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Executive Summary

Coral reefs throughout the world are facthg consequences lafgescale changes BarthOs
climate. In particularpcean warming is leading to frequeotal bleachingwhichis threaénng
the longterm stability ofcoral reefsCoral bleaching is a stress response tastilts in the
disassociation of the mutualistic symbio§es., dysbiosispetween corals and their
endosymbiotic algaesmbiodinium spp.).In the past two decades, there havenbieur
substantiableaching eventsvhich haveaffectedlargegeographic areaascross the globe,
including the worst recorded bleaching evemtthe Great Barrier Reef in 20(Berkelmans et
al. 2004; Eakin et al. 2010; Stella et al. 20T®)ese largescalebleaching eventsn

combinatia with many localscalestressorshavecontributed substantially to global decline
coralpopulationsIn addition, bleachinghaylead to compromised coral immunifyossibly
resulting inadditionalmortality by a range of poftleaching diseaséMaynard et al. 2015
Randall et al. 2014 Given their link to patterns of globalimate change and projections of
increased warming in the coming decadsass coral bleaching events are a key concern. In
addition, wrrent climate projections estimate thhdlgal bleaching is expected to ocammually
by latethis century, with more tme90% of reefs facing lonterm degradatio(Frieler et al.
2012) Furthemore in locations such as the Caribbean, frequent thermal anomalies and
consecutive annual bleachirgentsare expected tbecommon in less than 25 yedusn
Hooidonk et al. 2015)n fact, largescale bleaching two years in a row was documented for the
first time in 20142015 inHawaiiand in the Florida KeysHowever, not all corals (and other
symbiotic cnidarians) are equally susceptible to thermal saedssomeorals have been shown
to recoverfrom bleachingnore quicklythan othersLikewise, not all reefs are equally
susceptibleanddepending on local conditionsiisceptibility can varfrom one event to the
next. Suchvariability in resilience could be a cornerstone to reef pemsistever the coming
century. Howeverthe research needed to test this hypothesis remaingtofoemed

Given the substantial investment that NSF hadebg recently funding bleachingelated
projectsfor examplehrough grants for Rapid Response Research (RARH) througtregular
research proposails core programs, this workshop provided an opportunity to bring several
investigatordrom the coralreefcommunity together to discusarrentinvestigatiors and
coordinae future research priorities. To this emérticipants of th016Coral Bleaching
Workshop were charged wittlentifying majorresearch gaps knowledgeand central
guestionsconcerning coral bleachgrthatwould serve as focal points for formulating key
research prioritieand questionsThese prioritiesould, in turn, deliver new and important data
and provide a framework for future bleaching researtle group converged on three
overarching research themes in need of further exploration:

1) Bleaching mechanisms
2) Bleaching recovery
3) Refugia from bleaching

Thesethree themesanscenddthe nolecular physiological, an@cologicalapproaches of the
threeworkshopbreakout grops(see below for workshop structurd) critical point which
many participants raisedas that bleaching reseansould accelerate with questions that
integrate acrosall three approaches.



1. Bleaching mechanisms
Mechanisms of bleachingferto the entireset of processethat lead tandividual and
largescale coral bleachingvents Historically, there has beawonsiderablemphasis on
bleaching mechanismat least compared withe otheitwo research themex this
document. This appredite attention to bleaching mechanisms in the igsasflected in
the summay, and in the body of this document. Such a historical empisasi,
however, meant tdiminishthe importancef the otheresearch themeSiill, many
knowledgegaps remaimn the mechanisms of bleachifrgm the cellular to organismal
scale. In particular, few studies haexamined moleculaevel pathways of stress
conjunction withorganismalevel response®etter integration of knowledge between
symbiosis emblishmentand breakdown (i.@lysbiosis)across scalas neededThere is
mounting evidence for multiple pathways of thermal stadfesting both the host and its
endosymbiontsWhile much is known concerning some of the initial triggers of thermal
stress in reeforals and their endosymbiotic alg&erbiodinium spp.),less is known
about the role(s) of other components of the holobiont (e.g., the microbammising
viruses, bacteria, archaea antatroeukaryote®other thanSymbiodinium). In many cases
the varation of experimental designs, and inconsistency in parameters measured during
natural or experimentalinduced bleaching, rarely allow for comparisons across studies,
thereby slowing progres$hus there is an urgent need for standardized experimental
bestpractices and metrics to enable broader comparative andhgasloxically, there is
a pressing need to focus and develeperakexperimentaDmodel€ystens amenable to
laboratoryand fieldmanipulation and simitaneouslyexpandhe range of sclectinian
species under studg. better characterization of bleaching mechaniandstress
tolerance to elevatadmperature will also lead smimprovedunderstanding of thermal
acclimatization phenotypic plasticityandadaptationWhile there isonsderablenterest
in investigating mechanisnud thermaltolerance at the moleculandcellular scale (e.g.,
phenotypic plasticity vsstandinggenetic variatiovs. epigenetic and trangenerational
modification) it will be critical alsoto address possible langscalephysiologicaltrade
offs (e.g., decreased calcificatiom)organisms exhibiting highdénermalstress
toleranceAt the environmental and macezological scalghere is a need to
characterie and resolvehe physical pro@sedhat leadcorals to bleachand determine
whatalleviates coralbleaching Current metbds that forecast and assb&=aching(e.g.,
satellite observations) dwthave the temporal or spatial resolution to capsonalt
scalevariability on coral refs. Higher resolution environmental data and model
development at smaller spatial scales (< f)kmould allow for better bleaching
projections Formulationof hydrodynamic models thatcount fotemperature
variability, and the deploymemf instrumentation to teshermalmodels on selected
reefs would bettermform our design of bleachingojectionsand define regions more
susceptible to bleachinghe threeresearch priorities highlighted undeethleaching
mechanisnthemewere

0] Definethe mechanisms of bleachiagthe moleculaand corresponding
organismal scale.

