Les Kaufman, Ilsa B. Kuffner,

Tom Moore, and Tal; Vardi

=

INTRODUCTION

If coral reefs continue to decline, society will lose important ecosystem services worth bil-
lions of dollars (Costanza et al. 2014), including coastline protection, food security, and eco-
nomic (e.g., tourism) opportunities. There is hope, though. Many reefs around the world are
doing okay, and even when degradation is pronounced, pockets and patches of reef remain
where hard coral cover and individuals or populations of threatened coral species and other
reef creatures survive despite continuing deterioration in ocean conditions (Guest et al. 2018).
Right now, humans have a fleeting opportunity to intervene directly. While we mitigate climate
change and coastal disturbances, active restoration of coral populations can, along with more
advanced interventions that are currently in development, help co.rals sexually .reproduc.e. and
sUccesstully recruit to reefs, buying time and encouraging adaPt.at1Oﬁafegﬁzi;glr?f::::;;’tn;
iﬂ Ord.er SRS e, pcoant i SULE muéltlli)lztsics ltfesllazlsl:, efforts were mostly local-

“Storing reefs was developed years ago (Precht 2006), . oefs from boat groundings or
Sale operations with a more focused purpose such as recovering ree ly using coral fragmenta-
Other assay]ts. Currently, small scale, single-species restorations, MLy

tl

efs still exist at the end of this century.
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We stress that coral reef restoration is not a panacea. Of course, restoration must be couched
in the context of, and not in licu of, continuing global threat reduction and local Managemep;
efforts to reverse the human impacts that are causing reef decline. Some areas of the world Mmay
not yet need, or be ready for restoration because local management actions have not yet been
tried, nor have other interventions such as predator removal (e.g., crown-of-thorns starfish in
the Indo-West Pacific) been recognized as a necessary prerequisite. However, after four decades
of attempting to reverse coral reef ecosystem decline, focusing mostly on ﬁshcry regulations
and marine spatial planning—for example, creating marine protected areas (MPAs)—the time
has come to try new tactics (Anthony et al. 2017). While MPAs have shown success in reha-
bilitating fish stocks (Halpern and Warner 2002), positive effects on coral populations haye
not been realized (Toth et al. 2014; Bruno et al. 2019). The use of active coral restoration tech.
niques, as outlined in this book, has gained recognition and validity throughout the world (

Oppen et al. 2017; National Academies of Sciences 2019). This chapter offers a vision of
coral restoration can look like along a continuum of increa

payofts in the currency of ecosystem services.

van

s ¢l what
SIng 1nvestment, spatial scale, and

Climate Predictions

The first question that people usually ask when they ponder the usefulness of coral-reef res-
toration is: "Why restore reefs if the ocean conditions that killed them in the first place have
not been mitigated, and in fact, are getting worse?” This is a valid concern. Earth’s climate s
changing in ways that were set in motion centuries ago at the dawn of the industrial revolution,
and humans continue to perturb the global carbon cycle at rates and on 2 spatial scale that is
unprecedented in Earth’s history (Mackenzie and Lerman 2006). Humans have moved hup-
dreds of gigatons of carbon from where it was locked away in the Earth’s crust as fossil fuels to
the atmosphere, hydrosphere (oceans), and biosphere (land-bound vegetation) in nearly equal
thirds. The consequences of this added carbon in the atmosphere (as carbon dioxide) and the

ocean (as dissolved inorganic carbon) have direct Impacts on coral reefs. Coral bleaching, the

cnidarian hosts—most often in association

Imary cause of coral mortality around the
; Eakin et al. 2010: Hughes et al. 2017b). Ocean acidification is

and oceanic thermal Inertia,
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THE VALUE OF RESTORATION EFFO RTS AT
VARIOUS SCALES

