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Abstract

Many ecosystems anad the world are rapidly deteriorating due to both local and global

pressures, and perhaps none so precipitously as coral reefs. Management of coral reefs
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through maintenance (e.g., marine protected areas, catchment management to ingrove wa
quality), restoration, as well as global and national governmental agreements te reduc
greenhouse gas emissions (e.g., the 2015 Paris Agreement) are critical for the persistence of
coral reefs. Despite these initiatives, the health and abundance of corals reefsiciye
decliningrand-ethesolutionswill soon be required. We have recently discussed options for
using assisted evolution (i.e., selective breeding, assisted gene flow, conditioning or
epigenetic programming, and the manipulation of the coral microbi@mea means to
enhance environmental stress tolerance of corals and the success of coral reef restoration
efforts. The 204-2016 global coral bleaching event has sharpened the focus on such
interventionist approaches. We highlight the necessity for cenagidn ofalternative (e.qg.,

hybrid) ecosystem states, discuss traits of resilient corals and coral reef ecosystems, and
propose a decision tree for incorporating assisted evolution into restoration initiatives in order

to enhance climate resilience of coral reefs.

Introduction

Human activities that began with the industrial revolution in the |dfec&Btury have driven

an incredibly rapid increase in greenhouse gas concentratitims Earth’s atmosphere. As a

result, airand ocean temperatures have risen and continue to rise at a pace not experienced by
life on Earth_ferat least 50 and possibly even hundredmiions of years(Honischet al,

2012; Wright & Schaller, 2013; Zeekeal., 2014) These global environmental changes, as

well as the often more localized direct human impacts such ashamersting, destructive

fishing, anchor damage, ship groundings, and pollutiawe precipitated broad ecological
declines, shifts, andxénctionsacross a variety of ecosystelffgarmesan, 2006), including

coral reef{Pandolfiet al, 2003).

Higherthanusual seawatetemperatures can break down the obligate association between
the reetbuilding-coral animal and its dinoflagellate engogionts Symbiodiniumspp.),
causing coral=bleaching and often extensive mortglitpeghGuldberg, 1999) Ocean
acidification(OA) is a consequence datmosphericcarbon dioxide entering the water
column resulting in an increase in hydrogen ion conediutn that shifts the seawater
carbonate chemistryresulting ina lower pH. OA increases the energetic demands for
calcifying organisms like corglsmay cause a reduced calcification r@fendersson &
Gledhill, 2003) and magxacerbate the negative impact of elevated temperature by reducing

the corals’ bleaching tolerance limifanthonyet al, 2008). A number of severe bleaching
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95 events have assaulted coral reefs around the world over the past 35 yearsygnicludi
96 1981/82,1997/98, 2001/02, 2005/06, 2010 and £086. The most recent events have seen
97 extreme bleaching with 75% of the corals bleached in some locations in Hislivdaon et

98 al., 2015), and 93% of surveyed reefs on the Great Barrier Reef (GBR) exhibiting seine le
99  of bleaching=with>50% coral mortality observedt many locationsin the northern GBR

100 (GreatBarrier ReefMarinePark Authority 2016; The Conversation, 20)6&limate models

101 predict that coral reefs will face temperatesgremes annually frorbetwea the mid2050s

102  and the mieR070s(van Hooidonket al, 2013, 201%) and possibly even from as early as the
103  mid-203Gs (The Conversation, 201§. Given recovery of coral covdrom severe coral

104  mortality to,the/predisturbance state takes multiple deca@@snnellet al, 1997; Coles &

105  Brown, 2007; Emslieet al, 2008; Doneet al, 2010; Jacksoret al, 2014) climate

106  projections portray a grim future for coral ree€fhus, in addition to global efforts to reduce
107  greenhouse gases toolbox of options isirgently neededbr coral reefrehabilitation, repair

108  and restoratiomctivities.

109

110 A glimmeref:hepe comes from the observations of an increase in bleachingdelatra

111 small number ofindo-Pacific reefsfollowing successive bleaching everfidaynardet al,

112 2008; Berkelmans, 2009; Guetal, 2012; Peniret al, 2013), indicatinghat adaptation or

113  acclimatiation=to extreme temperature anomalies can occur naturally under certain
114  circumstances. Conversely, the loss of >40% of the world’'s coral reefs over theyast f
115 decadegBurkeet al, 2011)and the extensive coral mortality experienced during the recent
116  global bleaching event of 20116 (Eakinet al, 2016; Normile, 2016)ndicatesthat therate

117  of temperature increase is outpacing tiauralrate of evolutionof thermal tolerance in

118  corals threateningcoral reefecosystempersistence into the future. Edwards and Gomez
119  (2007) coneluded thatthere is little that managers can do in the face of the lasgale

