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Incorporating ecologicalprocessesnto restoration planning is increasingly recognizedas
a fundamental.componentof successfurestoration strategies.We outline a scientific
framework to advancethe emergingfield of coral restoration. We advocateor
harnessingecologicalprocesseshat drive community dynamicson coral reefsin away
that facilitates the establishmentand growth of restored corals. Drawing on decadesof
coral reef eeologyresearchand lessondearned from the restoration of other ecosytems,
we posit thatsrestoration practitioners can control factorssuchasthe density, diversity,
and identity=of:transplanted corals; site selection and transplant designto restore
positive feedbackprocesses- or to disrupt negativefeedbackprocesses-in order to

improve restoration successUltimately, we arguethat coral restoration should explicitly
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incorporate key natural processedo exploit dynamic ecologicalforcesand drive recovery
of coral reef ecosystems.
Front Ecol Environ2018;

In anutshell;

e Global declinesn coralshave spurreéffortsto transplanspeciegrownin underwater
nurserieso recovercoral populations

e An important componertb restoratiorof degradederrestrial aquatic,andmarine
ecosystemss thereestablishmenif keyecologicalprocesses

e Coralredrestoratiorcanbuild on lessonkarnedirom restoringothertypesof ecosystems
to developcréeativemethoddor harnessg key ecologicaprocessesuchaspredation,

herbivory,andnutrient cycling, thatacilitate coralrestoration

Althoughcoralreefscoverlessthan 0.1% oEarth’ssurface they suppormorethan30% of
total marinebiodiversity(ReakaKudla 2005),area key source disheriesproduction
(MobergandFolke 1999), and providghorelineprotectionfor over 100million people living
in coastalareagFerrarioet al. 2014).However,coralsarein rapiddecline ommanyreefsdue
to globalstressorassociateavith climatechangesuchasincreasingseasurfacetemperatures
thatcausecoral bleachinganddiseaseaswell aslocal stressordike nutrient pollution,
sedimentationand overfishing (Hughestal. 2017).Coralreefsin thePacificOcearhavelost
nearlyhalf ofitheircoralsover thepastfour decade¢BrunoandSelig2007), andnanyhave
lostanadditional 3050% during herecent(2014-2016) globatoral bleachingevent(Hughes
etal. 2017).This alarmingtrendis evenmorepronouncedn the westernAtlantic Ocean
(henceforth; th€aribbean)wherereefshave lost approxintaly 80% oftheir corak sincethe
mid-1970s(Jacksoretal. 2014). Although theausef coraldeclinearenumerousmanyof
the driversof.corallossarelocalized,acutedisturbancesmakingcoralrestoratiorafeasible
optionfor reestablishingoralsin manyareas.

Currentrestoratioreffortslargelyfocuson “outplanting” (transplantinggoralsraised
in nurseresto augment existing populationsjth the goal ofestoringkey foundational
speciendegradedeefs.Theseefforts havebecomeancreasinglysuccessfuat reestablishing

targetcoralsthatareoftenthreatenear endangered (Figute Youngetal. 2012. In the
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Caribbearalone thereare at presenmorethan150coral propagation operations over 20
countriescontainingtensof thousands of nursemngisedcoralsfor usein restoratiorefforts
(Lirmanand Schopmeyer 2016). Thascentield of coralrestorations thereforeonthe
thresholdof conducting substantiagéstoratiorprograms

Generallyspeaking, eéstoratioreffortstypically focus orrestoringpopulations of
foundationspecieghat provide the physicatructureuponwhich communitymembersiepend
for shelterresourcesor reproductioneggrasse$Werneretal. 2016];trees[Elliott et al.
2003]; mangrovesHosireet al. 2008];seagrassgfkeynoldset al. 2013). Thereis along
history of restoringfoundationspeciesn terrestrialsystemswhereplantingtreeshasbeen
central to restoringkey ecosystenprocesseandservicegHoll 2017). However, beyond
simply reestablishingoundationspeciesrestoratiorefforts oftenincorporatefundamental
ecologicalprocessessuchascompetition,successionand herbivoryto restoe communities
that support importargcosystenfunctions (Sudingt al. 2004). Indeediwo decadesgo,
Palmeretal. (1997)recognizedhe centralroles thatbasicecological theory and community
ecologyplayingeffectiverestorationFor example manipubltingcommunity dynamics by
outplantinglatersuccessionapeciess oftenusedto acceleratéhe processof community
successiomrestoringterrestrialsystemgPalmeretal. 1997;Werneretal. 2016).Facilitation
of targetrestoratiorspecieausing murseplants(speciesisedto createamorefavorable
environmenfor restoredspecie} or specificearly successionapeciess frequentlyusedin
therestorationof terrestrialandcoastalecosystemso reduce physicatressand improvdocal
growing conditiongBrunoetal. 2003;Sillimanetal. 2015).