e

Because of the lag in time between carbon emissions and subsequent climate impacts, there will
be a gap—even with concerted efforts to lower greenhouse gas release—between the present
when existing coral populations are threatened with extinction, and a future ocean that is once
again hospitable to corals. The chapters of this book illustrate that the restoration of coral reef
habitat is possible and the spatial scale of success is steadily increasing (Section III, Chapter.s
[1-21 in this book). All of this is embedded in the larger context of arresting anthropogenic cli-
mate change while making local environments more conducive to coral .reef recovery (Hughes
et al. 2017a). Even considering climate change, it is criti.cal for restoration to cont'mue at I}:e
current (albeit small) scale, while other management actions contmue—?lclll i:;sl::?:l:ri?ll\lr:ti)-'
S ncles P large-scal.e o rlfef ecoggsitlell?hgzsl;z;ak;?tfhis final chapter
gated and planned for (Vaughan and Nedimyer, C P tain success at the local level while
outlines the multiple steps along the way. We must Il?a " ztlllle trajectory we are suggesting for
aiming for maximum impact at the ecosystem le.:v.el. This 1sy ccnrage for those who are new
the coral reef restoration community, and the vision that we e
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coral fragments of a limited set of one or two species (Precht 2006; Johnson et al. 2011; Rinke.
vich 2017; Bostrdm-Einarsson et al. 2020), (Section 11, Chapters 510, and Section III, Chapters
11-21 in this book). Restoration programs today exist along a continuum of objectives froyy,
supporting tourism to bringing back self-sustaining and functioning ecosystems (Shaver anq
Silliman 2017; Bayraktarov et al. 2019). The continuum of objectives or benefits relate to three
basic parameters—spatial extent, complexity of the intervention (i.e., number of species of
genotypes restored, substratum manipulations, genetic interventions—Chapter 9 in this book),
and overall investment in terms of money and resources (Figure 23.1). The aim of this chapter
is to leave the reader with confidence that thoughtful restoration can render critical ecosystem.
service benefits all along the continuum. The benefits begin with even modest efforts, but then
increase exponentially as the restoration increases in scope. Furthermore, an economy of scale
can be achieved when practicing coral restoration at a larger scale because establishing the
infrastructure is usually the most expensive and time-consuming element. Helping coral reefs
to persist through the end of the century requires that we work at all scales simultaneously.
Achieving many successes at a smaller scale will, in summation, contribute to the attainment

Bl Coastal Protection
Il Fisherles

U7 Biodiversity

B Education

B Tourism

10sof sqmeters  100s of sqmeters 1000s of sq meters Hectares 10s of Hectares 100K of Hectares All Reefs
House Reef Coral Population Coral Fishery Habitat Reef Accretion Ecosystem Self-sustaining
Metapopulation Processes Reefs
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Figure 23.1 A conceptual representation of the increasing ecosystem service benefits that are
accrued as the (log) spatial scale of restoration increases. The x-axis could have been represented
by any number of other variables (e.g., cost, duration); but spatial scale was chosen as it probably
represents the tightest correlation and it is easiest to visualize. The drawings at the top of each
column hint at the level of effort (single species to full reef restoration) that is necessary for
achieving the benefits. A more detailed explanation of what is needed can be found in the text
and in Table 23.1, later on in this chapter. The first two columns represent the scale of current
practices. Restoration projects or programs can fall anywhere along the continuum. Noté that a
fishery habitat restoration project would not necessarily be smaller than that for reef accretion. The
primary difference between these two are the goals—fisheries/biodiversity accumulation versus the

-accumulation of reef structure for coastal protection. (Conceptual illustration by George Boorujy.)
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1s achievable will vary greatly according

. tore most of what one reef was or can b
some level of success is nearly always possible with clarity of purpose and scale (Figfxiz Zg, lb)ut

to baseline conditions. It may be impossible to res

Examples

Next, we provide seven examples of objectives that possess such clarity of purpose and scale for
restoration programs. In general, the value of restoration increases exponentially with spatial
scale, complexity, duration of effort, as well as time and money invested. In Figure 23.1, spatial
scale is used as a proxy for all of these categories. Note that there are infinite intermediate steps

along the spatial-scale axis where a restoration program could fit. These examples are made to

complement and illustrate, not supersede, the objectives identified in other guides (e.g., Shaver
etal. 2020). In each example, we outline the minimum of what is needed to achieve the specific

goals (Table 23.1) and payoffs in terms of ecosystem services that success at this level should
achieve (Figure 23.1).