120 “natural”’ . drivers of degradation such as climate change related mass bleaching, storms,
121 tsunamis, ‘@nd-disease outbreake/é have recently argued that this message may be overly
122  pessimisticin=relation to large scale drivers such as ocean warnaing,that the climate

123  resilience oefcorals may be augmented through assisted evol(tam Opperet al, 2015)

124  Such innovative, managememethodsrepresent a major change our thinking about and

125 approach to coral reef restoration (i.e., a shifting paradigm) vaodd increase the

126  probability of survival of corals used foestoringdegradedreefs as well as enhance the
127  resilience of remaining natural coral populations. The prespmion paperaddresses a

128 number of issues relevant in this context(l} discusses the need for consideration of
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alternativeecosystermthat maintain varying levels of functionality (i.e., diversity, goods and
services) where a return to the historical ecosystem state is no longer feéble,
characterizeghe ecosystem attributes armbral traits that are most critical for climate
resilience (3) discusses the challenges of interventions focused on enhanced climate
resiliencer(assisted evolution), and (4) proposes a decision framework focahgoration of
assisted evolution into coral restoration practice. jVevide criteria to guide coral reef
managers"in decision making for implementation of coral stock obtaneedssisted

evolution with the goal of promoting more climate resilient reef ecosystems

Assisted evelution and related terms

Assisted evolutioms the acceleration of natural evolutionary processes to enhance certain
traits (Jones & Monaco, 2009; van Oppehal, 2015) These processes include genetic
adaptation, transgenerational changes through epigenetic mechanisms and modifications i
the community composition of microbes associated with the target organismedfor r
building corals, we are currently evaluating wiegt environmental stress tolerance can be
increased .using the following assisted evolution approaches: (iyopdiioning or
epigenetic programming, i.e., the exposure of adult coral colonies to environmezgal st
with the aimto induce heritable, imased stress tolerance and fitness in their offspring, (2)
manipulation.ef'the community composition of microbial organisms associatecheitotal
holobiont (the microbiome); corals associate with a wide range of microbial organisms,
including Symbiodiniumprokaryotes, fungi and viruses, (3) laboratory evolution of cultured
Symbiodiniim under elevated temperature ap@dO, selection followed by inoculation of
coral hosts with the evolved algal cultures, and (4) selective breeding of the cordlhgost
latter is guided by relative bleaching tolerance in sympatry (Fig. 1) or tiojgeg., along

the latitudinal gradient on the GBR (van Oppral, 2014; Dixonet al, 2015)), ability of
species to crosfertilise and genetic markers of relative stredsrance(Jin et al, 2016)

While assistedevolution is a holistic term that incorporates genetic, epigenetic and
microbiome=evolutionary changes, there are other terms used in the literature that focus

specificallyson genetic changes to increase thedgrof populations:

Genetic rescugsensurestoration) (Tallmoret al, 2004; Hedrick, 2005 the improvement
in reproductive fitness and increase in genetic diversity through outcrossing of atjpopul
previously suffering low genetic diversity and inbreeding depression. Genetigerés

applicable to small threatened populations, and haa beed successfully in conservation
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efforts to recover populations of species such as the Florida pddtieisoret al, 2010)
the mountain pygmy possufWeekset al, 2015) the greater prairiehicken(Batesoret al,
2014), an adddiMadseret al, 1999) and the Mexican wdlFredricksoret al, 2007)

Assisted-gene-floAitken & Whitlock, 2013)is the managed movement of individuals with
favourable traits (alleles/genotypes) into populations (unidirectional) to reduce local
maladaptation to climate or other environmental change (either currentuoe thange).
Assisted gene flow can be usedte context of small and declining populatiqAstken &

Whitlock, 2013)or keystone, foundation and resoupreduction species that have large
population:sizegBroadhurstet al, 2008; Aitken & Whitlock, 2013)Corals, as an example

of a foundation species, have been proposed previously as candidates for assisted gene flow
(Hoegh-Guldberget al, 2008; Rieglet al, 2011)to counter the effects of climate change.
While assisted gene flow has been proposed as a key conservation action to combat climate
change and other threatening processes, relatively few examples of assisted gene flow are

availableinithe literature.

Evolutionary rescueefers to adaptation at a rate that results in survival of a population that is
threatened with extinction (and characterized by a negative growth rate) by emntahm
change(Orr &=Unckless, 2014). Small populations are less likely than large populations to
experience evolutionary rescue because they are more likely to lack genetic variation
necessary_for adaptati@and therefore at a higher risk of extirpation before rescue. Evidence
for evolutionary rescue mostly comes from empirical experiments with mic(Guesalez

& Bell, 2013). At a time of rapid environmental change, it is difficult to predict sperid

populations that will survive through evolutionary rescue (Aitken & Whitlock, 2013).