The prageticeof harnessingpositiveinteractionsandecologicalprocesseto expedite
restorationn terrestrialsystemss increasinglybeingappliedto restoredegradeagquaticand
marinecommunitiegBrunoet al. 2003;Halpernet al. 2007); for instance, promoting genetic
diversityin large scaleseagrasgestoratiorplanningcanrestoregeneticallydiverse
populationdar.marerapidly thancannaturalregeneratiowia recruitment(Reynoldset al.
2013). $mple.changesn coastawetlandrestorationdesigns thaeveragepositiveintra-
(Silliman et al»2015)andinterspecific(DerksenHooijberget al. 2017)interactionsas
opposedo trying to minimize negative onesanalsogreatly improve thechanceof

successfutestoration.
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Whereadacilitation andecologicalprocesseareoftenincorporatednto restoration
approaches manyterrestrial aquaic, andmarinesystemspractitionersof coralreef
restoratiorhavebeenslowerto integratethesefactorsinto coralrestorationprograms (Shaver
andSilliman 2017).To assesshe degredao which ecologicalprocesseareincorporatednto
restoratiorefforts on coralreefs,we surveyedl 16 scientific papers orcoralrestoration
publishedbetweenl 987 and 201{seetheWebReferencem WebPanell for afull list of the
paperdncludedin‘thereview). The majority of thesestudiesfocusedon factorssuchasthe
growth and'survivorship aforalseitherin nurseriesor outplantedo reefs whereasonly 19%
incorporated angspet of ecologicalprocessegegrecruitmentpredation, herbivoryTable1;
WebPanell)«nsaddition,we surveyed1 coralrestoratiorpractitionersconductingcoral
restorationoperationsn 12 differentcountriesandterritoriesthroughouthe Caribbean region
to ascertairwhatfactorsinfluencehow practitionerschoosereefsto conductcoralrestoration
and determinsiteswithin thosereefsto outplantcorals(Table2; WebPaneP). Existing coral
cover,availablecleansubstrateandwaterdepthwerethethreemostimportantfactors
identified by praectitionersvhenselectingareefto conductrestorationwhereadactors
associateavith ecologicalprocesseweregenerally ranketbw in importance.

However,whenselectingwhereto outplantcoralswithin areef, practitionersappeared
to give ecolegicaprocessemoreconsiderationasthethreemostimportantfactorsidentified
werechoosng thebestavailablesubstrateavoidingpotentialbenthiccompetitorsand
outplantingnearherbivoresNeverthelesshereappeardo belimited dataaddressing how
effectivethegedifferentprocessesmay befor facilitating restorationFor example avoiding
benthic competitorarasthe secondmosthighly rankeccriterionfor selectingsitesto outplant
corals(Table2), butfew, if any,scientific studieshaveexaminedheimpactsof competition
onrestoredcorals(Tablel). Furthermorerecruitmentof fishesandcoralshasbeenthe most
studiedprocessn.the context ofcoralrestorationthough composingust 5% of all restoration
studies) yetthesestudiestypically only measureecruitmentollowing coral outplantingwith
negligible consideration of how the designrestoratiorcanfacilitate or impederecruitment.
Thus,thereis'definiteinterestin integratingecologicalprocessesto coral restorationputit is
unclearhow extensivelycologicaltheory hashapecurrentpractices.

Here,we outline aframeworksuggesting howestoratiorpractitionerscould potentially
increasehesuccesandrate of restoratiorthroughbetterintegration of keyecological
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processessuchasherbivory, competition, predation, and nutrieptling, into restoration
efforts. We proposehatrestoratiorpractitionerccanmanipulatevhere,when, and howorals
areoutplantedo enhanceoral survivorship and growth orderto restorepositive pr to
disrupt negativeleedbackprocessesNe highlight important knowledge gaps regarding the
ecologicalunderpinnings oforalrestoratiorthatmustbeaddressethrough rigorouscientific
researchi{WebIable 1). By explicitly incorporating methods theithertakeadvantage of or
manipulate keyprocessegestoratioreffortsmaybe ableo utilize dynamicecologicalforces

to hastenthe“recovery o€oral populations.

