoculated with different
Symbiodinium types can demonstrate different thermal tolerance

limits (Mieog et al., 2009; Howells et al., 2011), suggesting that

the Symbiodinium community can be manipulated to influence

host physiology. Corals also harbor diverse prokaryotic commu-

nities (Bourne and Webster, 2013) that play important roles in

overall nutrition and health. Whether coral-associated prokary-

otic communities can be manipulated and stabilized to enhance

stress tolerance and growth, as in plants, is not yet known but

may yield additional host benefits (van Oppen et al., 2017, 2015).

(iii) Selective breeding refers to the mixing of gene pools from

the same or different, closely related species to generate offspring

with novel genotypes and phenotypes (van Oppen et al., 2017,

2015). While this technique is relatively new to coral reef science,

the selective breeding and genetic modification of plants and

animals to improve traits for commercial purposes is now com-

monplace, with targeted traits ranging from environmental stress

tolerance and herbicide/pest resistance in crops to growth rate in

forest trees (reviewed by van Oppen et al. (2015)). For selective

breeding approaches to be successful, the trait under selection

needs to be heritable. While trait heritabilities are largely un-

known for the majority of coral species and environmental con-

ditions, some evidence exists for genotype-dependent responses

to temperature stress in corals (Baums et al., 2013; Polato et al.,

2013; Meyer et al., 2009) and to OA stress in other marine

invertebrates. For example, OA resistance has been observed in

oysters as a by-product of selective breeding for disease re-

sistance (Parker et al., 2010). A more indirect form of genetic

enhancement through selective breeding is assisted migration,

or the translocation of individuals between populations. Assisted

migration is generally done to facilitate mixing of stocks and

increase genetic diversity, resilience, and adaptability. The science

of translocating corals and other reef organisms to mitigate cli-

mate change impacts is currently in the theoretical stage; local

field trials would be essential (e.g., inter-island) before large-scale

translocations could occur.

(iv) Evolution of Symbiodinium. Manipulating the Symbiodinium

communities of corals may enhance stress tolerance. In terrestrial

plants, the manipulation of fungi and bacteria in the rhizosphere

is known to influence host physiology and stress-resistance. Sub-

jecting Symbiodinium to environmental stress in the laboratory

may elicit an adaptive response, as has been observed in other

unicellular algae (Lohbeck et al., 2012). Early life history stages

of corals can be inoculated with specific strains of Symbiodinium

(van Oppen interview) to generate new phenotypes that can then

be selected for and used in restoration initiatives.

Costs

Costs associated with reef-focused assisted evolution are cur-

rently unknown, and business cases for assessing scalability and

feasibility have yet to be developed. If embedded in reef restora-

tion, the integration of sophisticated techniques including cell

culture, molecular work, inoculation, breeding, etc. would obvi-

ously increase associated costs.

Risks & Limitations

Assisted evolution techniques in corals are currently in the

proof-of-concept stage, and risks of unanticipated and unin-

tended ecological consequences may be a concern (van Oppen

et al., 2015). Care should be taken to adopt the precautionary

principle and ensure that proposed interventions do not increase

the likelihood of other adverse outcomes. van Oppen et al. (2017)

propose a decision tree for incorporating assisted evolution into

restoration initiatives and suggest a process that considers the

lowest levels of intervention first, progressing to more aggressive

intervention only when necessary (van Oppen et al., 2017).
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2.2. Mitigation – CO2 removal techniques

Several mitigation techniques have been suggested to restore
ocean chemistry to its ‘normal’ state, ranging from direct chemi-
cal remediation (e.g., addition of scrubbing chemicals to stimulate
CO2 uptake (Rau et al., 2012)), phytoremediation or the manip-
ulation of community composition to facilitate photosynthetic
uptake of CO2 (Unsworth et al., 2012), Blue Carbon initiatives
to manage carbon sequestration (McLeod et al., 2011), and geo-
engineering solutions to tackle atmospheric CO2 concentrations
(Vaughan and Lenton, 2011) (Fig. 2). Here, we review phytore-
mediation and chemical remediation techniques, including liming
and geochemical buffering.