Other terms. are also used in the literature in the context of biodywemsiservation (e.g.,
gene pool*mixing, genetic adaptation, targeted gene flow, assisted migration),ebut ar

essentially=similar to one of the above.

Restoring coral,reef ecosystems

Ecological restoration is “the process of assisting the recovery of an ecosystem that has been
degraded, damaged, or destray€¢8ER, 2004), wher¢he restoreccommunity needs to be
selfsustainabl SER, 2004; Edwards & Gomez, 2007). Traditionally, finveus of most
restoration initiativehas been toeturn to a predisturbance stat@Perringet al, 2015), but
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197 when ecosystems have changed beyond theirtlng ‘natural’ variability it may not be

198 practical or possible to restore them to their historical conditions. Unfortynates

199 limitation is increasingly becoming the norin terrestrial and marine ecosysteralike,

200 including coral reefsClimate changepoor water quality, coastal developments, destructive
201 fishing, overharvesting and invasive speciesre among the many perturbations tivat

202 combinationhave alteredhe structure and species composition of coral eselkystems.

203  Therefore the broader and more flexible concept of “intervention ecolo@ydbbset al,

204 2011),proposed originally for terrestrial systenmsay be an appropriate consideration for
205 coral reefslntervention ecologyocuses on managing for future change usgs historyto

206 guide (1) the retention of historical states where possible(2) the development of new

207 systems that‘meet desired ecosystem attributes (see bmbalvijnaintain the goods and
208  servicesprovidéd bythe historical systenfJackson & Hobbs, 2009; Hoblaes al., 2011;

209 Higgset al, 2014).

210

211  Historical “(pristine) coral reefs are generally characterized by high coral cover and
212 recruitment.rates, high fish biomass, and high algal grazing ratesting inextensivethree

213  -dimensionality and biodiversity (Grahaet al, 2013). Areduction incoral cover,fish

214  biomass, bidiversity, and structural religfasoccurredon many contemporary reef systems
215  as a result oh«snumber of anthropogenic disturbances (Pandolfi et al. 2@&)h reefs may

216  still be dominated by coral but coral species composition may have changed, or they may
217 have reached an alternative stdbminated by other organisms, and it is unlikely a return to
218  the historical state is possible (Grahaimal, 2013) If the historical ecosystem state is no
219 longer attainable through natural recovery processes or through human intervetitem, ei
220 “hybrid” (those retainingome originatharacteristics as well as novedementy or “novel

221  (those that differ icomposition and/or function from present and past systecosystems

222  are two possible alternative restoration objectitre® have been considered in terrestrial
223 restoration=initiativegHobbset al, 2009) Novel coral reef ecosystemspmposed almost

224  entirely ofrsspecies that were not formerly native to the geographic location or that might
225 exhibit different functional properties, or bo(kobbs et al, 2009), are unlikely to be

226  considered inceral reef restoratiomitiatives in the near future, but wergposethat the

227  hybrid system concept receivégther attention The challenge, however, is to define the
228 desired attribute®f hybrid ecosystems (i.e., the restoration goals) and the interventions
229 required for establishing and maintaining alternatigeosystem stategi.e., hybrid

230 ecosystems), asestoration goalsare context dependentnd will differ between locales.
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Defining these is criticalfor developing the actions required for restoratiangd for
identifying the coral traits that should be tatgd and improved using assisted evolution

methods.

Coral reefsarevintegral to coastal and economic stability and valued in the billions of dollars
annually(Costanzeet al, 1997, 2014; Bishopt al, 2012; Stoecket al, 2014) Therefore,
primary considerations for restoratiomclude the attributes: coral cover, biodiversity, self
sustainability, functional diversity and redundancy, structural complexity (Ku&n€oth,
2016)and chiefly, resilience (i.e., the magnitude of the perturbation that can be buffered by
an ecosystem prior to changes in ecosystem stru@tioléng & Gunderson, 200)) Live

coral coveriis‘an important reef ecosystem attribute and one of the most widely used metrics
of coral reef pérformance worldide (Gardneret al., 2003; De'atlet al, 2009; Edmundst

al., 2014). For example, scleractinian (stony) coral cover is the primary explanatiatylesa

of fish abundance at Lizard Island (GBR), in comparison with other attributds a&s
specific caral morphology cover (i.e., branching, corymbosanassive), benthic habitat
diversity and.complexity, and species richn@ssmyakovaet al, 2013). This suggests a
critical need to.maintain both coral cover and diversity at a locally informed threshold in the
hybrid ecosystem state; coral reef structure and function can be strongly lesadiafic

(e.g., low diversity functional reefs like the Eastern Tropical Pacific and Hawaii versus
diverse reefs such as in thentralindo-Pacific). For Caribbean reefs it hasshesuggested

that ~10%_live coral cover is critical for maintaining positive calcium carbonate production

rates and thus reef growtRerryet al, 2013).