(i) Formalize sstandardset of best practicég.g, experimental exposures and/or
response metric$dr bleaching stuésthatallow cross comparissramongfocal
organisms, gagraphic locationsand laboratories.



(i) Identify the physical driversf bleachingtheir inherent variabilityvithin reef
systemsandthe selective pressures that may slow or override thermal stress.

Bleaching recovery

While coral bleaching is predictéd inarease in frequency and szity; we know very
little about the processes governing recovery dynamics following bleadtnagnajority
of recovery studies to date have focused on lasgale trendsuch as mortality and
regrowthat the population ahcommunity levelThis work has provided valuable
information to the fieldyet we lack critical detasbout molecular to physiological
processes that affect recovery at the organismal. stiadmotypiglasticity,
acclimatization, and adaptation, majluence recovery succedaurthemore our
understanding of hoyor if, Symbiodinium populations change after bleaching has been
characteried for only asmall numbepf coralsand even less is known with concern to
how such changes 8ymbiodinium alter @ral physiology or recoveryn most cases, we
lack baseline knowledggbout the diversity and stability Sfmbiodinium spp. in coral
communities around the world. Moreover, little is known about the spatial and temporal
dynamicsof viral, bacterial, arcieal, fungal, and othemicroeukaryotecommunitiesand
how they maychangeduring and after episodic stremsinfluence the outcome of
recovery Theintervalfollowing a bleaching event isaitical period when the coralOs
immune response and energetic demands are especially taxed, thereby malsng coral
more susceptible to diseamed other threatis their physiologicallycompromised state
Recovery thresholds at the ecosystem scale witl bé important to characterize, as we
do not yet know \Wetherspecific thresholdsor tipping pointsoccur, beyond which reef
ecosystems may displaase shiftsandwill be unlikely torecover to their previous
state.Thus,given the relevant timelinéturations of these processesmnythorough
studies for bleaching recovery will require@retime than conventional funding periods
typically allow (3P4 years)Research priorities for investigatibdgaching recovery
included the following:

) Determine tle systems level processes, spanning molecular to organismal,
involved in bleaching recovery

(i) Determine the links between bleaching recovery and patterns of disease
susceptibility.

(i)  Characterize mechanisraad dominant attributes obratreef ecosystenthat
facilitate or hinder recovegr

Bleaching refugia

While many models suggest that the majority of coral reefs will not survive current IPCC
projections for global warmin(frieler et al. 2012)other work has documentedeas of
bleachingesistancer refugia(van Woesik et al. 2012; Schmidt et al. 20F8)rther,

while some species may be driven to extincteoayubset of contemporary speamesy
persist(Pandolfi @ al. 2011; Edmunds et al. 201@rottoli et al 2014)Regional or
habitatrefugia may be determined by specific physical or biologatélibutesthat protect
specieghat arevulnerable to thermal stresSther coral species may successfully grow
under adverse conditions and have already adapted to wittisttret thermal stress and
subsequenttleaching(Hume et al. 2013; Palumbi et al. 2014; Richards et al. 2015)



Locating and investigating such bleaching refugia will entail a range of approaches, and
has direct links to our continued understanding of whases and prevents bleaching.
Furthemore harnessig our currentand futureknowledgeof bleaching resistance into
possible conservation strategissch as the assisted migratmrtransplantatiorof

thermally tolerantorals as a means of restorati@re also key areas of interest by many
in thescientificcommunity which alsocould benefit from future efforts in characterizing
climatechangeefugia Threeresearch priorities were identified undee thfugiatheme:

) Determine patterns of blelasiag resistance across multiple coral tasdnin
multiple populations

(i) Locate and define refugia at the physical and biological scale

(i)  Characterizehe potential forsurvival and persistence of coral phenotypes in a
range of habitats

The three focalhemesof the workshoppresented aboyandtheaccompanying ideaand
guestionscovered belowprovide a road map fonitiating potentially transformativeleaching
research into the next decade and beyérkky conclusion of this worksip was thatmany of
these ideas and questions are well beyond the scope of any one laboratory. This point is
especially germane when considering how to approach many of the research themes across
scales of studySuch efforts will take a large consamn of investigators to leverage the
necessary expertiskat isneeded to tackle these questitunly .

Workshop Organization and Structure:

This white paper summiaes the efforts of a workshamtitled, Onvestigatingcoral bleaching in
a changing climate: Our state of understanding and mapping opportunities to push the field
forwardOwhich was held June £I8, 2016 at the Hawaii Prince Hotelaikiki. The
motivation behind the workshop wisassess theulminationof several recent years of focdse
research on coral bleaching by many U.S. investigatdneh was made even mosggnificant

by the widesprealdleaching eventgroughout the worlthatcorresponded with strong El

Nino in 20142016. The workshowasstrategically timed tprecedehe largest international
scientific conference on coral reetise 13" International Coral Reef Symposiyumhich was

also held in HonoluliHawaii.

In Octoberof 2015, Warner made initial contact with possible attenttegaugeinitial interest
in the possible meeting and timing.Mecembenf that yearheinvited several scientists from
theU.S. coralreef community, representing a range of age and academic rank, to join the
steering committee to help organize the farofahe workshop. The steering committee was
composed of the following scientists:

Dan Barshis, Old Dominion University

Sarah Davies3oston University

AndrZa Grottoli, Ohio State University

ToddC. LaJeunesse, Pennsylvania State University
Mark Warner University of Delaware

Robert van Woesik, Florida Institute of Technology



The steering committee formedinal list of participantgseeAppendix 2for completdist of
participans) intended to capture a broad array of expertiseeficoralbiology, and inacademic
experienceln addition, each participant was asked to recommend at least one advabced Ph
studentor postdocfrom their groupwho they thought would benefit froparticipatingin the
meeting.The total number of participants was keyentionally low to facilitate as much
discussion as possible.