2.2.1. Phytoremediation

Theory

Phytoremediation to mitigate OA depends on aquatic plants
to remove CO2 from seawater. Natural seaweed communities are
usually net autotrophic ecosystems (Duarte et al., 2010) and can
remove in excess of 3000 g C m−2 y−1 through net production
(Duarte et al., 2005). Further, seagrasses are carbon limited, so in-
creasing pCO2 is expected to stimulate seagrass productivity (Beer
and Koch, 1996; Zimmerman et al., 1997; Russell et al., 2013;
Jiang et al., 2010). All seagrass species from the Great Barrier Reef
that have been tested for short-term responses to elevated pCO2

increased their net photosynthetic rates (Ow et al., 2015). Sea-
grass beds are often located near coral reefs and can dramatically
alter the carbonate chemistry of bulk seawater via photosynthetic
uptake of CO2 (e.g., Manzello et al., 2012). Consequently, marine
protected areas (MPAs) that include shallow-water coral com-
munities surrounded by seagrass beds have been suggested as
a strategy to locally mitigate OA (McLeod et al., 2013; Anthony
et al., 2011a). Some phytoremediation proposals have focused on
seaweed communities that are grown and harvested in a farm
setting upstream of a reef (Unsworth et al., 2012; Jiang et al.,
2013). In higher latitudes, for example, kelp and shellfish co-
culture experiments show a significant and lasting elevation of pH
and Ω near the kelp strings and spanning the shellfish culture site
(Baums et al., 2013; Polato et al., 2013). However, the field tests
have identified significant information needs and limitations (see
Risks, below) that would also need to be addressed in a project
where any photosynthetic species and corals were intentionally
cultivated near each other.

Case studies

Seagrass beds in the Florida Reef Tract create natural refugia
from OA where reefs experience elevated Ωarag owing to net pho-
tosynthesis (Manzello et al., 2012). These inshore reefs also show
greater resilience to other environmental stresses. Elsewhere in
Florida, seagrass beds in Tampa Bay, a site with calcium carbonate
sediments, were also successful at raising aquatic pH by 0.5 units
and doubling Ω (Yates et al., 2015). A meta-analysis of tropical
seagrass bed photosynthetic capacity in the Indo-Pacific indicated
an average carbon sink of 155 g C m−2 yr−1, (ref. Unsworth et al.,
2012), which could in theory increase pH by 0.38 units and Ω

by 2.9 units (Unsworth et al., 2012). A similar meta-analysis for
Puget Sound, however, showed that seagrass beds in the area
could result in much smaller pH increases of approximately 0.2–
0.3 pH unit (Shishido, 2013), indicating much less potential for
seagrass phytoremediation there.

Using a coupled hydrodynamic, carbon chemistry, seaweed
model, Mongin et al. (2016) determined the optimal location and
size of a seaweed farm adjacent to Heron Island Reef in the Great
Barrier Reef, and analytically calculated the optimal density of the
seaweed and harvesting strategy to maximize carbon sequestra-
tion and removal. The authors found that an optimally located 1.9

km2 farm and optimally harvested seaweed (removing biomass
above 42 g N m−2every 7 d) increased Ωarag by only 0.1 over
the 24 km2 of the Heron Island reef. The authors conclude that,
despite considerable likely costs, only a kilometer-scale farm can
partially mitigation global OA for a particular reef, and even then
the farm only has the ability to buffer the majority of the reef
from OA for a period of 7–21 years (up to 40 years, in small
localized areas downstream of the farm). This assumes that a 0.1
decrease in Ωarag represents 7 years of increased atmospheric CO2

under the highest RCP 8.5 emissions scenario, 8 years under RCP
4.5 (medium emission) and 21 years under the strong reduction
emission scenario RCP 2.6 (low emissions) (IPCC, 2014).

Costs
Seagrass restoration efforts represent a significant long-term

financial and human capacity commitment. Bayraktarov et al.
(2016) estimate via meta-analysis that the average reported cost
of restoration for seagrass environments is nearly $400,000 USD
(2010) ha−1, but the total real cost is nearly $700,000 USD (2010)
ha−1. The Tampa Bay Estuary Program improved seagrass cover-
age from approx. 9000 ha in 1988 to 14,000 ha in 2012, with an
operating budget of approximately $1 million USD yr−1. These
cost estimates do not include harvesting/maintenance require-
ments of seagrass farming for OA mitigation. In comparison to
implementation costs, a 2014 study estimated that Tampa Bay
was worth $22 billion and supported 20% of the Bay’s jobs in the
watershed (A Tampa Bay Estuary Program, 2015).

Risks & Limitations
Several ecological factors obscure whether this kind of in-

vestment can significantly mitigate OA. First, short-term photo-
synthetic responses may be de-coupled from plant growth and
biomass increase due to confounding factors such as nutrient
availability or plant phenology (e.g., Palacios and Zimmerman,
2007; Takahashi et al., 2016). So, carbon drawdown by photo-
synthesis may not directly correspond to carbon sequestration,
aquatic pH increase, or impacts on Ω . In their modeling study,
Mongin et al. (2016) assume that nutrient limitation could be
alleviated using artificial fertilization techniques; however, the
effects of artificial fertilization upstream of a coral reef may pose
substantial risks to reef health (Burke et al., 2011). Second, kelp
phytoremediation research projects show that the effect on wa-
ter chemistry depends on water residence time, meteorological
conditions, seasonality, and even geometry of aquaculture arrays
(Arnold, 2017; Price, 2017). This may make any OA-mitigating
effect transitory in space and time. And as a reef increases in size,
its perimeter to surface area ratio decreases, reducing the ability
of offshore farms to mitigate OA throughout a reef lagoon (Mon-
gin et al., 2016). Finally, simply planting seagrasses and corals
amongst each other for OA phytoremediation is probably not
possible as seagrasses need softer substrate and corals growing in
their midst do not develop into massive reef structures (Manzello
et al., 2012).