Selfsustainabilityat alocally definedamount ofmeancoral coverand diversitythat is able

to support'a locally definedmountof diversity of other reef organisms (i.e., a benefit to the
natural organisms that comprise the ecosystsmgnother desired attribute. Furthéne
systemshouldhave the capacity to adapt to future eonmentalperturbations. The broad
strategy ofsmaximizing genetic and epigenetic variation upon which selectioaatan
stochasticsenvironments should be used as part of the management portfolio. We recognize
that not all perturbations are predictablet for the primary elements of concern at the global
scale such as increased water temperature and ocean acidification, actions can be taken for
enhancing adaptation and acclimatization to such stred3ixan et al, 2015; Putnanet al,

2016) while considering potential ecological traoés as a consequence of the enhanced

traits. For instance, thermal tolerance acquired by hosting cl&jerDiodiniums associated
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with slower growth(Little et al, 2004) as well as lower lipid storage, and smaller egg sizes
during reproduction in the coradcropora milleporaJones & Berkelmans, 2011).

Further, it is well established that coral reefs are major biodiversity “hotqRubertset al,

2006) and that=sustaining biodiversity provides ecosystem function as well as goods and
services (Macet al, 2012). Functional redundancy,.j.different species with similar roles

in communitiesthat can be substituted with little impact on ecosystem proceasds
function will enhance or protect ecosystem performance under environmental perturbation
(Nystrom, 2006). For example, functional redundancy resulted in a regime shift frogahn al

to coral deminated state, not due to the presence of large herbivores typiesfdo r
(parrotfishsand surgeon fish) as expected, but to the functional redundancy of a batfish
(Platax pinnatu¥ in a primary herbivore rolgBellwood et al, 2006) It is therefore

recommendetb ensurdunctional redundancgemains

Critical coral traitsfor climateresilience: targetsfor assisted evolution

Ocean warming'and acidification are the main stressors related to increasing greenhouse gas
concentrations_in the atmosphere that threaten scleractinian corals, the system engineers of
coral ree$. Related to climate warming are a number of additional perturbations that impact
negatively onsreebuilding corals, i.e., more extreme wet seasons causing seawater salinity to
drop and influxes of pollutants and nutrients to rise, an increase in disgdgence
(Maynardet al, 2015), and an increased frequency and intensity of storms and cyclones.
Therefore, the critical climate resilience traits of corals include tolerance to warmer and
acidified waters, disease resistance, tolerance to fluctuatosalinity and exposure to
nutrients, herbicides and other pollutants, and higher skeletal densitiedetoviidistand

storms and. cyclonesnd to maintain the ability to provide coastal protectiomobtain corals

with theseg traits; some approaches banguided by coral phenotypes, but other methods
require knowledge of the cellular processes and genetic architecture underpinsmg the
desired traitsz=Considerable progress has been made in dissecting organismal gé¢eponse
environmental stresgiltz, 2003, 2005) including corals(Kenkel et al, 2014) and we

discuss how'this knowledge can inform assisted evolution approaches to enhansteessra

tolerance.

Certain facets of the cellular stress response are not stegsuific (Gaschet al, 2000;

Kultz, 2005; Andersomet al, 2015) Insteada diverse array of stressors lead to an increase of

This article is protected by copyright. All rights reserved



299  toxic chemicals in the cell (particularly reactive oxygen species [ROS]), that cause damage t
300 macromolecules (e.g., membrane lipids, DNA and proteirs.universal “minimal cellular

301 stress responsdias evolved to recruthe sameset of cellular functiongrespective of the

302 stressor. This include=ell cycle control, protein chaperoning and repair, DNA and chromatin
303 stabilization=and repair, removaf damaged proteins, and certain asp@&ftsnetabolism

304 (Kultz, 2003) Further, while there are many taxspecific stress response genes, many of

305 the genes"andrpteins involved irthe minimal cellular stress response are conserved across
306 all kingdoms of ife (Kiltz, 2003) Targeting genes that underpin the minimal cellular stress
307 response (for.nstance through mar&ssisted selective breedirfgande & Thompson,

308 1990) thus, provides an opportunity to develop coral stock with enhanced tolerance to a
309 numberof stressors simultaneously. In support of this notion, a recent study showed that the
310 same quantitative trait loci (QTLs) for antioxidant capacity in corals are informative for
311 relative tolerance to temperature anomalies and poor water q(afitet al, 2016) In