In April, all participants were asked to provide a -gragestatement thahcluded a brief

summary of each personOs current research focus related to coral bleaching, as well a$ a short lis
of no more than five key questiqrg knowledgegaps that they perceive in studying bleaching.
Participants were encouraged to consider questindgaps that may be outside their immediate
expertise butverestill connected to their larger researoterests. Based on thes@mmaries

and the leagarticipantOesearch history, the steering committee placed each participant into
one of thehreefollowing breakout groupgl) Cellular & Molecular level processes, (2)
Organismalevel processes and (3) Ecological &rgescale processes. The

steering committee thesplit into these three groups to compile all of the participant summaries
andassemble shor20-minutepresentation that would serve asjaniping offO point at theast

of the workshop with the entire group. After further deliberation, the steering committee
determined that it would be beneficial for one additional presentatithe start of the workshop
which would bedesigned to summarizke status of the linkbetween coral bleaching, microbial
interactionsand disease. Two participants, Rebecca VEyaber Oregon State University)

and Erim Muller (Mote Marine Lab)kindly agreel to provide this presentation (s&ppendix 3

for the workshop scheduleyirginia Weis (Oregon State University) kindly joined the molecular
group leaders to help provide a broader cellular context for the meeting introdlibgon.

steering committee agreed that our central focus should be on the discussion of coral bleaching
in thecontext of specific climate events related to elevated or prolonged heating of seawater and
high light exposure. While other largeale factors, such as ocean acidification, and local
stressors, such as coastal development, polluimhiurbiditymay phy important roles in

influencing the outcome of bleaching, it was determined that we could not adequately address all
of these issues given the time constraints of the meeting.

After the introductory presentations and discussodithe participant sumary statementsl|
participants were charged with comingwiph what theyperceivedas key research priorities for
their respective breakout group. In pautar, they werealsoencouraged toonsider the direct
applications and links that their quessdmad with the other twaorking groups. At the end of
Day one the entire group met to summarize the resultsD@ntwo, each breakout group was
charged with distilling their central ideas into no more than five research,tap@t®ne steering
committeeAvorking group discussion leader also moved to a new breakout tpdapilitate
integrationacross groups hesedistilled central ideawere then presented and discussed among
the entire groupThe entire groughen worked together tmndensehese ideas further into the
three themes listed below. The workshop concluded with a general discussion of the final
product and any additional modifications were mabDespite the varied perspectives of the
participants, all three breakout groups cagee on three central researchrties thashould be
given equal weighfior future investigationsn coral bleaching. Summariesgroup discussions



for each themand theirresearch priorities and regarch questionare presented in the
following sections

1. Bleaching mechanisms

Our current knowledge of cellular and organismal responses to thermalrstyesgral and
coralbleaching inparticular is extensive, but only for specific aspects of thermal stress and only
for some coral species. Substahprogress has been made in understanding the establishment of
coral symbiosis, and in understanding the disestablishment of coral symbiosis, or dysbiosis.
However, major gaps remain in our understanding of the mechanisms of these processes at the
molecuhr, cellular, and organismal levefs. the cellular scale, several independent sets of

studies have examined the mechanisms of symbiosis recognition, regulation, and re
establishmentas well astudies that have examinatchanisms of dysbiosis. @mprdiensive
evaluation of the overlap in these mechanisms is lacking and would provide substantial insight
into the common cellular and molecular machirtéat isresponsible for the corfleaching
response. This point is especially important when consglénm potential targets for shifts in
thermal resilienceeither by adaptation or acclimatizatidkt.the macrescale, there was
considerable discussidar betterhydrodynamicand temperaturenodel developmerfor

predicting and characterizing bleachiigithin the bleaching mechanisioci, three research
prioritieswere identified as follows:

(Research Priority 1.1) Define the mechanisms of bleaching at the molecular and
corresponding organismal scale.

At themolecular scale, a community effort to cotla metaanalysis of the thermasitress
response (e.g., from transcriptomic datasets) in a range of corals and their symbionts could
provide some convergence on common mechanisms of both bleaching susceptibility and
resistanceand help to define the ldehing phenotypeConsidcrable discussion focused thre

need for many of the mechanistellular questions tbefirst characterized in a model
organismto armthe communitywith the necessary understanding to interpret these processes
acrosther corés, Symbiodinium speciesand other corahssociated microbiaiversity. For
example, a dart model systeroould prove usefuhat use organisms thatre: (i)nonsymbiotic
andnon-calcifying (e.g, theseaanemon&Vematostella vectensis), (i) symbioticandnont

calcifying (e.g, the seaanemonetiptasia pallida’ or the jellyfishCassiopeia), and(iii) an
aposymbiotic or symbiotic organism tleaticifies (e.g, the coradstrangia poculata). An

additional coral, preferably one that is tropical, symbiatid can be reared in the lab for
multiple generations, was also discussed (thg.Caribbean specié®via fragum) as a

promising system in need of further developmaigo, there was discussion about the need to
converge ora single or set &Symbiodinium model speciethat could be grown in cultur&uch
model systems could prove importantnterrogating candidate stress pathways to demoastrat
their role in bleachingWhile not discussed a&xtensivelyacross the breaut groups, there
remains a pressing need to better dedyrabiontspecies anthe microbialcommunities across
corals as taxonomic differences within and across these constituents can play a significant role

! This genus has recently undergone taxonomic revision and Grajales and Rodriguez (2016) have
recommendd the assignment of the new geAwgiptasia.



in interpreting the bleachinresponseCollaborations with a large group of molecudard
cellularbiologists could be fruitful in helping to address nmaakms and pathways of bleaching
In addition to the aforementioned model systepasticipantsalsoraised the point thahe

number of coral species under current intepsgsiologicalstudy is limited and should be
expandedencompassing a broad geographicge to more broadlyepresent the diversity of
naturalreefsystens. All of these efforts would better define the breaalftibleaching

phenotypes, which may be similar or dissimilar among variousdyosbiont combinationsand
coud provide a holistic understandiing the bleaching response.