2.2.2. Chemical remediation

Theory
OA is fundamentally a timing mismatch problem, where atmo-

spheric CO2 is released too quickly for terrestrial rock weathering
to neutralize the carbonic acid produced in the ocean by at-
mospheric CO2 dissolution. Several proposals for remediating
atmospheric CO2 (and thus also addressing OA) focus on buffer-
ing the carbonic acid created by seawater uptake of CO2 via
accelerated rock weathering or addition of a neutralizing com-
pound. Accelerated rock weathering proposals focus on globally
abundant base materials such as calcium carbonate (limestone)
or silicate rock (olivine) weathering, and neutralization propos-
als focus on the direct addition of calcium oxide (lime). These
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interventions are inspired by mineral weathering reactions that
naturally and effectively neutralize acids and remove CO2 from
the ocean–atmosphere system on geological timescales (i.e., thou-
sands of years). The chemical reactions associated with these
interventions not only consume CO2 waste that would have oth-
erwise been released into the environment, but they also increase
seawater alkalinity and the saturation state to favor calcification.

Calcium carbonate (CaCO3) dissolution is endothermic, requir-
ing 266 kJ mol−1 CO2 of free energy (Rau, 2008):

CaCO3+2H2O+CO2+electricity → H2+0.5O2+Ca2++2(HCO3−)

(1)

CaCO3 is insoluble in water, but Rau (2008) proposes an electro-
chemical approach that splits CaCO3 first to Ca(OH)2 in acid (H+)
generated at the anode of a water electrolysis cell, then reacts
the Ca(OH)2 produced with dissolved CO2 to form Ca(HCO3)2aq
in a solution with an intermediate pH of 6–9. It is possible to
run this reaction in the open ocean, given the pH requirements
and need to dilute the reaction products. However, to maxi-
mize the mitigation potential of this intervention, it is critical to
avoid generating CO2 during creation of energy to power the cell.
Rau (2008) suggests that using nonfossil-fuel associated electrical
power from solar, wind, or tidal sources would be possible at
oceanic titration sites. Each tonne of CO2 consumed requires an
input of 2.3 tonnes of CaCO3 (Rau, 2008).

Olivine minerals in silicate rocks dissolve via the equation:

Mg2SiO4 + 4CO2 + 4H2O → 2Mg2+ + 4HCO−

3 + H4SiO4 (2)

which consumes CO2 and releases carbonate ion (CO2−
3 ). In sea-

water this reaction changes both the dissolved inorganic carbon
concentration and total alkalinity, so the quantity of CO2 se-
questered for every mole of olivine dissolved varies depending
on the starting state of the seawater carbonate chemistry (Kohler
et al., 2010). The authors propose releasing olivine into global
major tropical river plumes such as the Amazon and Congo to
take advantage of the lower total alkalinity, lower pCO2, lower
pH, high temperature, large spatial area, and high runoff of these
watermasses (Kohler et al., 2010). The upper theoretical yield of
the process is 1.25 t CO2 (0.34 t C) mitigated per 1 T olivine
reacted (Kohler et al., 2010), but in reality, the ratio of CO2: olivine
is closer to 1 g g−1.

Another possibility is to thermally break down limestone
(CaCO3). When carbonate minerals like limestone are heated to
1000 ◦C in a process called calcination, calcium oxide, or chemical
lime (quicklime) is formed. It produces slaked lime (Ca(OH)2)
when mixed with water, which is relatively insoluble and a mild
base. Releasing Ca(OH)2 into the ocean would increase ocean
alkalinity and promote uptake of CO2, as well as increase Ω

(Kheshgi et al., 2012; Kheshgi, 1995). Here too, solar calcination
(Nikulshina et al., 2006) could decrease the energy requirement
for calcination (Rau et al., 2012). Directly adding finely ground
limestone to the ocean yields CO2 reduction via the net reaction:

CaCO3 + CO2 + H2O → Ca2+ + 2HCO−

3 (3)