312 another example, conspecific corals from a warm bacKkomaition had higher levelof

313  ubiquitincoenjugated proteinthan those from a cooler forereef location, which were

314 maintained.after transplantation to the cooler @@rshiset al, 2010). Ubiquitination is a

315 process by,which proteinsre tagged for degradation and the cell rids itself of damaged
316  proteins, andis an element of the minimal cellular stress response. Further, many coral and
317  Symbiodiniungene expression studies have demonstrated that genes known to form part of
318 the minimal cellular stress respon@éiltz, 2003, 2005)are regulated in response to heat

319 (Desalvoet al, 2008; Csaszaat al, 2009; Voolstrat al, 2009; DeSalvet al, 2010; Kenkel

320 et al, 2011; Meyert d., 2011; Barshi®t al, 2013; Polatet al, 2013; Levinet al, 2016)

321  pollutants| (Morganet al, 2005) UV radiation and salinitfEdge et al, 2005). Innate

322 immune response genes have also been found to be regulated in corals exposed to
323 environmental streséBarshiset al, 2013; Pinzéret al, 2015). This is unsurprising given

324  high levelsof ROSare known tdrigger the coal host innate immune respse(Weis, 2008)

325  Other calcifying"marine invertebrates, such as oysters, show regulation of the same sets of
326  genes invelveddin innate immunity and the minimal cellular stress response when egposed t
327 elevated_temperaturggCO, or infected with a pathogefAndersonet al, 2015). The

328 increased climate resilience in the Sydney oyster as@duuct of selective breeding for

329 pathogen resistan¢®arkeret al, 2011; Thompsowet al, 2015), confirms that selection on

330 components of the minimal cellular stress response may have positive effects on tolerance to
331 a number of different stressors. Such citodsrance has also been documented for other

332 organisms including crop plants (Perez & Brown, 2014).
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The existence of a universal, minimal cellular stress response further indicates that enhanced
resistance of corals to stressors such as temperaturpCiiyxdmay be accomplished by
exposure to another (and perhaps single) stressor that is easy to simuiatdalvotatory,

such asrhigh=light intensitygnd perhaps can even be applied at small scales in the field.
Higher leyels of natural solar radiation experienced by one side (the west side) of
hemispherical colonies of the cor@loniastrea aspergproposed reclassificatiooelastrea
aspera Huanget al., 2014) subsequently conferred increased thermal bleaching tolerance to
the west sides.compared to their east s{@ewn et al, 2002; Brown & Dunne, 2008)
These results support the presence of (minimal) stress responses in corals that are not specific
to a particular stressor, and justify further research to explore thecgfidéaconditioning

with only one 'stressor to attempt the augmentation of ges&neds tolerance in corals.
However, this field of research is still in its infancy, with some studiesvimg contrasting
effects. For_instance, laboratory frenditioning of the coraPorites poriteswith elevated

pCO;, resulted in slower rates of calcidition and feeding when they were subsequently
submitted to-experimental heat strgdowle et al, 2016). Further, while colonies of
Acropora asper&@nhanced their thermal bleaching tolerance followingcpreditioning with

heat, this was not the caser #A. millepora (Middlebrook et al, 2008). Photosymbionts
inhabiting A._millepora colonies that were preonditioned by warming had improved their
ability to dispose of excess light energy as heat compared to those -comditioned
colonies, but were no more tolerant to subsequent blea¢Mgllebrook et al, 2012)
Positive transgnerational acclimatization and parental effects have been documented in the
coral Pocillopora damicornidollowing preconditioning of parents to high temperature and
pCO;,, but the relative frequency and importance of this transgenerational plastiorgnis e

less well understoofPutnam & Gates, 2015).

I ntegr ationrof-assisted evolution into coral reef restoration: a decision tree

van Oppenret=al. (2015) previously proposed four approaches to develop coral stock with
enhanced.environmental stress resistance, and research is underway to assdse tfe
each of these,in different environmental settings. It is important that assisted evolution
becomes embedded within coral reef restoration initiatives, betaserldwide extensive

loss of coral covesuggests natural rates of evolution of stress tolerance are too slow to
maintain functional coral reef ecosystems iatiuturecharacterized by rapid climate change

As with any restoration initiative, assisted evolution approaches need taided goy
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historical information, contribute to the restoration of ecological stracind functionand
developed stock needs to have ahdity to adapt further to contemporary selection pressures
(i.e., sufficient levels of genetic diversity need to be maintained). This means that coral stock
enhanced for climate resilience needs to be developed for a number of coral species
representinglifferent functional groups, including the rapidly growing branching cosals

well as species with massive and encrusting morphologies. We suggest a process that
considers "the "lowest levels of intervention first, and progressing to more aggressive
intervention only when necessafigydwards & Clark, 1999; Jones, 2003; Edwards & Gomez,
2007; Hobbset,al, 2014) The process is iterative and forms part of an adaptive management
framework,,the outcomes of which feed back into the process with the aim ovedpreef

status.