Themetabolicresponsgand dysfunction of photosyntheststhermal stress are wel
characterized for somspecieof Symbiodinium. Nevertheless, more daageneeded to fully
characterize the range of physiological respomdash are likely to occuacross different coral
speciesand their symbiontsNe also need deeper understanding of hdwsstgeneralist vs.
hostspecialistSymbiodinium interact withn a range of coral taxa when subjectethirmai
stress conditionsSimilarly, thedirect links between cellulatressesponsege.g, production

and release okactive oxygen species (ROS) frémbiodinium and/or host mitochondriand
thebreakdown of the cordlymbiodinium symbiosisare not well understood. In addition, several
studies have hypothiegedthat the animafe.g., impairment of coral immune respertkiring
symbiosis breakdowrgndor the microbiomeaesponsesould beasimportantasthe resident
Symbiodinium in inducing bleachingh some coral specig€Bourne et al. 2008; Diaz et al. 2016)
and inthecommencemerndf postbleaching diseag®/ega Thuber et al. 2009; Maynard et al.
2015) Still, the mechanistic pathways involvedthe onset opostbleachingdiseaséave yet to
be characterized @venfully defined.

Research questiormd topicdo addresbleaching mechanisniscluded:

¥ How conserved are theellularmechanismsinderlyingmutualisticsymbiogs and
dysbiosis acrosisosttaxa?

¥ Are there common mechanisms of adaptation, resilience, acclimatioracclimatization
to thermalstres®

¥ To what extent do coralssociated microbés.g, viral, bacterial, and furad) function in
the process of bleaching?

¥ To what extent are certain partner combinations (c8yalbiodinium, intracellular and
extracellular microbiome) resistant to stress, and what are the physiological tradeoffs
inherent among these combinations?

(Research Priority 1.2) Formalize a set of best practices for bleaching studies that allow
cross-comparison among focal organisms, geographic locations, and laboratories.

There is a pressing need for greatandardizatioof some elements @bralbleaching
experimentsStudiesemploy a range of experimental designs that tendiline either rapid
acute heatingor slow; more chronigcheating protocold.ikewise, while the interaction between
light and temperature egpue in bleaching is well establishedariability in lightquantity and
guality (e.g.,photosynthetic active radiation, ultraviolet ligatyo contributes to differences
across experimental bleaching studMany of these studies may have different g@ads
guartify the transcriptomiws. the organimal responseor determiningwhat is the cause of slow
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vs. rapid thermal priming This makesomparisos across studiesspecially challenging. While
one set protocol for testing bleaching susceptibiiyy not be applicable in all situations, there
was considerable discussiontoow we must reconcile possible differences between such
experimental design&qually important is the need for the community to converge on common
OcurrenciesO or units for exgsing response metriddence a community effort to standardize
heatstress experiments, while still considering the length of tintleafield, necessary
equipmentand feasibility across field sites and lab groups was seen as a valuable research
priority. Such an effortvould allow for better mobilization of resources across laboratories when
attempting to measure corals before, durargl after future bleaching events.

Ideally, biochemical and organisrrlalvel responses (e,gphotosynthesis, respiration,
calcification, feeding, carbon translocatiSmmbiodinium density, microbiome composition,
pigment concentration) should be compared against molecular and cellular level (e.qg.,
transcriptome, proteomandgenome) responsesrfall focal organisms. However, participants
acknowledged that this would not always be feasdnd hence the need for a refined list of
standardnetricsand a comparative analysisthe pros and cons of eaishrequired ORst
practices@evelopmeninust consider the ease of ubeoad applicability, feasibilitygnd acess
to specific equipment. Despite these challenges, participants noteal thanty cases several
laboratories have the capacityn@asure common set of variables that would allaw better
crossstudy comparisons.

Research questions and topiasievelopbest practicefor bleaching stuesincluded:

¥ What common methods (e.@ctive Chla fluorescenceria PAM fluorometry,
calcification via buoyant weight and/or linear extenyicould be combinedcrosdield
studies to draw a more holistic picture of the short and-teng bleaching responsand
result incommon metricsaenablecomparisons across stud?es

¥ How consistent areoralphenotypic responses to shahd longtermexperimental
heating exposures and how do they relate to bleaching respomisesield?

¥ Designand implementation adrchival protocols (e.gpreservation of samples for later
molecular OomicsO analyses)needetbr beter downstream analyses @flfl-based
studiesthat may not be technically, financially, or temporally feasible at the time of the
studyand would allow for better capture of Osamples of opportunityO among different
investigators

(Research Priority 1.3) Identify the physical drivers of bleaching, their inherent variability
within reef systems, and the selective pressures that may slow or override thermal stress.

The physical oceanography of reef systearsmodulatewater chemistry within and across the
reefand influencehe reponse of the benthic community. Thgrrent assessment of coral

bleaching events is based largely on satellite observations, often with-tqiléeid

assessmentBy contrast, coral bleaching is predicted using global climate models §5CM

which projectopenrrocean temperatures. Yet, the temporal and spatial resolutions of both
observations are too coarse to characterize variability on coral reefs. Bleaching predictions may
be improved by identifying the most important physical drivers of bleaching ajetiing these
parameters to the scale of redfsthis context, many agreed that a central goal should be to
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identify the methods needed to forecast bleaching atregiution Such improvements would
allow for better estimates of whether bleaching events are increasing in frequency and severity,
and whetheand wherehe spatial distribution of bleaching is changing over time.

Research questiong identify physical driversf bleachingand their variabilityinclude:

¥ What are thehysical and biologicatontext dependencies of coral bleaching?
¥ At whatspatialand temporascaleis temperature variability important in determining
bleaching?