Less than one mole of CO2 is consumed for every mole of CaCO3

dissolved (Harvey, 2008), but this approach also raises Ω .
More recently, ‘‘bubble stripping’’ has been suggested as an-

other geochemical engineering approach to reduce high CO2 in
coastal marine ecosystems (Koweek et al., 2016). This technique
uses nighttime pulses of compressed air in the form of bubble
plumes to enhance degassing, locally modulating aqueous pH,
pCO2, and Ω , thereby mitigating nighttime exposure to acidic
conditions that drives dissolution. Taking advantage of bubble
movement and dissipation, air–sea gas exchange rates that are

1−2 orders of magnitude higher than ambient conditions can

be achieved (Koweek et al., 2016). Koweek et al. (2016) use a

series of numerical models to demonstrate that bubble stripping

is more effective at higher acidities. Under present-day atmo-

spheric CO2, bubbling with compressed air at 0.1–0.5 L m−2 s−1

elevated local seawater pH by 0.02–0.08 pH units. In an end-of-

century scenario, bubbling at the same rate increased ambient

pH by 0.10 to 0.24 units. While bubbling reduces acidic exposure

during nighttime hours, it does not mitigate daytime exposure to

OA. In theory, this technique could be implemented over areas

of 100 × 100 m using arrays of bubble diffusers connected to

a shore-based air demand (e.g., high-volume, low-pressure in-

dustrial blower); however, field trials have not been conducted,

and associated costs and energy tradeoffs have yet to be fully

evaluated (Koweek et al., 2016).

Case Studies

In a recent field trial, Albright et al. (2016b) used sodium hy-

droxide (NaOH) to increase [CO2−
3 ] and Ωarag of seawater flowing

over a reef flat closer to pre-industrial levels. A 0.4 unit increase

in Ωarag increased net community calcification (NCC) by ∼7%, or

approximately a 17% increase in NCC for every unit increase in

Ωarag. While these results indicate that this approach could, in

principle, help protect coral reefs from OA, the authors conclude

that ‘‘the technical challenges associated with implementation

would probably make it infeasible at anything but highly localized

scales (for example, protected bays, lagoons).’’ (Albright et al.,

2016b)

A modeling study that simulated Ca(OH)2 additions to protect

stony coral reef regions including the Great Barrier Reef, the

Caribbean Sea, and the South China Sea found that in the strictest

sense – surface seawater pCO2, pH and Ωarag – this method

could mitigate or reverse OA in these regions (Feng et al., 2016).

However, the increase of surface alkalinity simulated in the model

also drove additional CO2 uptake, elevation of seawater calcium

ion levels, and could cause spontaneous abiotic precipitation of

CaCO3. Feng et al. (2016) also note that ocean alkalinization over

these reef areas was insufficient to really mitigate climate to

a significant level; moreover, abrupt cessation of alkalinization

methods could result in a rebound effect with very harmful

consequences (Feng et al., 2016). This particular approach of

alkalinization of reef areas is estimated to have a high price

tag; 3.5%–7.7% of Australian GDP would be needed to preserve

the Great Barrier Reef in this way, compared to a 5.7 billion

$USD benefit per year provided by that reef (Feng et al., 2016;

Economics, 2013).

Costs

Chemical remediation techniques have costs associated first

with construction, and second with energy and operations. Indus-

trial reaction plants capable of grinding, reacting (e.g., calcinating

or heating), and distributing rock weathering materials into the

ocean would be large. Renforth et al. (2013) calculated that one

reaction plant is needed for every million tonnes of CO2 captured

via liming with an approximate capital cost of $290M. Trans-

porting raw materials to appropriate locations, preparing them,

and distributing them requires significant inputs of energy, and is

usually also carbon intensive (Renforth et al., 2013). In total, the

energy and economic costs of ocean liming estimated by Renforth

et al. (2013) are equivalent to the costs of CO2 capture from the air

(US$150–1000 per tonne of CO2). However, it is possible to power

these methods partially or completely with non-grid renewable

energy such as solar (Rau et al., 2012; Rau, 2008; Nikulshina et al.,

2006; House et al., 2007).
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Risks & Limitations

A fundamental knowledge gap exists concerning the efficacy

and safety of adding alkalinity and minerals to marine ecosys-

tems. Rau (pers. comm.) notes that laboratory perturbation stud-

ies of OA have examined the response of marine creatures to

higher CO2 and lower pH, but not to added mineral-sourced

alkalinity. The ‘‘side effects’’ of spontaneous carbonate mineral

precipitation or micronutrient enhancement driven by chemi-

cal interventions could have unforeseen ecological consequences

(Feng et al., 2016; Köhler et al., 2013). For example, olivine-

containing minerals are often also rich in nickel. But, nickel can

be biologically toxic in marine systems (Montserrat et al., 2017)

and the risk of toxicity via enhanced weathering has not been

investigated.