One of the initial considerations of this approach is to determimether restoration is
required (Fig. 2). Restoration may be desired under a number of scenarios, including when
coral cover is approaching or has declined below a certain threshold, or when coral
functional, species or genetic diversity has declined feignitly. If restoration is desired, an
assessment of recoverability is necessary, as a reef may not be currently recoverable when for
examplée it is chronically polluted, it has no or few herbivores, it has high nanadber
predators sueh asrown-of-thorns starfish (COTS) or is exposed to a high disturbance
frequency. In those instances, strategies to enhance recoverability would be the primary
intervention effort, such as catchment management, the establishment of marautegr

areas and/or ntake zone, macroalgatemoval, and active COTS control (Anthony 2016).

If a reef is deemed in need of restoration and is also recoverable, the next step is to explore
the key missing links in the recovery chain, i.e., are the physical structures e¢ftla@d
microbial biofilms suitable for larval recruitment (suitability) and is larval supply sufficient
(connectivity/supply). If a sufficiently large number of larvae reach the reefebutitment

is poor, optiens‘to enhance recruitment include: removal of fine sediments or deployment
artificial reef'settlement structures, the optimization of the tineensionality of

recruitment surfaces, and the coating of recruitment surfaces with biota and semiochemicals
(i.e.,chemicalsignak from one organistiatmodify the behaviour of gecipient organism)

that induce attachment and metamorphosis in coral |§Negri et al, 2003; Websteet al,

2004; Tebbert al, 2011; Tebbewt al, 2015) If the reef substratum is healthy and suitable
for larval recruitmenbut few larvae reach the reef, the number of larvae reaching the reef
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substratum can be actively increased by collecting coral spawning slicksg tba embryos

to mature larvae im situfloating nurseries, and pumping mature larvae onto the substratum
(Heywardet al, 2002; Edwardst al, 2015) Alternatively, larvae can be rearex situand
subsequently released onto the reef (Gekeat, 2014; Chamberlanet al, 2015), or gravid
coloniesreanbe‘transplanted priothereproductive seasdifloroszowskiFridmanet al,

2011). A combination of additional physical structures, optimization of the recniitme

surfaces and enhancement of larval supply may also be considered.

A key issue. in,coral reef restoration is the resilience of the coral stock used for restoration.
Early coral,life_stages generally have very high levels of mortality during their first year of
life (Wilson"& Harrison, 2005; Edwards & Gomez, 2007; Gueestl., 2014). Survival of

early recruits may be increased through minimizing overgrowth by filamentous &jgae
coating settlement surfaces with Amxic antifoulants(Tebbenet al, 2014), an approach
thathas not yet seen any largeale testing, or through the use of a protentedery grow-

out stage to allow the recruits to increase in size before deployment onto the reef. Most coral
reef restoration” initiatives have used coral fragments obtained by breaking adult coral
colonies into 'smaller pieceand in some cases fragments are subsequently attached to a line
or hard'substrate and grown out iniarsitu floating nursery before being explanted into the
reef environment (Rinkevich, 2014)his approach overcomes the high mortality associated
with smdl recruit size but has a number of disadvantages, including the genenally |
genotypic diversity in the restoration stock obtained in this way and the possgaéve

impact it has on the reef, as healthy corals are sacrificed to produce the fragments.

The enhancement of coral resilience to environmental stress through assisted evolution is
aiming at increasng survival of coral stock used for restoratipran Opperet al, 2015)

Within two..of the proposed assisted evolution approaches for corals (modification of
microbial eemmunity composition and selective breeditigg, level of intervention can be
scaled based-on the genetic correspondence of the enhanced material todgrstatktiOur
guidelinesfollow those of rangeland restoration practitioners (Jones, 2003), whurrecd

that in the development of more resilient stock the most “local” options muayslie
considered before any narative onesThere is extensive evidee for local adaptation in
corals(Berkelmans & van Oppen, 2006; Dixeh al, 2015) Correspondingly, the different
options for sourcingtressresistant microbes (e.g., algal endosymbiomtskaryotes fungi)

to inoculate corals are colonies growing thle same reef, a more distant reef in the same
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region, or from a completely different part of therld (Riegl et al, 2011) For selective
breeding, intraspecific hybridization can be conducted using colonies from disdipitats