Possible steps forward inclutiee construction of hydrodynamic models to quantify temperature
variability andthe deployment ofinstrumentation to test these models on selected rEeds

results woulddetermire which proxies are the most accurate to assess bleaching events, and
developmethods to determine how the intensity and frequency of other processes may slow or
override the thermal tolerance of some reef corals

2. Bleaching recovery

Althoughcoral bleaching is predicted to increase in frequency and severity, we know very little
about the processes governing recovery from individual corals up to whole reefs, and whether
that recovery is locally or regionally variable. While individual studies have documented
bleaching recovery at the ecological scale, to date, few studies baed/dbllowed the
progression ofield or experimental bleaching and subsequent recoet¢theorganismabnd
molecular scales. By their very nature, lasgale fieldbased bleaching studies tendrtolude

only afew metrics such as visual inspection, mortality, and regroittile suchinvestigatiors
areimportant and necessary, more datarequiredat the organismal scale (e.g., reproductive
output, calcification, energy reseryasdcarbon budgets) to foraccurate projections of how
coralpopulations willrecover in the future. In turit,is valuable to determine the extent to

which biogeographic variability iSymbiodinium specificity and host coral genetic diversity
influencephysiology (e.g., host enerdic reserves and biomass)d tolerancacrosscoral
speciesLastly, more informations needeanthe influence of dirmished physiological statm
diseaseutbreaksand susceptibility to annual bleachif@Imilar to the focus on bleaching
mechanismslescribed abovgarticipants notethe needd define physical, chemicand

biological attributes that facilitate recovealthe macrescale Three researcprioritieswere
identifiedfor bleachingrecovery as follows:

(Research Priority 2.1) Determine the systems level processes, spanning molecular to
organismal, involved in bleaching recovery
Research questions to identify processes involved in recovery included:

¥ Which genotypefpopulationgspecieaaremore likely to recoveand why?

¥ What dives stability vs. flexibility between hesymbiodinium interactions?

¥ Are there markerd.€., phenotypesgenotypesgene locietc.) that could be used t
identify individuals ompopulations thagxhibit high rates of recovery?

12



¥

¥

¥

What is the potential foorganismal acclimatization (at both the individual and trans
generational scaleand how does this compangéth standing genetigariationin
explaining organismal responses and recovery potential?

What is the impact of bleaching on fecundity, #imeswhat are thesubsequergffects of
bleaching on recruitment amdral communityecovery?

How do the responses to all of these questions change under/cepaableaching
stress?

(Research Priority 2.2) Determine the links between bleaching recovery and patterns of
disease susceptibility

Research questions to identify links between recovery and disease included:

¥
¥

¥

Can the microbiome facilitatlonyrecovery?

Does bleachindacilitate the growth of diseasausingopportunistic microbeduring
recovey?

Which microbes are benign for corals under normal temperaturdsedune
problemaic atelevated temperatures

(Research Priority 2.3) Characterize the mechanisms and dominant attributes of reef
ecosystems that facilitate or hinder recovery

Resarch questionsegardingcharacterizing attributes of reefs that facilitate or hinder
recoveryincluded:

¥

¥

¥

¥

¥

What metrics are useful in defining baselines and recovery (i.e., population abundance,

demographistructure, species diversity, composition, and ecosystem function)?

What biotic (e.g., herbivory, predation), abiotic (emmitrients, pH), and historical factors

influence recovery rates and trajectories after bleaching?
Where do thresholds (i.e., fiimg points) occur beyond which reef ecosystems display
hysteresis and do not recover to their previous state?
What role do remnantse., surviving coloniesplay as a source of new recruits versus
recruitment fronother source populatiois

What role @ deep and mesophotic reg@lay in providingsources of new recruits?

3. Bleaching refugia

Locating and protectingoral communities found irefugiafrom bleachings of critical
importance to thie persistence and conservation in a warming od@achingand mortality
arenot always uniform across a region, andneed to bettedentify geaspatial scales where

certainlocationsor habitatanayactas refugialLikewise,certain populations of corals appear to

be less susceptible and meoerant of bleaching than others. Thwe need to define the

physical and biological characteristics that will most likely support coral communities into the

future. The physiological plasticitpf somecoralsduring thermatlisturbancen such locationss
just beginning to be characterized atth@ecular, cellulgrandorganismal scake A central
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challenge will be how we define€., both physically and biologically) and locate refugia.

Pockets of bleaching resistance have already been Iq€dedapaglia and Woesik 201and

many morepotentiallyexist(e.g., shallow areas afiesophotiadeefs(30-60 m)) Several

participants also noted that such refugia could be used as important locations for investigating
methods in coral restoration, possiblyrmeans of transplanting or breeding corals with high
thermal tolerancddowever,researcttoncerning reef restoration by transplantation or sekecti
breeding may not be under the purview of many core programs at NSF, but could be of interest
within otherNSF programs ootheragencies such as NOAA. Additionallychefforts will

need to carefully incorporate detailed analysedecipherpossibé drivers of local adaptation
(D'Angelo et al. 2015)importantly,we have yet to predict whereefrefugia wil be located in

the future. A first step toward understanding these locations will be to establish sentinel sites to
track the performance of these systems and to identify the oceanographic and biological factors
that confer resistance and resilieremad that modulate the severity of bleachifgr example,
developng methods to identiffocal parameterghatcorrespond tdleaching reistancesimilar

to theaccessible community proxy for thermal perturbafddegree Heating Weeks (DHW)

(e.g, internal waves, bleaching history, variation in temperature, light, flow, nutregntsb

could prove useful in this effoftVithin the refugisacomponentthreeresearclprioritieswere

identified as follows:

(Research Priority 3.1) Determine patterns of bleaching resistance across multiple coral
taxa within multiple populations.

Research questions regarding bleaching resistance included:

¥ Are there specific genetendbr physiological markers for bleaching resilierasyd/or
propensity for recoverand can these be used to identify refugia populations?

¥ How ubiquitous is bleaching resistarar@d/or propensity for recoveacross multiple
coral taxa at refuge sites?

(Research Priority 3.2) Locate and define refugia at the physical and biological scale.
Research questions and topics to help characterize bleaching refugia included:

¥ At what spatial and temporal scales do locations act as refugia, and are they stable or
unstable at these scales?

¥ What seasurface temperature parameters are the bestabodscof local, regional and
global refugia?

¥ What other physicand biologicaparametersg.g, flow, upwelling,turbidity, nutrients,
dissolved organic matter, particulate organic malies} characterize refugia at the local,
regional and global sc&te

¥ What characteristics of the biotic community (especies richness, functional
redundancy, genetiariation) are the best indicators of local and regional refugia?