Capitalizing.onimportant ecologicalprocesses

Promoting herbivory in restored areas

Herbivoryby fishesand urchings thelinchpin of aseriesof positivefeedbackshatreinforce
topographically complexgoratdominatedeefs,thereby supportingcosystenfunction
(Mumby andSteneck?008). Robust herbivore populatiacensuppressnacroalgakover,
minimize corakalgal competition,ncreasecoral growth andecruitmentandfacilitate the
recovery ofcerakpopulationsafterdisturbanceg¢Grahamet al. 2015;Zaneveldet al. 2016).
Restoratiorpractitionersecognizethe importance of herbivonsince“outplantingnear
herbivores'wasrankedasthethird mostimportantcriterion for selectingsiteson areefto
outplantcorals(Table2). Yet only 2.5% of studies otoralrestoratioraddresshebivory atall,
with only onestudy focusing on herbivory bdishesor urchingWebPaneR). Capitalizingon
herbivoryin goneertwith coralrestorationgitherby outplantingcoralin areasvhereherbivory
is high or prometing herbivory oreefswhereit is diminished, shoulthereforebebotha
researctand arestoratiorpriority.

Whereagopulations ogmall coralassociatedish often declineasaresultof reduced
coralcover, populations darger,rovingfishes suchasherbivorougarrotfishandsurgeonfish
speciesmaypersistin theimmediateaftermathof coralloss(Grahamet al. 2007).In Moorea,
FrenchPolynesiafor example populations of herbivoroussh increasedollowing an
outbreak ofcorakeatingseastars which consumedvirtually all living coralson theisland’s
reefs;theincreasederbivoryfacilitatedrecoveryby keeping the substrafiee of macroalgae,
therebyallowing coralsto recruitbackto thesereefs(Holbrooket al. 2016).For reefswith

lower coralrecruitmentates restoringcoralsshortlyafteranacutedisturbancemay harness
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the benefitsof existingherbivore populationt® helpjump-startrecoveryof coral populations,
ascomparedo sites whereratesof herbivoryarelower.

In addition,restaing coralsimmediatelyfollowing adisturbancecouldmaintainrobust
herbivoroudish populationsasfish larvae like corallarvae,areattractedo waterborne
chemicalcuesemittedby corals(Dixsonet al. 2014). Quicklyrestoringcoralsaftera
distubancemightthereforehelp prevent diminishegkcruitmentof importantfishesandcorals
in theabsenc®fabundantoral.Initiation of suchrecruitmentcascadesouldhasterthe
recovery not only oforal populations bualsoof organisms that provide k&gosystem
functionslike herbivory and nuitent cycling (egHalpernetal. 2007).This type ofscenario
highlightsthekeywaysin which largerscaleprocessesuchasconnectivitybetweerreefsand
larval supply*dynamicsaninfluencecoralrestoration.

Different typesof herbivoredikely varyin effectivenessn facilitating restoration
giventhatherbivorediffer in thespatialextentandintensityat which theygraze.Urchins
representconcentrategource of grazing oversanallareaof areef(~1 m?), whereas
herbivoroudishesmay grazeovermorediffuse (hundreds of squaraeter$ areagSandin and
McNamara2012).The steadyandintenseherbivoryperformedby urchinscaneasecoral-algal
competitionandallow transplantedr juvenile coralsto establish(Sandin andMicNamara
2012). Indeedocalizedrecovery of the longpinedurchin Piademaantillarum), a
historically abundangrazeron Caribbearreefs,hasgreatlyreducednacroalgakover and
increasedoral recruitmentcomparedo adjaceneareaswheretheurchinis absen{Carpenter
and Edmunds 2006