on the same reef (e,gslope and flat)coloniesfrom nearbyreefs, orcolonies frommore
distantreefs. Alternatively, colonies belonging to differespteciescan be crossetb create
interspecificthybridgWillis et al, 1997) It should be noted that even if a genetically more
distant breeding stock is initially used to develop the desired stock, backcross$iegéive
population for multiple generations may increase the proportion of native genéticama
Subsequent intecrossing, in combination with selection for the desired trait at each
generation,,may result in increased fitness. Resistance to fungal blight disease has been
introduced into’ the American chestnut in this manner. The American chestnut once
dominated’Nd@h ‘America, but was decimated following the introduction of a fungus over a
century ago that causes chestnut blight. Initially, the American chestnut wadizgrvith

the Chinese chestnut (which has blight resistance encoded by a number of genes that ar
absent in the American chestnut), generating an F1 generation (50% Ameristmuizhe
Three backcross generations to the American chestnut followaslobgenerations of inter
crossing has.resulted in a B generation (94% American chestnut), but watihanced

disease resistance compared to the original American chéStatk et al, 2016).

In an alternate approach to develop blight resistant American chestnut trees, an oxalate
oxidase gene from wheat was inserted into the American chestnut genome through genetic
transformation; the transgenic trees show enhanced pathogen rediEtearuget al., 2013;
Newhouseet al, 2014)because the enzyme product directly neutralizes the main weapon of
the fungus, oxalate. While genetic engineering techniques can be challenging, especially i
nonmodel _organisms, and also tend to receive considerabléic prgsistance, such
approaches may produce desirable results faster and at a lower cost compared to selective
breeding.(Domingueet al, 2015; Bolukbaset al, 2016). However, a detailed understanding

of the disease etiology and the cellular pathwayketlying environmental stress responses is
required te=direct such biotechnological approaches. In this context, the desetagdm

QTLs for_environmental stress toleranicecorals(Jin et al, 2016), and the growing body of
knowledge orthe interactiondetween coral host ar®lymbiodiniunsymbionts Barottet al,

2015; Parkinsoret al, 2015), the host and symbiogénes regulated in response to stress
(Barshiset al, 2013; Levinet al, 2016) or under selection from environmental variables such

as temperatur@_undgrenet al, 2013; Bay & Palumbi, 20143reimportantdevelopments.
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All of the interventions listed above must guided by agreeapon restoration goals are
subjected to rigorous ridkenefit analyses that incorporate bahological/evolutionary
impacts on coral reef ecosystems as well as smmoomic aspects such as the cost and
public acceptance of the intervention. These analyses will assist in the development of a
regulatory framework to decide whether an interventstould/can be implemented and
when. The/first steps to implementingstoration of a reef using modified stock would be
controlled Taboratory trials, followed by smaltale field trials, for example on isolated reefs
that do nofprovidesurrounding reefs witldispersingcoral larvaeHence, knowledge of reef

connectivity,and gene flow is a critical component of the risk/benefit analyses.

A hypothetical example of how to use the proposed decision tree (Fig. 2): the 2016
bleaching event'on the GBR

In early 2016, the GBR experienced the most severe coral bleaching event onMeterd.
than 50% of coralwas lost from many reefsn the northern third of théGBR as a
consequence, with little to no bleachiredated mortality observed in the central and southern
sectors of .the.GBRGreat Barrier Reef Marine Park Authority, 2016; The Conversation
2016a) This contrasts with the patterns of other severe masshinigaevents on the GBR
where the greatest impacts were recorded in the central and southe(B&B&manst al,
2004).

“Is restoration needed?” is the first point in the suggested decision tre€)Fithere are

many questions about the prospeat tlee far northern GBR to recover naturally. Will the
remaining corals be able to produgseficientlarvae that can recruit onto the denuded areas?
Will coral larvae fromthe Torres Strait anBapua New Guinea to the north, from the Coral
Sea to the easfrom more southern GBR reefs, or from deeper waberglispersed and
recruit to.the northern GBR and help restore coral cover and diversity? Has there been a shift
in coral community composition, with some of the more bleackergitive taxa being
specifcally=decimated? The answers to these questions are mostly unkamohere being
assessed.with ongoing surveys following the bleaching event. If coral cover shows few or no

signs of recovery over the next several years, active restoration efforts may be desired.

“Is the coral community recoverable?” is the next question in the decision tves (Gere is

no substantial coastal development nortiCobktownand water quality is good, the answer
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to this question will likely be ‘yes’. This will also depend on the progression of a COTS
outbreak which is currently taking place on the GBR.