¥ Integrate timeseries data on both biotic and abiotic parameters, and build andtealid
models to prediatefugialocatiors.
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(Research Priority 3.3) Characterize the potential for survival and persistence of coral
phenotypes in a range of habitats.
Research questio@md topics regarding bleachungsistant corals that may characterize a
refuge included:

¥ ldentify resilient coral populations or genotypes of corals, irrespective of their current
geographic location, to provide possible source populations for OreseedingO decimated
reefs with larval recruits
¥ Are traits that improve corg@ersistenceepresentative of phenotypic plasticagdbr
genotypic diversityandare theyheritable?
¥ What tradeoffs exist between thermal adaptation and growth, fecundity, and other climate
change stressors suchaelimatizatiorto ocean acidificatin?
¥ Canwe optimize Marine Protected Area (MPA) management to increaseenceand
recoveryfrom bleaching events?

Implementing Future Research

This workshop converged on several research themes across the breakout groups. Importantly,
there was conderable agreement among participants that the sheer scope and scale of many of
the resulting questions within each research priority will require a coordinated effort across
numerous research disciplines and groups. While attendees represented a §uBset of

scientists, a larger bleaching research consortia should include other U.S. investigators and
international scientist$n this regard, organization of future bleaching research collaborations,
through such funding platforms as the National SciemesméfationbResearch Coordination
Networks (RCN), could serve as a catalyst to increase the multidisciplinary exclHaungjes.
research network (or groups of networks) could facilitate the coordination of planned
experiments, establish consistency in experimental protocols and field monitoring efforts, and
develop an integrated modeling approach.

While researh coordination isone path toward more collaboration, many participants agreed
that several of the research priorities compiled from this workshop are timely and certainly
approachable within the cureframework offunding opportunitiessuch as thosacrass several
programs within the National Science Foundatlokewise, somef these research topics may
be addressei partby beter use of existingesearch frameworks. For example, at the field
work scalesome new efforts could take advantage of cunmtiatives like theNSFLTER site,
while meta analyses and theoretical approachiébenefit from strong data archivirfgpom
establishedepositoriege.g.,BCO-DMO) andnew Iinitiativesnow underway( e.g., Coral Traits
Databasethe Coral Reef Sciere & Cyberinfrastructure Networlparticipants agreed that
national andnternational collaboration would Iz importantompamentto fully optimize
expertise across disciplines, and to minimize duplication of efforts. A few of the initial topics
that wee discussed fdorming such research collaboratiansluded integration of molecular

to organismakcale mechanisms of bleaching and recovery across several model systems (RP
1.1, RP 21), resolvingfine-scale physical (e.g., temperature and irradiphlsaching drivers

and their variability for better targeted model development (RRdnddetermining the

physical and biological characteristics of bleaching refugia (RPAddressing the priorite
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provided in this summary witleliver critical iformationthat many in the community see as
necessary to significantly advance our understanding of this globally important phenomena.

16



References

Berkelmans R, DeOath G, Kininmonth S, Skirving WJ (2004) A comparison of the 1998 and
2002 coral bleachingvents on the Great Barrier Reef: spatial correlation, patterns, and
predictions. Coral Reefs 23:-B8

Bourne D, lida Y, Uthicke S, SmiKeune C (2008) Changes in ceeslsociated microbial
communities during a bleaching event. ISME J 2:-368

Cacciapmglia C, van W, Robert (2015) Readral refugia in a rapidly changirmgean. Glob
Change Biol 21: 2272282

DOAngelo C, Hume BC, Burt J, Smith EG, Achterberg EP, Wiedenmann J (2015) Local
adaptation constrains the distribution potential of fel@rantSymbiodinium from the
Persian/Arabian Gulf. ISME: 25512560

Diaz JM, Hansel CM, Apprill A, Brighi C, Zhang T, Weber L, McNally S, Xun L (2016)
Speciesspecific control of external superoxide levels by the coral holobiont during a
natural bleaching evenlat Commun 7: 13801

Eakin CM, Morgan JA, Heron SF, Smith TB, Liu G, Alvaféiip L, Baca B, Bartels E,

Bastidas C, Bouchon & al.(2010) Caribbean corals in crisis: record thermal stress,
bleachimg, and mortality in 2005. PloSr@ 5: e13969

Edmunds PJAdjeroud M, Baskett ML, Baums IB, Budd AF, Carpenter RC, Fabina NS, Fan TY,
Franklin EC, Gross K, Han X, Jacobson L, Klaus JS, McClanahan TR, OOLeary JK, van
Oppen MJ, Pochon X, Putnam HM, Smith TB, Stat M, Sweatman H, van Woesik R,
Gates RD (2014) Pestence and change in community composition of reef corals
through present, past, and future climates. PLoS One 9: e107525

Frieler K, Meinshausen M, Golly A, Mengel M, Lebek K, Donner SD, HeBgldberg O
(2012) Limiting global warming to 2!iC is unlikelg savemost coral reefs. Nat Clim
Change 3: 168470

Grajales A, Rodriguez E (2016) Elucidating the evolutionary relationships of the Aiptasiidae, a
widespread cnidariadinoflagellate model system (Cnidaria: Anthozoa: Actinaria:
Metridioidea) Mol Phylogert Evol94: 252263

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg M, Schoepf V, McGinley M, Baumann J,
Matsui Y. The cumulative impact of annual coral bleaching turns some coral species
winners into losers. Global Change Biol 10.1111/gcb.12658

Hume B, DOANgelo C, Burt J, Baker AC, Riegl B, Wiedenmann J (2013) Corals from the
Persian/Arabian Gulf as models for thermotolerantbedtlers: prevalence of clade C3
Symbiodinium, host fluorescence and ex situ temperature tolerance. Mar Pollut Bull 72
313322