Laboratory experiments have shown that a number of factors

affect the ultimate efficiency of enhanced weathering approaches,

making the overall carbon mitigation effect and carbon balance

hard to assess (Montserrat et al., 2017). The efficiency of olivine

weathering depends heavily on the seasonality of river plume

biogeochemistry (size, position, discharge, CO2 content) as well

as water temperature, and in situ olivine dissolution rates are

not well-studied (Montserrat et al., 2017). Large plumes of fresh

water are not necessarily found adjacent or simultaneous with

coral reefs, so implementing olivine weathering (despite its abil-

ity to raise alkalinity) as a reef intervention could be impractical

if river plume mixing is the best distribution choice. Finally, the

relationships among mineral grain size, vertical transport in the

ocean water column, dissolution, and carbon mitigation have not

been established (Harvey, 2008).

Other uncertainties concerning the practicality and efficiency

of chemical interventions involve engineering challenges: sig-

nificant infrastructure is needed to mine, finely grind, and dis-

tribute powdered minerals into coastal oceans at a scale great

enough to address OA. For example, carbonate weathering re-

quires CaCO3 to be supplied to the CaCO3 titration point at 2.3

tonnes per net tonne of CO2 consumed (Rau, 2008). Mining and

transporting CaCO3 in sufficient quantities to supply a substantial

reaction poses a logistical challenge. While olivine weathering

does not require the electricity inputs and electrochemical cell

infrastructure of the CaCO3 weathering method, it still depends

on mining, transporting, and distributing large quantities of very

finely powdered (Montserrat et al., 2017) minerals, steps which

are carbon-intensive at this time. Renforth et al. (2013) analyzed

the engineering challenges associated with liming, in particular,

but many of the issues they assessed are universally relevant to

enhanced weathering. By their calculations, every tonne of CO2

sequestered requires between 1.4 and 1.7 tonnes of limestone

to be crushed, calcined, and distributed, creating approximately

1 tonne of CO2 (Renforth et al., 2013). Liming, in particular, is

only feasible if high purity CO2 from calcination can be captured

and sequestered (Renforth et al., 2013). Paquay and Zeebe (2013)

note that current world production of quicklime would need to

be increased by a factor of 18 to mitigate 1500 Pg C emissions,

and by a factor of 90 to address 5000 Pg C emissions.

Global-scale ocean alkalinization with carbonate minerals

(Harvey, 2008), or any mineral product, is an enormous task

that would need century-scale commitments. Abrupt cessation

of alkalinization could result in a harmful rebound effect (Feng

et al., 2016). But, applying chemical mitigation in confined ar-

eas (e.g., enclosed bays or lagoons with high residence time)

to mitigate OA could reduce or resolve some of the practical

limitations such as mining and distribution. Regional applications

have promise, but great care would be needed to ensure that a

local benefit was not being achieved from local mitigation that

carried overall carbon net emissions.

3. Co-benefits of coral intervention

In addition to directly mitigating impacts of OA on local to
regional scales, many of the aforementioned techniques have
a range of secondary, or indirect, benefits to ecosystems that
then sustain ecosystem services supporting human communi-
ties (Table 1). Many interventions aid conservation or replen-
ishment of keystone species, ecosystem engineers, and habitats
that underpin coral reef fisheries and tourism industries, thereby
sustaining some goods and services and supporting dependent
communities. For example, reef restoration can create or maintain
genetic repositories and improve physical connectivity of adult
populations, thus improving the likelihood of successful sexual
reproduction and maintenance of future biodiversity. Volunteer
engagement in reef restoration educates people, strengthening
emotional ties that may even feed back into pressure at the po-
litical scale to address rising atmospheric CO2. Reef intervention
work itself can also support employment and enhance tourism
(e.g., Fabian et al., 2013; Lirman and Schopmeyer, 2016). The co-
benefits of physical coral reef restoration are reviewed fully in
Fabian et al. (2013).

Co-benefits of reef intervention are not enjoyed only by reef-
dependent regions. Feng et al. (2016) showed that the effect
of chemical mitigation applied to smaller regions of the ocean
were additive, and could help at global scales. Likewise, seagrass
restoration co-benefits increase benthic animal habitat and store
carbon in plant roots and rhizomes (e.g., blue carbon), which
adds to global mitigation efforts. Seagrass also increases seafloor
erosion resistance and alters wave action. Cultured kelp can be
sold at a premium as a human food source, making the economic
costs of co-culture for OA mitigation worthwhile (Arnold, 2017;
Price, 2017). The full range of benefits that coral ecosystems
provide to humans is difficult to quantify, but estimates agree
they are vast (Hicks et al., 2013).