Establishing recovemyucleiby focusingrestoratiorefforts on small discreteareago
attractimportantcommunitymembergeg birds, rodents) thatandepositseedsgoncentrate
nutrients, ad facilitate successioms commonin forestrestorationHoll 2017).Onreefs,
restoringcoralin.areaswith existingurchin populations couldarnessconsistensource of
herbivoryto facilitate coral growthandresultin recoverynuclei on adegradedeef.However,
it is importantte’consider the density-dependent nature of the bemleditarchin provide,as
grazing by urehingat high densitiescandislodge juvenileorals kill coralrecruits,and reduce
the cover of importantoral settlemensubstate(McClanaharetal. 1996). Thus, atigh
densitiesor in theabsencef adequateoral growth, thepresencef urchinsmaywork against
longtermrestoratiorgoalsby degrading thetructuralframeworkof reefs
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Reducingthe amount ofsubstrateavailablefor algalcolonizationcanforce herbivores
to grazemoreintenselyon theremainingspacgWilliams et al. 2001).This might beachieved
by increasinghe density otoralsoutplantedor restorationpr by usingastgrowingcorals
and/orcoral specieswith morphologieghatoccupyrelativelylargeamounts osurfacearea
(Figure2). Thetemporaryuse of norcolonizable algatfree surfacedo reducegrazable
substrateanconeentratexistingherbivory(Williams et al. 2001). Couplingargetecdhigh-
density outplanting oforalswith therestockingof grazergegurchins,parrotfishesould
promotepositivefeedbacks antdasterthe development akcoverynuclei(Maciaetal. 2007;
Obolskietal. 2016).Suchapproachemay be morefeasiblefor discreteareadike patchreefs
wherenaturalbarriersaid in spatiallyrestrictingherbivores.

Reducing coral predation and disease
Coral predation(ie corallivory)is a chronicsourceof tissuelossandmortality for many
specief coral (RotjanandLewis 2008).Commonpredatorsof coralincludemanytypes of
invertebrategegsnails fireworms,andseastarg andfishes(egdamselfisheshutterflyfishes,
and othercoralliverousspecies Before themassbleachingof 2014-2016 (Hughest al.
2017), over40% of theoralcoverlost on Australia’sGreatBarrier Reefoverthepastthree
decadesvasdueto outbreaks of the corallivorowsown-of-thornsseastar(Acanthaster
planci; De’athetal. 2012).In the Caribbearalgatfarmingdamselfishesanbe amajor source
of mortality for colonies of staghoreoral (Acroporacervicornig outplantedor coral
restorationFigure 3;Sch@meyerandLirman 2015. Surprisingly, our surveyevealedhat
avoidingor managingcorallivory wasseenmasone of theleastimportantfactorsamong
restoratiorpractitionersvhenselectingsitesto outplantcorals(Table2), althoughcorallivory
hasattractednoreresearchattentionin thecoralrestoratiorliterature(Table1).
Notably,thereappeato beseverarelatively easydecisiongpractitionerscanmaketo
helpminimize predation omestoredcorals.As coral coverdeclines predationby roving
corallivorousfishescangeneratanalarmingpatternin which predationintensityoncorals
increasesscoralcoverdecrease@urkepile 2012); moreover, corallivofsom lessmobile
organismgeginvertebratesalsointensifiesascoralcoverdeaeasesand foodresources
becomescarcel(Baumset al. 2003).Giventhis relationship sitesfeaturingexceptionallylow
coralcovermayin fact be poorchoicesfor restorationparticularlyif thecoralsbeingusedfor
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restoratiorarefrequenttargetsof corallivores.Outplantingon reefswith someexistingcoral
populationgnay beimportantfor reducing damage by corallivex

Asymmetryin preypreference&analsomakethe outplanting ofarebutpreferred
coralsparticularlyproblematic Suchis thecasefor A cervicornis theprimary speciesusedfor
coralrestorationn the Caribbeanyhichis thepreferredprey of thecorallivorous gastropod
Coralliophila,abbreviata(JohnstorandMiller 2014).In regionswith high spatialvariability of
corallivoreabundance, avoidingefswith largepopulations of corallivores favor of
targetingsiteswith'low corallivoreabundanceould helpto mitigatethis negativefeedback
hinderingcoralrestorationWilliams etal. 2014).

Currentrestoratioreffortslargelyfocusonrestoringone or dew specief corals.
However,ascoralpropagation techniques improve, thereasingnumber andliversity of
coralsavailableforrestoratiorprovide the opportunitio testand employcreativeapproaches
to restorationSomecoral speciessuchasPoritessppin the Caribbear{Miller andHay 1998),
andAcroporaspp andviontiporasppin thePacific (White and O’'Donnell 2010)arequickly
consumedyseorallivoreswhentransplanteanto areef. Limiting accesdy corallivoresto
palatablecoral speciedy protectingthemwith lesspalatable branchingpralsis onecreative
approachoreducecorallivory andincreass thediversity of coralsbeingrestoredIn Florida,
for instancegolonies ofA cervicornisoutplanted nexto conspecificsveremorequickly
preyed upon than thoseitplantechextto differentspeciegJohnston aniiller 2014);
similarly, colonies of théeaf coral (Pavonafrondifera) outplantechextto fingercorals
(Poritescylindrica) sufferedlower predatiorratesthan didP frondiferaoutplantedwith
conspecific{Cabaitaret al. 2015).If thecoralsbeingusedfor restoratiorareheavly targeted
by corallivores,informed use omixed-speciesassemblagesf coralsmay helpreduce
corallivory andits detrimentaleffectson coralrestorationFigure2). Suchanapproach would
parallelthe beneficialinteractionsccommonlyusedin terrestral restoration(Brunoet al. 2003).