Maynard J, van Hooidonk R, Eakin CM, Puotinen M, Garren M, Williams G, Heron SF, Lamb J,
Weil E, Willis B, Harvell CD (2015) Projections of climate conditions that increase coral
disease susceptibility and pathogdmundance and virulence. Nair@IChange 5: 688
694

Palumbi SR, Barshis DJ, Trayl&mowles N, Bay RA (2014) Mechanisms of reef coral
resistance to future climate change. Science 3448985

Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) Projecting coral reef futures under
global warming and ocean acidification. Science 333:-423

17



Randall, CJ, JordaGarza, AG, Muller, EM, van Woesik, R (2014) Relationships between the
history of thermal stress and the relative risk of diseases of Caribbean corals. Ecol 95:
19811994

RichardsZT, Garcia RA, Wallace CC, Rosser NL, Muir PR (2015) A diverse assemblage of reef
corals thriving in a dynamic intertidal reef setting (Bonaparte Archipelago, Kimberley,
Australia). PLoS One 10: e0117791

Schmidt GM, Wall M, Taylor M, Jantzen C, Richte(ZD16) Largeamplitude internal waves
sustain coral health during thermal stress. Coral Reefs 35B&b69

Stella J, Pears R, WachenfeldZD16)Great BarrieReef Marine Park Authority, Interim
report: 2016 ©ral bleaching everdn the Great Barrier Redhreat Barrier Reef Marine
Park Authority, Townsville, pp 27

van Hooidonk R, Maynard JA, Liu Y, Lee SK (2015) Downscaled projections of Caribbean coral
bleaching that can inform conservation planning. Global Change Biol 21:3889

van Woesik R, Houk Rsechal AL, Idechong JW, Victor S, Golbuu Y (2012) Climelbange
refugia in the sheltered bays of Palau: analogs of future reefs. Ecol Evol 224844

Vega Thurber R, WillneHall D, RodriguezMueller B, Desnues C, Edwards RA, Angly F,
Dinsdale E, KelhyL, Rohwer F (2009) Metagenomic analysis of stressed coral
holobionts. Environ Microbiol 11: 2148163

18



Appendix 1 - Community Comments

Comments from all workshop participants were solicited as well as many U.S. coral reef
investigators who were unable to attend the workshop. In several cases, comments were directly
incorporated into the final document, and additional discussion pointsigdobythe

community are included below and are angad by topic or section of thtcunent. Brief

responses tthese comments are provided in italics.

General comments / Executive summary:

Oln my view, it will be tough to predict where and wheatthing occurs under 21st century
climate change without a better handle on the complexities of ocamng on the scale of a
reef.lt will also be tough to identify whether or not acclimation/adaptation is occurring if we
don't have a good handle on teefin situ conditions during an open ocean warm anomnidly.
second suggestion is that we badly need an historical perspective. Are we convinced that we
have the data to conclude that the frequency and severity of bleaching events is increasing? I'm
notconvinced we have the data because | don't believe we have a sufficiently lengthy frame of
referenceE how and where did coral reefs respond, bleach, die, not die, and how fast did they
recover? Thinking bigger and longer scales: have coral reefs peliypdiea back, and

recovered? In my view, documenting and understanding the history of coral reef responses to
warm events is as important for predicting the future, and we need to develop the tools and
approaches to investigate these questions with cardelO

Reply: We agree that a longer historical context for coral responses to previous warming events
will help inform future bleaching projections. The historical perspective did provide the basis for
many of our conversations. However, a longer review of this point is outside the scope of this
workshop summary and more appropriate for a review / opinion paper on the topic of historical
bleaching.

Q worry that it lacks a little bit of context from the history bleaching. The document rdittis a
bit like this is a Onewdblem and we are starting out from near zero. | think this may be
problematicE it encourages earlier career scientists (and gradfphéamiliarize themselves
with the literature, what we know already, and from whatform the new push is launching.O

Reply: The workshop participants were charged with discussing current and future approaches
to investigating coral bleaching. We agree that a historical perspective on what we have learned
to date is important and this did provide the basis for many of our conversations. However, such
a review is outside the scope of this workshop summary and more appropriate for a review /
opinion paper on the topic of bleaching.

Regarding Research Priority 1.1 (Define the mechanisms of bleaching at the molecular and
corresponding organismal scale):

OMy one main comment/criticism is that the paper is nearly 100% scleractinian coral

centricE in that section you talk about modebksgms, including sea anemonest, sea
anemones are lslwm studied in nature in terms of global climate ch&hgsmemone and
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anemonefish numbers plummeted by 86 % and 74 %, respectively [in the Gulf ofViZdat].
concluded that the anemonefish demise was prolaivign by anemone decimatiofhis drop

is in the Gulf of Eilat (Agaba) where the scleractinian coralstifermost part, are doing fine.

So, even in places where corals do not seem to be affected (yet), [for] regions that are donsidere
refugiaE other cnidarians may be the prelude for things to c&mehermore, in the Caribbean,
gorgonians actually dominate many reefs and they have been doing so as far back as reports by
Cary in 1914.Hence, assessment of Caribbean reefs is incomplete without assessing other
cnidarians.O

Reply: We agree with the main point here and also included the phrase in the executive summary
for “other symbiotic cnidarians.” While the loss of scleractinian corals is a central concern
given the topographic complexity and underlying biodiversity that they support, the comment is
correct that other symbiotic organisms, including some sponges, foraminiferans, as well as
gorgonians and giant clams can contribute substantially to tropical ecosystems and should also
be studied in the context of thermal bleaching in the field and in laboratory-based studies. The
purpose of the workshop was to focus on coral bleaching. Therefore, the focus of this document
is also on corals with an acknowledgment that other organisms are affected by thermal
anomalies that lead to bleaching and could be considered in the context of future bleaching
investigations as well.

Regarding Research Priority 1.2 (Formalize a set of best practices for bleaching studies
that allow cross-comparison among focal organisms, geographic locations, and
laboratories):

Another part of this that doesn't get much exposure is integrative organismic modeling that
could provide a vehicle to analyze groups of dataiwia metaanalysis frameworkDEB
(dynamic energy budgets) avae way ahead, and while this has remainedgptax body of
theory with few experts, progress is being made in applying theseXools.

