Opinion: Missing half the picture, focus on stony corals during bleaching events has left critical
knowledge gaps in our understanding of reef-scale bleaching and recovery
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Stony corals make up the bedrock of coral reefs, but they are not the only benthic organisms that
contribute to reef diversity. Sponges, ascidians, octocorals, anemones, macroalgae, and more add
directly to the complexity and biodiversity of reefs (Figure 1). Additionally, they provide food and
habitat for many mobile species including specialist to non-stony coral habitat builders (Pratchett 2007,
Epstein and Kingsford 2019). The majority of studies on reef impacts focus on how stony corals have
been affected and often include other groups only when they are negatively impacting stony coral
health, such as competition with or overgrown of corals by algae or sponges (Coll et al. 1987; Lapointe
et al. 2007; Clements and Hay 2023), or recruitment of stony coral larvae to coralline algae (Webster
etal.2011; Tebben et al. 2015; Tanvet et al. 2022). While it is important to understand how stony corals
respond to stressors as they build the foundation of reef structures, it is also important to understand
how all habitat building species may be affected in order to disentangle reef-scale dynamics. This
includes soft bodied habitat formers, such as octocorals, anemones, and macroalgae, which leave little
or no trace of mortality after an acute stress event (Steinberg et al. 2020) and therefore need to be
surveyed and sampled as bleaching events unfold. Coral reef phase shifts, where reefs that are stony
coral dominated become dominated by other taxa after disturbance events are becoming increasingly
common (Norstrom et al. 2009; Bell et al. 2013; Baum et al. 2016), as such it is particularly important
to understand how all habitat-forming taxa on reefs respond to heat stress in order to predict changes
to future reef composition.

The most widespread stressor affecting coral reefs and gardens is climate change induced bleaching.
Bleaching is the breakdown of symbiosis between the cnidarian host and it’s dinoflagellate
endosymbionts which results in expulsion of symbionts and can lead to starvation of the host if
temperatures do not return to within the tolerance limits for symbiosis (Jones 1997; Baker 2001).
While tropical stony corals have been the main focus of coral bleaching studies both in the field and in
manipulative experiments, other groups of cnidarians and even sponges also form symbiosis with
photosynthetic organisms and can bleach (Pita et al. 2018; Steinberg et al. 2020, 2022). In addition,
macroalgae, such as kelp and coralline algae, can experience adverse health effects during heatwaves
that can lead to die-offs (Wernberg et al. 2016; Cornwall et al. 2019). As such, scientific focus on the
effects of heatwaves on stony corals to the exclusion of other species has led to a lack of clarity on the
dynamics of bleaching on the full reef environment.

For example, the first study to report octocorals bleaching in Lord Howe Island was published in 2022
(Steinberg 2022), despite several manuscripts being published about previous bleaching events from
1998 — 2011 (Harrison et al. 2011; Boulotte et al. 2016). In addition, in a search of the Web of Science
Core Collection on 26 Sept 2023 using the topic keywords “Great Barrier Reef”, “bleach*”, and “coral*”



(supplemental material 1), where * is any letter combination, such as bleaching or bleached; then
replacing “coral*” with “octocoral*”, “macroalgae*”, etc. only 21 of 975 contain the keyword
“octocoral*” (supplemental material 2), 38 contain they keyword “macroalgae*” (supplemental
material 3), 29 contain the keyword “anemone*” (supplemental material 4), and 28 contain the
keyword “sponge*” (supplemental material 5). Even within the stony corals, different species, growth
forms, and functional groups can respond quite differently during a bleaching event (Loya et al. 2001;
Brandt 2009; Fabricius et al. 2011). Accordingly, studies that have examined the effects of heatwaves
on reefs in non-stony coral species have found that these species respond differently to stony corals,
and that there is significant interspecific variability (Goulet et al. 2008; Panithanarak 2015; Steinberg
et al. 2022). Including non-stony coral species in reef-scale surveys, such as was done in the
collaboration of Steinberg et al. (2022) and Moriarty et al. (2023), can help elucidate the reef-scale
patterns of which species bleach, which die, and which are resistant to the negative impacts of heat
stress.

In manipulative laboratory experiments of bleaching, the vast majority focus on stony corals, especially
those that are considered to be vulnerable to bleaching (Bonesso et al. 2017; Gierz et al. 2020;
McLachlan et al. 2020). Despite this, some interesting results in experimental heat stress of non-stony
corals have helped us understand which species may or may not persist through heat stress in the field.
For example, during manipulative bleaching of two Alcyonacean octocorals and one Xeniid octocoral,
the Xeniid bleached and experienced animal cell apoptosis at much lower temperatures than other
species (Strychar et al. 2005; Sammarco and Strychar 2013). As such, Xeniids may die and dissociate
from the reef surface before bleaching begins in other species, and so visual surveys may
underestimate bleaching prevalence. In fact, octocorals may generally fare more poorly if they bleach,
as the few studies that examine them have found that many die during or shortly after bleaching
(Goulet et al. 2008; Sammarco and Strychar 2013; Steinberg et al. 2022). This is particularly interesting
as octocorals often do not bleach as quickly as stony corals (Goulet et al. 2008; Steinberg et al. 2022),
suggesting that despite a delay in the onset of bleaching, if the heat stress event is prolonged
octocorals are likely to fare poorly. Unfortunately, we do not have enough evidence to fully back up
this hypothesis, and additional evidence during bleaching surveys and manipulative bleaching
experiments is required.