1. House Reef

Vacationers traveling to tropical coastlines, as well as local people, seek beach and marine-

: . s ' hes and corals is an
relat ion. line or diving to see brightly colored fis
ated forms of relaxation. Snorkeling fal s and resorts boast a house reef, a lace

important part of these experiences. Many coas b i+ 2 blast of tropical marine diver-

Where visitors can slip into the water without fuss anc.1 lavish in a blas - Etation s on the

sity. Loss of a house reef portends serious economic impact lg 211) r?isls- ettinlg) Publicly accessible

ewironmental quality and recreationa OPPOrtu lifftolr'd: nlelreefs anci local governments
: iti at 11v ’
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. . : . -vment by thel ,
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a . l reStO"

tunity and reattaching
done it the least amount of efort by €0/ CLE t’i‘l%r’zegéigf{)ff P 1 be building a small
- | degraded reet. L3 P d attaching the fragments
in'Wat:rt::zril:ztr);tf{::'ubtlazil:inggcorals, fragmenting those corals, a1

0 the reefs.

Scanned with CamScanner


https://v3.camscanner.com/user/download

L_____________W stion: Techniques for a Changing py,,,,
%8 Plang,

Table 23.1 Rough guidelines of the minimum components that are negded tp achieve the
primary objective for each of the seven example objectives for restoration. This table is in g
way a substitute for restoration planning and design-critical processes that would take pPlace
with local stakeholders, local ecological conditions, and local regulatory contexts in mind (as in

Shaver et al, 2029)
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9. Coral Population

The threshold for local-scale (demogr
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local-scale perturbations within an 3

aphic) restoration 1S that

€nt population, This me
rea of interest, both thy

d Species or group of species
ans that reefs can recover from
ough the recovery of surviving

a few years. There may
pulations or the genetic

associated with such factors as
the Allee effect and recovery from severe storms, bleaching, disease, or other mass-mortality

events. As such, the minimum level of effort op a patch reef scale, ~100m?, would consist of:
(1) a small in-water nursery that houses at least four genotypes (or putative genets based on
local phenotypic knowledge) of a primary reef-building coral and (2) clustering outplants in

t al. 2019, Koch, Chapter 10 in this book).
Ecosystem services restored at this scale should include those at the previous scale as well as ad-

ditional biodiversity conservation, passion tourism such as underwater photography and scuba
diving, and possibly some fisheries benefits. In addition, the restoration of a self-sustaining

population means that this reef can then serve to rescue other nearby populations by providing
larvae or habitat for settling recruits.

3. Coral Metapopulation

Restoration at this scale would be in the form of a network of connected populations th.at can
absorb even higher levels of disturbance without shifting irrevers.ibly into noncoral.-domu;ea::ic}
Systems (i.e., they have some level of ecosystem resilienc.e). This }evel og (;isgt)oztiﬁﬁ 1r:,e15 s
tates promoting climate-resilient reefs (National Academies of Sciences

e : ing of the
*Pecies, community, and metapopulation. Progress is being mafle s Iaill(:ealrz??ilirllince to
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the beginnings of a reduction in subsequent restoration costs. Of course,
each patch, the number and variability of each genotype, the
number of patches would result in greater benefits.

increasing the sjye of
number of coral species, and the

4. Fishery Habitat

A distinct step-up in minimum effort is required to provide habitat at a scale sufficient to ep.

hance reef fisheries that are important to local communities. In essence, restoration at this level

seeks to reboot an entire coral reef community—that is, providing the shelter and sustenance

to support populations of reef fishes, lobsters, and other coral reef fishery targets. Restoration

at this scale involves multiple species of coral, and possibly also the restocking (or culling of,

e.g., crown-of-thorns starfish) of non-coral species, such as herbivorous sea urchins, predators

of coral predators (e.g., lobsters and hogfish that eat corallivorous snails), or any organism