4. Discussion

When considering adaptation and mitigation strategies, it is
important to acknowledge that local resilience-based manage-
ment only works up to a point, beyond which the impacts of
OA and warming will overwhelm local and regional management
benefits (Anthony et al., 2015). For coral reefs, this is particularly
true. Because OA slows coral growth and reproduction, reefs
experiencing OA are likely to recover more slowly from acute
damage caused by bleaching, ship strikes, destructive fishing, or
land-based pollution. While none of the options proposed to date
are likely to salvage reefs at the global scale, implementing local
to regional responses may help curtail the continuing decline
in ecological condition and value as we work towards the ul-
timate solution of mitigating global atmospheric CO2 emissions
(Burke et al., 2011; Hughes et al., 2017a,b; Spalding and Brown,
2015). Many of the proactive strategies reviewed here have yet
to be tested beyond the conceptual or laboratory stage, and
practicalities and costs, including the ecological consequences
of manipulating ecosystems, remain poorly defined. That said,
depending on the urgency of action, some options, such as certain
reef restoration techniques like coral gardening, assisted sexual
reproduction, and selective breeding, are ready and can be imple-
mented in the near future in a bid to maintain large population
sizes and maximize genetic diversity.

When comparing the coral reef-associated ecosystem services
that could change as a result of OA (Fig. 1) with the interventions
reviewed here, it is clear that not every effort preserves the
full suite of services that healthy coral reef ecosystems provide
(Table 1). A mosaic of interventions would be required to sustain
all the benefits that reefs provide, highlighting the fundamental
importance of maintaining healthy reefs in the first place.



10 R. Albright and S. Cooley / Regional Studies in Marine Science 29 (2019) 100612

Table 1

Specific interventions discussed in this review (table columns) help address changes in a variety of ecosystem processes and services (table rows, Fig. 1). Here we

refer to short-term co-benefits (1–10 y timeframe) while recognizing that many techniques may have more comprehensive long-term benefits.

Service Phytoremediation Liming Geochemical
buffering

Coral gardening
& Sexual
propagationa

Assisted

evolutionb
Electrochemical
deposition

Artificial
reef
placement

Spatial
planning
(MPAs)

Water Quality
Improvement

Fishing
pressure
reduction

Supporting

Production–respiration X X X X X X X X X
Calcification–dissolution X X X X X ? X X ?
Reproduction/Recruitment X ? X X X X
Habitat & biodiversity X X X X X

Regulating
Flood/storm protection X X
Erosion control X X X

Cultural
Cultural Heritage X X X X X
Education X ? ?

Provisioning
Harvests X X X X X
Bioprospecting X X X ? ?
Tourism industry X X X X X

aBecause coral gardening and sexual propagation are increasingly implemented together, we address them jointly while recognizing that each approach independently supports differing services.

bBecause assisted evolution would be embedded in reef restoration initiatives, here we refer only to additional services above and beyond those supported by restoration efforts.

Table 2

Comparison of OA mitigation and adaptation strategies on the basis of cost, readiness, and obstacles. Where possible, costs are standardized to $USD ha−1 . ‘‘Readiness’’

reflects a spectrum of development starting with a theoretical understanding based on a combination of lab studies, natural analogs, and computational models,

moving on to field tests (small to medium-scale implementation), and finally broad-scale implementation. Primary barriers to implementation include knowledge,

economic, technical, and political obstacles.

Intervention Cost Readiness Primary barrier(s) to

implementation

Phytoremediation $400,000–$700,000 USD ha−1

(ref. Goreau, 2014)

Field tests and model

calculations based on natural

analogues

Knowledge, technical

Liming $150–$1000 tonne−1 CO2

(Duarte et al., 2010)

Theoretical understanding

based on model calculations

Technical, economic,

political

Geochemical buffering Theoretical understanding

based on model calculations

Knowledge, technical

Coral gardening & Sexual

propagation

$10,000–$160,000 USD ha−1

(ref. Goreau, 2014; Young

et al., 2012)

Field tests and broad-scale

implementation

Technical, economic

Assisted evolution Theoretical understanding

based on lab studies

Knowledge

Physical restoration (Artificial

reefs)

$1–10 million

USD ha−1* (based on ref.

McLeod et al., 2008)

Field tests and broad-scale

implementation

Political, technical,

economic

Where data exist, adaptation and mitigation projects appear
costly (Table 2). The measures reviewed are generally in the
hundreds of thousands of dollars per project and require compre-
hensive efforts on the order of a decade to execute, with resources
dedicated for capital construction and ongoing maintenance and
operation. It is clear that the physical size of any project heav-
ily dictates its price tag, making smaller projects appear more
feasible for a local jurisdiction or property to undertake.