Reply: DEBs are one approach as are some of the multi-variate techniques beginning to be used
in this area. The exact tools used to address best practices should be explored in an open forum,
and other research opportunities, such as a Research Coordinated Network (RCN), could
provide a good opportunity to address these points.

O would add here that there is also a need for interdisciplinary scientists to work tagethe
bleaching experiments, to more comprehensively address the role(s) of the different components
of the holobiont during bleaching (e.g, we may need larger project budgets to comprehensively
conduct these experimentS!)

Reply: We agree and have addressed this specifically in several areas of this white paper.
Ol am always nervous of institutionalized Ostandard® methodologies as | worry that this stifles
creativity. | agree that there is a strong need to be able to compare results, but it is valuable to

note this can be achieved through multiple mechanisms such as explicitly supporting means for
inter-calibration.O
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Reply: Several participants raised these points as well with concern to best practices restricting
creativity. However, many considered that the field has converged on several experimental
design ‘norms’ but the range in their use (e.g., the rate of heating with regard to acute vs.
chronic exposure as well as light levels used and their ecological context) has created difficulty
in comparing data across studies and hence adds to the difficulty in understanding the variance
in bleaching responses. We agree that better community intercalibration would be one way
forward, and this priority was also seen as a way to encourage sample archiving within the
community for future work that may reach beyond the original scope of any one project.

With regard to the use of model laboratory and field-based organisms:

OFRrhaps this could be broadened to an appea phylogenetic perspectiv€he suspecthat
at least some of variation in species represents aspects of phylogeny that we have not yet
graspedd

Reply: We agree that placing this work into a larger phylogenetic context will be important and
should be considered as one of many logical approaches when working with or comparing data
across multiple organisms.

With regard to our limited knowledge of the spatial and temporal dynamics of viral,
bacterial, archaeal, fungal and other microeukaryote communities and how they may
change during and after episodic stress:

Q think this is a really important point for NSFhear.They don't like to fund methods projects,
but without the methods we really can't answer these que&ions.

Reply: We agree and hope that this workshop and summary here will provide a platform for the
community to communicate with NSF about needs within the discipline. We also note that
potential to support work related to technique and methodology development through NSF is still
a possibility through avenues such RCN'’s and research-based workshops

Regarding Bleaching Recovery

Ot might be helpful to draw a clearer distinction among at least three functional-lgljels
organismic, (2) ppulations, and (3) communitidsthink there is a tendency to aggregate these
all together, and | thinkhis promotes a lack of claritommunity recovery brings the thorny
issue to the forefront of whether ecological theorydjuts the identical state to-esssemblein
particular as broader ecosystem and environmental issues ¢hahgeew millenniun©

Reply: We agree that studying recovery at these different scales requires different approaches,
but all are ultimately related. The response and recovery of communities is dependent on the
response and recovery of different species populations, and populations are dependent on the
response and recovery of individuals. We chose to take a general and broad view of this topic
and did not expound too deeply on aspects of what this would entail at each scale of
organization. The comment raises a good point in that defining resilience or recovery at the
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cellular or organismal scale may be equivalent to returning to a pre-defined state or set of
measures, but at higher macroscales this may not be possible.

ORecovery is not simply when a coral regains normal pigien. It will be important to decide

how do we actually define homeostasis and at what scales should we measure this (biochemical,
organismal, population etc.). Also, can organismal attributes be informative for ecosydeem
processes?

Reply: We agree. Similar to the comment preceding it, it will be necessary to differentiate how
we define bleaching recovery at a particular biological scale.

Regarding research to study the effect of introducing transplanted coral species within
established populations in refugia:

O would like to see more results of the practicalities (and outcome) of this work iéore
advocated as a prioritlus, it assumed that we have sort of given up on other solutions, and it
would be sad to be at that po(dt.

Q would favor caution in 'ghis area as | think more needs to be known before this should be
advocated as a way ahead.

Reply: Several participants also voiced similar concerns about this particular topic. We stress
that it was viewed as one aspect of study under the larger priority of characterizing and
establishing reef refugia and significant quantitative evidence that will be needed prior to
Justification of any transplant studies.
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Appendix 3 I"'Workshop Schedule:

Friday, June 17"

8:00E8B:45

8:450:00:

9:00E0:15:

9:1500:30:

9:30E9:45

9:45810:00

10:0(210:10

10:112:00

12:0(1:00

1:00e2:45

2:458:00
3:0024:00

Saturday, June 18"

8:00E8B:45

9:00E9:10

9:10811:50

12:01:00

2016 U.S. Investigator Coral Bleaching Workshop
Hawaii Prince Hotel Waikiki, June T& 18" 2016

Hale-Kila Room, Check in and continental breakfast

Short summary presentations

Greeting and Introduction: Mark Warnand NSF Program Officers

OHighAltitudeO Goals of our meeting

The molecular scale
(Dan Barshis, Sarah Davies, Virginia Weis)

Microbial links, disease
(Becky Vega Thurber, Erinn Muller)

The organismal scale
(Andrea Grottoli, Todd LaJeunesdéark Warner)

Higher level / ecological, geological, and global scales
(Rob van Woesik)

Break

BreakOut Discussion Groups (Hakila Room, Board Room &
CaptainOs Room)

Lunch (HaleKila Room)

BreakOut Discussion Groups (Hakila Room, Board Room &
CaptainOs Room)

Coffee break

Day 1 discussion Summary (Héeltela Room)

Hale-Kila Room, Continental breakfast
Goak for the day

BreakOut Discussion Groups (Hakila Room, Board Room &
CaptainOs Room)

Lunch (HaleKila Room)
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1:00e2:00 BreakOut Discussion Groups (Hakila Room, Board Room &
CaptainOs Room)

2:0024:00 White PapebDevelopment (with caffeine infusion) and Adjournment.
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