Diseasas.amajor source otoralmortality andcanhave devastatingffectsoncoral
populationgPrechtetal. 2016). Althoughwe did notspecificallyaskaboutdiseasen our
survey ofpractitionerssurprisingly only one otthe 116 studiesdentifiedin ourliterature
searchfocused ordiseasalynamicsn restoredcorals(Tablel), indicatingthat theras aclear
mismatchbetweerthe importancef diseasesa source otoralmortality and thdevel of
attentionit hasreceivedn coralrestoratiorstudiesMany corallivoresmay spreaddisease
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agents amongorals,includingspeciesisedfor restoration(Williams andMiller 2005); for
example thebeardedireworm (Hermodicecarunculatg, a voraciousoral predatoranda
reservoirfor coraldiseaséSussmaret al. 2003), frequently consuméscervicornis(Miller et
al. 2014).Competitionbetweercoralsand thecommongreenalgaHalimedaopuntiacan
attractH caruneulata increasinghe pevalenceof coraldiseaseandmortality (Wolf and
Nugues 2013). Seekingaysto control bothalgal compeitors, suchasrestoringareaswith
abundanfishesand/or urchins, ancoral predatorsnayalsohelpto reducethe incidence and
spreadof coraldiseases.

Fishesandotherreefinhabitantghatprey oncorallivoresrepresenpotentialbiological
controlsthateould beleveragedo facilitate restorationFor example white grunts Haemulon
plumierii), acommonCaribbeameeffish, readily consume aduld carunculata(Laddand
Shantz 2016whereaghe carnivorougieltoidrock snail (Thaisdeltoided preys orthe
corallivoreC abbreviata(Sharpand Delgado 2015)yhich canalsoactasavectorfor coral
diseaseg$Williams andMiller 2005).Restoringcoralsin areaswith abundantd plumieriior T
deltoideamaythereforehelpto minimize the negativémpactsof corallivore populations.
Alternatively;deployment oftructureghatincreaseherecruitmentor aggregatiomwf fishes
like H plumieriior actively seedingestoratiorareaswith T deltoideacould helpreducethe
abundancef-corallivoresand theransmissiorof coraldiseases restoredareas.

Algal-farming fishes as context-dependent forcesin coral restoration
Processethataffectcoral survivorship, andltimatelyrestoratiorefforts,maybe context-
dependent-orexample manydamselfishesreterritorial algalgardeners thatould promote
or hinderrestoratiorefforts depending on geographaxationandspeciesspecificbehavior
(Figure3). In theCaribben, territorial damselfisheg¢eg Stegasteplanifrons) destroylarge
amounts of livecoraltissueto createalgalgardenghatarefiercely protectedrom larger
herbivoregRotjanandLewis 2008).S planifronscanrapidly colonize colonies oA
cervicornisoutplantedor restorationcauseconsiderablg@artial colonymortality (Figure 3a;
SchopneyerandLirman 2019, andmayincreasehe prevalence aforaldiseas€Vermeijet
al. 2015). Coratestoratiorefforts shouldthereforeavoidareaswith largedamselfish

populations. Furthenore concentratingoral outplantdan areaswith high biomass of
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piscivorousfishesmayreduce the abundanceddmselfishesndtheir negativeimpacton
corals(Figure3b).

Conversely, on Ind®acificreefs,territoriesof the duskyfarmerfish(Stegastes
nigricang, acommonspeciesof damselfishcanpromote the survival and growth r@fre
coralsthatareetherwiserapidly consumedy corallivorousfishes(White and O’Donnell
2010).Thecoralswithin theseterritoriesareoftenfastgrowing, branchingpeciegeg
Acroporasppamenabldor usein restorationFigure 3c\White and O’Donnell 2010
Restoratioreffortson reefswith abundans nigricansandother, similar damselfishspecies
may benefitif coral outplantingis focusedwithin damselfishterritoriesto facilitate the growth
andrecruitmeniof,coralsandactasnucleiof recovery. Inareaswith robustcorallivore
populations,irparticular,the protectionprovided byfarmingdamselfishesuchasS nigricans

may becrucialfor theinitial growth andestablishmentf outplantedtorals(Figure3d).