The major drawback and wild card in any reef-focused in-
tervention is that every effort alters the ecosystem, on top of
environmentally driven alterations that have already happened.
Restored reef ecosystems are never identical to pre-disturbance
ecosystems in terms of biodiversity or species composition (Si-
mon et al., 2013). Unforeseeable ecological consequences are an
inevitable part of an ecosystem-scale intervention. And the larger
the spatial scale of the intervention, the more significant, or
perhaps permanent, the unforeseeable consequences could be.
Given the risks, care should be taken to adopt the precautionary
principle and ensure that proposed interventions do not increase
the likelihood of other adverse outcomes.

If, however, resource managers are interested enough in sus-
taining a subset of ecosystem services from local coral reefs to
invest financial and human resources in a long-term project that
may not have a guaranteed outcome or measurable benefits,
some of the techniques reviewed here could be candidates. In
several cases, additional application-focused testing (e.g., safety,
cost and effectiveness) is required before implementation.

Many obstacles can stand between an intervention and its
implementation. Most commonly, knowledge barriers slow the
use of interventions. Because scientists have incomplete knowl-
edge of mechanisms, ecological relationships, and socioeconomic

responses to OA impacts on coral reef ecosystems, it is difficult
for managers to justify and approve interventions. Complicating
matters, the majority of environmental research still does not
directly answer questions relevant to conservation and sustaining
benefits in a changing environment (McLeod et al., 2013). Eco-
nomic barriers often prevent use of interventions as well. Capital
and maintenance costs can be substantial, and hidden costs can
arise. When interventions are implemented with unclear goals
or lacking measurable outcomes, justifying interventions relative
to other economic investments is doubly difficult. Moreover, the
economic balance sheet associated with an in-water, reef-facing
intervention is complicated by competing social and economic
factors that may not appear on that balance sheet, such as man-
agers’ needs to support equitable conservation, ensure compati-
ble uses of ecosystem services, simultaneously manage terrestrial
resources, and coexist with social and economic adaptations oc-
curring in the social–ecological system. Technical barriers may
slow the use of interventions, such as the need for reliable power
or a long-distance supply chain to support chemical remedia-
tions reviewed here. Also, moving a very technical intervention
like assisted evolution from the research sector to the manage-
ment or commercial sector often requires developing equipment
or supplies that are easy to use for non-experts. This requires
an added layer of technical development to make interventions
accessible to many. Finally, political barriers associated with
conservation, use of provisioning services, development of busi-
nesses and human capital may arise. Certainly, CO2 reduction
at the international level suffers from political barriers; this is
often also true at national and subnational levels. Even when
the political environment is amenable to considering environ-
mental preservation and restoration, competing interests and
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crises within government can push aside deliberations about
long-term environmental issues. Unfortunately, politicization of
global change also increasingly hampers progress towards much
stepwise action on environmental issues.

This review only discusses mitigation and adaptation
approaches aimed at coral reef processes altered by OA, but
simultaneous adaptation of coral-dependent human communities
in response to changing benefits is inevitable. In the United States,
OA-driven impacts on the Pacific oyster industry encouraged
shellfish hatchery owners to implement several adaptations very
quickly that were focused on maximizing hatchery production
and sustaining the shellfish industry (Barton et al., 2015). Like-
wise, coral reef-dependent communities would likely wish to
quickly address any OA-driven losses of ecosystem services, par-
ticularly those that generate revenue, nutrition, and livelihoods.
Individual entrepreneurs are often fast to identify small-scale
adaptations but communities tend to move more slowly in pur-
suit of a more comprehensive adaptation strategy. Sometimes
community adaptation progress is hampered by socioeconomic
conditions and politics. Possible responses to address OA impacts
on coral reefs that would address socioeconomic impacts are
numerous, community-dependent, and location-specific. As vital
as it is to undertake a pragmatic comparison of mitigation and
adaptation methods for coral reefs affected by OA, it is also
imperative to consider mitigation and adaptation methods for
the coastal communities that will experience changing ecosystem
services as a result of OA’s impacts on coral reefs. Such a detailed
assessment is outside the scope of this review, but it is clear
that such a study should be well-rooted in both adaptation and
maladaptation avoidance studies (e.g., Magnan, 2014).