“Are reef structure and larval supply adequate for new recruitment?” Surveys are required to
examine*whether reefs have accumulated a large amount of rubble and/or sediment, which
would reduce successful larval settlement and juvenile survival. While unsuitable reef
structures'are more likely to be an issue in the case aflaistces such as ship groundings or
cyclones rather than bleaching, reefs that are denuded of coral may erode andrltse¢hei
dimensional, structure. If the reef structureajspropriate the question is whether larval
supply is sufficient for naturakcovery to occur. This can be assessed based on the numbers
of new recryits, observed on the northern reefs over the next few years. Bopulati
genetic/genomic studies in the northern GBR and surrounding regions provide ingight int
patterns of coral dispsal. Acroporacoral populations in the northern GBR have been shown

to be largely open with high levels of gene flow, suggesting that natural larval supply from
within the ‘northern GBR can be high (van Opgeral, 2011; Lukoschelet al, 2016), but
dispersal in:breeding corals is likely to be more restricted and connectivity patterns are more
complex (Tordaet al, 2013; Warneet al, 2015). Connectivity witlthe Torres StraitPapua

New Guinea or the Coral Sea is not well understood, and should be examined further.
Biophysical moedelgLuick et al, 2007; Hocket al, 2014; Thomaset al, 2014)are not well
developed for corals in the northern GBR and surrounding rediensegthis is another area

of research requiring more attention.

The next step ithe decision tree is to “select and develop restoration strategy”. The preferred
strategy will depend on ifield observations. If recruit survivorship is low, but further
temperature anomali@s other significant disturbances have been absent, the bleaching event
and coral loss.may have disturbed the natural microbial biofilms lining the redfasulrs
affecting juvenile coral fitness traits, such as growth rate and competitive ability. Little is
known aboutsthe composition of a healthy microbial biofilm and whether or how it can be
modified_ar“restored. It is feasible thatdésticktype biosensor for rapid, simple and
inexpensivanierobiomeDNA testng could be developed in the next 5 to 10 years, provided
this research is appropriatetgsourced If the bleaching event has caused an imbalance
between coral and algal cover, then competition for space with benthic algae may have
become so intense that coral recruit survival becomes too low to restare@ar. The use

of larvae settle@x situ onto settlement substrata that contain antifouling codfiefpbenet
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al., 2014), followed by deployment onto the disturbed reefs may be considecesitu
settlement of larvae allows for the simultaneous use of coral stock enhanced for thermal

tolerancem order to prepare the reef for recurring temperature extremes.

Another rapproach under this hypothetical exanpl® take a proactive stance and increase
stress resistance in corals along the length of the GBR in response to the recent extensive
coral nortality in"the northern GBR. Such an early intervention approach would reljaire t
implementation of assisted evolution methods and the deployment of stock with enhanced
environmental .stress tolerance onto healthy reefs with the aim to increase reshience
present, the _assisted evolution tools have neither been sufficiently developédinasks

and benefits @ssessed to permit taking this step. We encourage investment in this research
area so that assisted evolution and the use of coral stock edhHfanenvironmental stress
tolerance can be realistically evaluated for coral reef restoration initiatives as necessity
dictates in the near future.

Conclusions

We areentering.a era ofinnovativecoral reef restoration in the nextl® years, which may
include 'the“use of (semio)chemicals, optimized biofilms, and modified coral téek.
acknowledgesthat assisted evolut@pproachesn corals are in th@roof-of-concept stage,

and the'scaling upf current experiments both spatially aaxtoss taxandfunctional groups

is eventually required for these to be implemented in coral reef restoration .efforts
Advancement of methods for thargescale rearing andleployment of coral stock
manipulatedfor enhanced stress resistansehereforeurgently requiredA pressing need
also exists to _preserve a representative portion of the extant genetic diveesstaliishing

coral and'Symbiodiniumgenomic repositories using crpoeservation (Hagedoret al,
2012) analogous to seed banks established for plahestengeret al, 2013; Haidet &
Olwell, 2015)=knally, an active dialogue between scientists, coral reef managers, policy
makers, politicians and the general public needs to occur aepdl st the decision tree. In
this way, we will ensuratakeholder involvement in setting directions and prioritiegter
research and development aspects of reef restoration, as well as practical uptake of strategies
and optimal restoration practice in the future.
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Figure 2: Proposed decision tree for coral reef restoration including assisted evolution.
The various steps in the tree are explained irséefionintegration of assisted evolution into
coral reef estoration: a decision teein the text.The selection of the restoration strategy

depends on the causes underlying the lack of recovery as well as the restoration targets (e.g.,
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historical orhybrid ecosystem, percent coral cover, coral diversity, etc.). The process is
iterative and forms part of an adaptive management framework, the outcomesofeelic
back into the process with the aim of improved reef status. Communication strategies and

cryo~epositories are ongoing throughout the process.
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