Fish-derived nutrients promote positive feedbacks for corals

The structureereatedy living coralscanaggregatdéishesandconcentratdish-derived
nutrientsthatincreasecoral growth (Holbrooket al. 2008).Thesefish-derived nutrient
hotspotsalseincreasegrazing by herbivoroufishesandreducealgalabundance, both @fhich
likely enhane&oralgrowth and survivorship (Shan&t al. 2015). Moreovermanyof the
fishesthataggregate arourgtructurallycomplexcoralsareinvertivoressuchasH plumierii,
potentiallyincreasingop-down control ofcoralpredatorgLadd and Shantz 2016lrish
derived nutrientthotspotgppeato bothfacilitatethe growth ofxistingcoralsandconcentrate
herbivory,suchthat theresultantoenthiccommunitiesalsopromotecoralhealthand
recruitment.

Thesenaturalpositivefeedbacksn coralhealh maybeimportantto capturein coral
restoratiordesignsyet suchprocesseandfeedbacksarenottypically partof coralrestoration
approacheglablesl and 2)Fish-derived nutrient hotspofgomotemany of the proceses
centralto reefrecovery(eg herbivory,coralgrowth, habitat productiororal recruitment).
Furthemore many of thecoral speciescommonlyusedfor restoration(eg Acroporaspp
Pocilloporaspp)greatlybenefitfrom fish-derivednutrients. Focusingoral outplantingat sites

of existingfish aggregations, arapitalizingon positivedensity dependence obralsusedfor

This article is protected by copyright. All rights reserved



restoratiorto maximizehabitat production anf@cilitate the aggregation dishes could
harnesshesebeneficialfeedbackdo facilitate coralreefrecovery(Figure2).

Competition in the context of restoration

Competitiontorlimiting resourcegandrive population dynamicspmmunitysuccessionand
ecosystenfunction(Hillerislamberset al. 2012),particularlyoncoralreefs wherespacds a
highly contestedesourcg ChadwickandMorrow 2011).0On manyreefsworldwide, weedy,
fastgrowingspeciedike spongesandsoft coralsarereplacingreefbuilding corals(Norstrom
etal. 2009) and slowing the growtndsurvivorship ofremainingcorals(Chadwickand
Morrow 201%).4Frequent and abundant competitiveractionscangenerate aeriesof
negativefeedbackshatmayinhibit the regeneration of diverse, topographically compesal
reefsand impedeestoratiorefforts.

Understanding competitiviateractionsamongcoralsusedfor restoratiorandtheir
benthic competitorsouldassistin restoratiorsite selectionaspractitionersareclearly
interestedn avoiding benthic compikors whenoutplantingcorals(Table2). To date,
however, no'studidsaveexaminedheeffectsof competitionon coralrestorationTable 1),
makingthisarearipe for newresearci{WebTable 1). Within sites,outplantingcoralsin sucha
way asto aveid superiorcompetitorgepresents aelatively simplemethodfor improvingcoral
growth and survivalOn Caribbearreefs,the encrusting gorgoniderythropodium
caribaeorumand the zoanthiBalythoa caribaeorunaretwo aggressivefastgrowingspecies
that ankill or'suppresthe growth ofA cervicornis(Karlson1980; Suchanek ar@reen
1981). RemovinghesecompetitorsvhenoutplantingA cervicornisor targetingoutplantso
areaswith aflow abundance dhesecompetitorscouldreduceor eliminateonefactorworking

againstestoratiorefforts.

Conclusions

Translatingeeologicaltheoryinto realisticapproacheor conservatiorpractitionerss one of
themostchallengingaspectof ecologicalrestorationFigure2). Promotingpositivedensity-
dependenprocesseto facilitate restorationis a fundamental component tefrrestrialand
aquaticrestoratiorplanning(Halpernet al. 2007).For example putplantingterrestrialgrasses
in high densitieganpromotepollination,increaseseedset,andhasterthe recoveryof
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grasslanecamystems(Morgan andscacca2006), and otplantingsaltmarstplantsin high
densitiescanreduceabiotic stressjncreasebiomassproduction, andhitiate facilitation
cascadegSillimanetal. 2015).0n coralreefs,the density of outplantedoralsis abasic
elementof restoratiorplanningthatmay drive manyof the ecologicaprocessethatultimately
determineestoratiorsuccesgFigure2). For example, outplanting cervicornisat moderate
densitiescanpromotepositive density dependencemaximizehabitat production, anghinimize
the spreadbf-coraldiseasesindcoralmortality (Laddet al. 2016).