that contributes to critical ecosystem functions like grazing, production of suitable settlement
habitat, and coral colony survival. However, if restoration promotes a settlement of key species,
additional restocking efforts may not need to be carried out. We do not yet understand how
succession works on many reefs, but continued restoration experience will help reveal these
unknowns. In reef regions where there is a generally healthy ecosystem to begin with, bolster-
ing the populations of multiple species of coral may be sufficient to re-attract a full complement
of fishes and other reef species. The topographical complexity of reefs is likely to increase with
restoration at this scale, thereby attracting cryptic organisms that fill out trophic webs and add
complexity and needed redundancy in ecological functions. Restoration at this scale would
pay attention to the biophysical setting and enabling conditions necessary for a wide array of
ecologically important coral reef taxa, such as crustose coralline algae that are settlement cues
for coral and other invertebrate larvae. In this phase, it becomes possible to tolerate ecological
players that may be intolerable in a scenario that is characterized by smaller patches of this or
that coral. For example, at a very low density of branching acroporid corals, algal-gardening
damselfishes can have a devastating impact on populations of their host corals. In extensive
thickets of these same corals, however, algal gardeners might actually benefit their host cor-
als by defending a larger area of live coral from coral enemies such as excavators and borers.
Ecosystem services restored at this scale include those at the previous levels as well as gains in
tisheries, a steeper rise in biodiversity from volunteer recruitment, and ecological processes
such as larval export and the beginnings of shoreline protection returning. Note that research
and development of restocking programs for non-coral species can be costly.

5. Reef Accretion

Restoration at this scale requires the reestablishment of net-positive carbonate-accretion bud-
gets. This is accomplished when the amount of calcium-carbonate rock and cemented sediments
produced by corals and other calcifiers outweighs the amount that is lost from dissolu.tion., ero-
sion, and transport off the reef (Perry et al. 2018). The most important metrics for Justlfylngt:
public funding for coral-reef stewardship, in all forms, is return on investment. The value Zl
the shoreline protection by U.S. reefs in terms of human lives and dollar amounts to an annu
flood-risk reduction of more than 18,000 lives and 1.8 billion dollars (Storlazzi et :.al. 2919)- l
Returning reefs to positive accretion rates is no easy task, may not be po§sxble in all C;
cations, and will be particularly challenging in subtropical areas, such as Florida, where Es
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(see Chapter 11 in this book), of large swaths of reef in Puerto Rico by NOAA

and other examples (see Chapters 14 and 18 in this book), are both illumin
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7. Self-Sustaining Reefs

This I’o"*‘ﬂ""l"‘ describes the level of restoration that should be the ultimate umlﬁrml;;m,[, Rc't
ration of the global ecological-economic landscape in which coral reefs are embedded, inct..
the whole human-biosphere system, is accomplished. All CCOsystem services of coral ¢
been restored at this scale and restoration investments can cease, This leve] (f restoration,
quires that fossil-fuel burning has arrested, global climate change is ,"" longer primarily ;,mh::
pogenic in nature, there is better fisheries management, water pollution is under CONtrol, ther, ]
more thoughtful coastal and watershed development, and region-wide CCosystem-sca s
tions such as those described previously have been implemented in all reef regions (Hughe
al. 2017a). There is total and complete politico-economic restoration; that is, the Earth and 41 ;::
human and nonhuman inhabitants are living in sustainable harmony. While this may sound Jij,
a pipe dream in the early to mid-21st Century, it could be possible to achieve in part, and
progress toward achieving it would be worth the resources expended. /

‘CIU( °n
)

le r Cstora.

CONCLUSIONS

Coral reef restoration is a very young but maturing set of tools with great potential in the fight
to bridge the gap between the current phase of exponential anthropogenic climate change
and a future when it has been arrested and reversed (Hoegh-Guldberg et al. 2008 van Oppen
et al. 2017). Coral reef restoration can enable the species, relationships, and processes that
constitute a coral reef system to cross this bridge from hostile to amenable ocean conditions
for reefs, and to reassemble on the other side in some form capable of, once again, accreting
calcium-carbonate edifices that keep pace with sea level and support the ocean’s richest bio-
logical community. The methodical steps toward scaling up coral reef restoration are key to
this grand vision of ecosystem repair and resurrection. Restoration cannot and will not solve
all of the problems facing coral reef communities today, for it is not a substitute for the abate-

ment of anthropogenic climate change—it is only an adjunct, but an important and legitimate

one. Coral reef restoration can buy time—but it is precious time, and without it, we risk losing
these systems.
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