5. Opportunities to advance this field

Many of the techniques reviewed here are unproven, and
further evaluation is needed to accurately assess which, if any,
of these options are safe, cost-effective, and viable for mitigating
OA impacts on coral reefs, particularly in the context of other
likely simultaneous changes: warming, potentially stronger/more
frequent tropical cyclones, extreme rainfall, or terrestrial flood-
ing. Supporting adaptation through biological techniques may
prove more feasible than via geoengineering (Rau et al., 2012),
but in total, more research is needed. Computational models (e.g.,
Mongin et al., 2016; Feng et al., 2016) help assess the impact
of spatially and temporally limited approaches, but field deploy-
ment is needed to actually know how natural factors intersect
and how downsides/upscaling play out (Montserrat et al., 2017).
Certainly cost–benefit calculations (e.g., Renforth et al., 2013) are
useful in taking our understanding several steps forward, but still
are partly theoretical.

Just as the global cost of mitigating atmospheric CO2 emis-
sions has been related to global economic productivity (gross
domestic product, GDP) to inform and motivate global decision
making, estimated costs of these coral focused interventions are
needed. This information could foster practical discussions about
investing in solutions for reefs affected by OA. Business cases
are critical to inform our ability to comprehensively measure
success (e.g., return on investment) of various mitigation and
adaptation strategies. In many cases, the monetary, social, and
cultural value of the benefits derived (e.g., coastal protection,
fisheries, tourism) are likely to exceed the implementation costs
(Rau et al., 2012). For instance, Creighton (2014) found that
an Australia-wide investment of AU$350 million into estuarine
restoration repairs would likely be returned in less than 5 years
by fisheries production. The ecosystem services that coral reefs
provide (i.e., fisheries, coastal protection, habitat, cultural ser-
vices, tourism) are valued at $40,000 to $2 million ha−1 y−1

(ref. de Groot et al., 2012). Most current measures of mitiga-
tion/adaptation success are item-based (e.g., percent survival of
transplanted corals), not service-based; however, success should
be measured as how much of the previous ecosystem func-
tion, services and resilience could be re-gained. Outputs from
business cases and ecological and evolutionary models can be
used to generate prioritization frameworks to guide decisions on
where, what, how much, and how to intervene. To our knowl-
edge, no data exist capitalizing services recovered from various
mitigation/adaptation techniques. Outputs from business cases
and ecological and evolutionary models can be used to generate
prioritization frameworks to guide decisions on where, how, and
how much to intervene.

Feasibility analyses also need to consider the global and long-
term temporal scale of the OA problem — the anthropogenic CO2

load will only diminish through neutralization by sediment and
rock dissolution and subduction at a time scale of thousands of
years (IPCC, 2014). It is also worth acknowledging the concept of
lead-time; some research investment today is needed on longer-
term questions in order to ensure solutions for tomorrow. The
goal is to restore and enhance values, not just to protect and
conserve. Ultimately, there is no singular solution to saving coral
reefs, but, efforts to preserve and restore reefs may allow the
preservation of important ecosystem processes and services that
would otherwise be lost.

6. Conclusion

In this review, we sought to determine whether adaptation
or mitigation of OA on coral reefs was a viable option for re-
source managers to consider. The answer is yes, but with major
qualifications. Adaptation efforts like reef restoration and assisted
evolution are worth considering if resource managers are willing
to undertake an expensive, long-term project whose outcome
and duration may not be guaranteed. Mitigations like chemical
remediation are worthwhile if they can be conducted in a way
that keeps the project’s net global CO2 emissions negative despite
its energy, material, and transportation requirements. Any of
these interventions may be worth conducting if managers decide
that sustaining and rebuilding only a subset of ecosystem services
at a local to regional scale is a desirable outcome. Careful con-
sideration of how any coral reef intervention would be chosen,
planned, implemented, and evaluated is critical. There will always
be knowledge gaps regarding reef management, and managers
may need to act with imperfect science and limited data on
aspects of social/ecological/economic consequences of a given
intervention. However, the key is to ensure that existing coral
reef interventions are tested and refined so that we have the best
available information to inform our planning/implementation.

Most techniques evaluated here are costly and do not scale
at the same pace as current rates of global reef loss. Nor do
they address the root cause of ocean acidification, that of global
carbon emissions. That said, intervention need not be an all or
nothing approach, and some of these techniques may be worth
considering for implementation at smaller scales in a coordinated
way. Working to save pieces of ecosystems and buying time are
incredibly important so that there is more to rebuild from in the
future. Further, despite the seemingly high price tag of many of
these techniques, given the potential value of regained ecosys-
tem services (i.e., fisheries, coastal protection, habitat, cultural
services, and tourism valued at $40,000 to $2 million ha−1 y−1)
(de Groot et al., 2012), net gains are likely to swamp imple-
mentation costs. It is certain, however, from the limited reach of
coral reef interventions, that they must be undertaken as part of
a suite of global-scale interventions including atmospheric CO2

reduction to preserve coral reef ecosystem function and bene-
fits to humanity. Aggressive and immediate mitigation action is
non-negotiable, but we need more.
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