However,we lack fundamental knowledge about threchanismshatdrive density
dependence, asell asthe abioticandbiological contextshatmediatethe strengthand
directionof density dependence. Althougtanyrestoratiorpractitionerscurrentlyconsder
densityin theirrestorationdesign(Table 2), thefact thattargeteccoraldensitiesvariedby
morethantwo orders of magnitude (0.1-26ralsm ) highlights theneedfor abetter
understanding of themechanicof densitydependencamongcoralsto optimizerestoration
efforts.Onesuchapproach would b® determinewvhetherdiseasdransmissiordrivesnegative
density dependende high-densityoutplantslf this mechanisnwereconfirmed, genotypes
resistanto diseas€Vollmer andKline 2008) mightfacilitate successfubutplantingat higher
densitiedohasterhabitatproduction withoutncreasedisk of diseasdransmissionThe
potentiallykeyrole of densityin restoratiorsuccessinderscores theeedfor furtherwork to
understangbatternsand drivers of densitgependencen speciesisedfor coralrestoration.

Coralsvarywidely in basictraitsthatinfluence populatiomndcommunitystructures,
suchasgrowthrates reproductive outputs, and symbiaaentiies, which differ among
speciespopulations, and individuasithin a population(Madin etal. 2016).For example,
thereis substantiavariability among genotypdsr suchtraitsasgrowth and branchingates
For coralrestorationmoreinformationaboutimportanttraits of coralsusedfor restoration
would allow restoratiorpractitionerdo selectspeciesand genotypelsestsuitedfor specific
restoratiorsites(Elliot et al. 2003).For example at sitesfrequentlyimpactedby thermal
stresspreferentiallyselectingcorals outplantedor restoratiorbasedon genotypes knowio
exhibit highthermaltolerancecouldbetterpreparethesite for futurethermalanomaliegLadd
etal. 2017).Likewise, matchingcoraltraitswith prevailing environmeil conditionsat a
restoraion site could maximizethechanceof survival,therebyimprovingrestoration

effectivenessindefficiency However thereremainsapaucityof data orinter- and

This article is protected by copyright. All rights reserved



intraspecificdifferencean manytraitsrelevantto coralrestoration andespeciallytheir
potentialecologicaltradeoffs. Collectinginformationaboutthesetraitsis time-consuming and
expensiveput theability to maketrait-basedselectionf coralsinformed bydata,while
maintainingoverall genotypidiversity,would providerestoratiorpractitionerswith a valuable
tool for increagng restoratiorefficacy.

Considerable progressisbeenmadein thefield of coralrestorationover thepast
decadebutmanyimportant questionsemain,hindering oumbility to restorethesekey
foundationspecie{WebTable1). As coral populations continue to declimeorldwide, it is
urgent thathesequestions beddressedalthoughthis will not be enouglto ensureahe
persistencef.caralsandcoralreefs Testingandrefining innovative nontraditional
approachegorestoringcorals,suchasharnessing important ecologigabcessess an
important nexstepfor advancinghefield of coralrestorationecology. Wanustalsomake
progressn reducinglocal sources o€oralmortality, suchaspollutionandsedimentationas
well asin reducingcarbonemissiongo slowfuture climatechange. Without the duefforts of

coralrestoratiorandstresamitigation, coralsandcoralreefsfaceadire future.
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Figure captions

Figure 1. Examples of coral restoratiogffortsin the Caribbean andesternAtlantic. (a)
Corals outplanted on a degradegefin Puato Ricg (b) juvenilebluetang (Acanthurus
coeruleu} shelteringwithin restoredAcroporacervicorniscolonies;(c) a restoredA
cervicorniscolonyexhibitingsignsof rapid tissueloss; (d) coral nurseryin theFlorida Keys.

Photo credit;
(a) S Griffin, NOAA

Figure 2. Recoveryof corals on a degradeckefcan befacilitated by positive feedbacks
(centerleft; modifiedfrom Mumby andSteneck008).If restorationcan promotehese
feedback mechanisntbglikelihoodfor coral recoveryincreasesSimultaneously, negative

feedbackslso caninhibit recovery(centerright). However restorationcan bedesignedo
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impinge orthesenegative mechanisms disruptthesefeedbacksndinitiate recovery.Thus,
promotingpositivefeedbacksor reducingnegative ones, cdower thethresholdrequiredto
push areeffrom a degradedtatetowardrecovery(center)For exampleareas ofexisting
aggregations ofishescould beselectedvithin a siteto outplantcoralsandcapitalizeon rapid
nutrientcyclingto promotecoral growth (top left). Similarly, outplanting coraldo areaswith
abundant herbiverous urchimeayreduce algal competitioand promote coral growth
(bottomleft) Thedensity of outplanted corals can be tailoteaninimizecompetition,
minimizecoral'mortality, andmaxmize habitat productior(top right). Mixed-species
outplantingicould benefrestorationby decreasg the amount of grazabkubstrateavailable,

effectivelyintensifyingherbivoryin remaining areas (bottom right).

Figure 3. Contextdependent nature of damselfisheoral reefrestoration.(a) Algal garden
createdby threespotdamselfish(Stegasteplanifrong onrestoredAcroporacervicornis
coloniesin the Florida Keys (b) In the Caribbean, coraleefrestorationeffortswouldlikely
benefit fromstheselectionof siteswith a high biomass gdiscivoresto reducethe abundance of
damselfistandtheir negativeimpacts orcorals.(c) ExtensiveAcroporasppthicketwithin
duskyfarmerfish(Stegastesigricang territories on a patchreefin Moorea,French Polynesia.
(d) Onreefsinrthe IndoPacific, coral restorationeffortsmaybenefitfrom targeting areasvith
a high abundance aérritorial damselfisheto reduce predation onoralsfrom roving

corallivorousfishes.
Photo credits:

(a) S Schopmeyer, WMiami RSMAS
(c) B Banka,UC SantaBarbara
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Table 1. Number of peer-reviewedarticles published on coral restoration and coral reef

restoration (1987—2017proken down by the generaltopic addressedn eachstudy

_ - . Number of
General topic Specific topic o
publications
Nurserystudies Propagation 34
n =45; 39% ) _
Growthandsurvivorship 30
Genotypédraits 10
Speciedraits 9
Sitecharacteristics/effects 5
Nurserymaintenance 3
Outplantstudies Attachmentmethod/substrate 23
n=70; 60% . .
Outplantsurvivorship 58
Outplantgrowth 35
Genotypédraits 10
Speciedraits 8
Restoratiordesignstudies Density 7
n=14; 12% - -
Genotypicdiversity 1
Mixed-speciesassemblages 5
Removingmacroalgae 1
Studiesin which'anecological Recruitment/reproduction 6
processvastestedor measured )
Succession 6
n=22 19%
Predation 5
Herbivory 3
Fishrderivednutrients 2
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Disease 1

Competition 0

Notes:Publicationswvere categorizedy generatopic andthenreviewedfor the specifictopicsaddressedvithin
eachstudy.Semepublicationswereincludedin multiple generatopics.Percentagesepresenthe percentof
publicationsunderageneraktopic out of the 116 publicationsreviewed.Searctcriteria referencegor included

publications andcategorydescriptionsarepresentedn WebPanell.
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Table 2. Rankings given by restoration practitioners to criteria consideredwhen selecting
reefsat which to conduct coral outplantings (amongreefs)and placementof corals at

siteswithin areef

Rank | Criteria for selecting Criteriafor selecting

amongreef locations siteswithin a reef
1 Existingcoralcover Outplanton bestavailablesubstrate
2 Availablecleansubstrate Avoid potentialbenthiccompetitors
3 Waterdepth Outplantnearherbivores

Ensurecoralsaredistributedthroughout

4 Presencef potentialbenthiccompetitors o
restoratiorsite
5 Presencef herbivoroudishes Outplantcloseto anyexistingcoral
Avoid coralpredatorsuchascorallivorous
6 Abundanceof coralpredators _
snails
7 Levelofshumanvisitation Outplantnearfish aggregations
8 Presencef algatfarmingdamselfish Outplantfar from existingcoral

Notes: Resultsarefrom a surveyof coralrestoratiorpractitionergn = 21) representind 3 affiliations conducting

coralrestoratigroperationsn 17 differentcountriesandterritoriesin the Caribbearregion.
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