While some patterns have begun to emerge in octocoral responses to heat stress, in other groups these
patterns are not as clear. Anemones retract into crevices when stressed, meaning that quantifying
anemone bleaching during heat stress can be extremely difficult (Hill et al. 2014; Steinberg et al. 2022).
Studies of anemone bleaching have found that anemones are capable of survival, but recovery can be
prolonged (Hill et al. 2014; Frisch et al. 2019; Hayashi and Reimer 2020) and survival is not assured
(Hobbs et al. 2013; Thomas et al. 2015). As many anemonefish species are threatened by loss or even
prolonged retraction of their host anemones (Saenz-Agudelo et al. 2011; Hobbs et al. 2013; Howell et
al. 2016; Frisch et al. 2019), and bleaching significantly reduces settlement of anemonefish larvae
(Scott and Dixson 2016), understanding the responses of anemones to heat stress is integral to
conservation of both anemones and anemonefish. Additionally, if anemonefish are lost because of
retraction or death of anemones, surviving anemones will likely have lower survivorship even if
conditions remain optimal as anemonefish provide critical services to their hosting anemones (Frisch
et al. 2016). Understanding how symbiotic relationships such as these break down during bleaching is
integral to maintaining reef biodiversity. Some work has been done in this vein on anemones and



anemonefish and on coral gobies that inhabit branching stony corals (Saenz-Agudelo et al. 2011,
Froehlich et al. 2021), but has been so far overlooked in other hosts or with invertebrate symbionts.

Sponges are also underrepresented in the reef literature as compared to stony corals. Many sponges
are symbiotic and can also undergo bleaching during heat stress (McMurray et al. 2011; Pita et al.
2018), and even those that are aposymbiotic are impacted by high temperatures (Pita et al. 2018). In
the geological record after the end-Triassic coral mass extinction, sponges proliferated and become
the dominant organisms on many reefs, which may happen again in the current extinction crisis (Bell
et al. 2013). As such, it is particularly important that we understand the responses of sponges to
bleaching events and whether they proliferate during the post-bleaching recovery period.

In the same vein, macroalga are neglected in studies of coral reef bleaching despite being significant
primary producers that can compete with coral for space or even become substrate for coral larval
recruitment (Sandin and McNamara 2012; Tebben et al. 2015; Clements and Hay 2023). Though few
studies have examined macroalgae through bleaching, some work has been done on the effects of
macroalgae-coral interactions through bleaching. For example, Smith et al. (2022) found that
macroalgae cover protected encrusting corals from bleaching stress, but inhibited recovery of all coral
types. In addition, they found that macroalgae proliferated after bleaching, which may have further
delayed recovery (Smith et al. 2022). As such, understanding the dynamics of macroalgal responses to
heat stress and their interactions with other benthic groups can help us understand not only group-
level responses, but also make reef-scale multi-species predictions. Finally, while some studies have
found that coralline algae is crucial settlement media for coral larvae, and coralline algae can be killed
by heat stress (Webster et al. 2011; Tebben et al. 2015; Tanvet et al. 2022), we have little information
on the dynamics of coralline algae through coral bleaching events. Understanding how sponges and
algae respond to heat stress is crucial to understanding the full dynamics of heat stress on reefs and
their role in inhibition or facilitation of coral reef recovery.

Overall, by overlooking species that are not stony corals during bleaching we have limited our
understanding of the consequences of heat stress on coral reefs, reef-scale capacity for recovery, and
our ability to predict what recovered reef composition may be. Predicting if a reef that was originally
dominated by stony and octocorals will likely become macroalgal or sponge dominated would be a
boon for reef management and could assist in formulating management plans during the bleaching
recovery period. | suggest that overall reef composition and health state of all major habitat-forming
groups be included in surveys of heat stress on coral reefs. A partial example of this is the collaboration
of Steinberg et al. (2022) and Moriarty et al. (2023), where they quantified full reef composition
through bleaching and recovery at Lord Howe Island but did not monitor the health state of any groups
outside of cnidarians. Secondly, | suggest that foundational studies of coral bleaching in stony corals
(Cziesielski et al. 2019; Weis 2022), be replicated in other groups to bring our understanding of
between- and within-group variation in heat stress susceptibility up to par with that of stony corals.
Finally, future, cutting edge research into heat stress of habitat forming organisms should include
multiple groups, which will allow us to understand how stony corals may fare against competing
habitat formers. As bleaching events are expected to happen yearly by 2050 (Hoegh-Guldberg 1999),
the time is now to undertake research that will allow us to manage reefs into the future.



Works cited
Baker AC (2001) Reef corals bleach to survive change. Nature 411:765-766

Baum G, Januar |, Ferse SCA, Wild C, Kunzmann A (2016) Abundance and physiology of dominant soft
corals linked to water quality in Jakarta Bay, Indonesia. Peer) 2016:1-29

Bell JJ, Davy SK, Jones T, Taylor MW, Webster NS (2013) Could some coral reefs become sponge
reefs as our climate changes? Glob Chang Biol 19:2613-2624

Bonesso JL, Leggat W, Ainsworth TD (2017) Exposure to elevated sea-surface temperatures below
the bleaching threshold impairs coral recovery and regeneration following injury. Peer) 2017:1—
21

Boulotte NM, Dalton SJ, Carroll AG, Harrison PL, Putnam HM, Peplow LM, Van Oppen MJH (2016)
Exploring the Symbiodinium rare biosphere provides evidence for symbiont switching in reef-
building corals. ISME J 10:2693-2701

Brandt ME (2009) The effect of species and colony size on the bleaching response of reef-building
corals in the Florida Keys during the 2005 mass bleaching event. 911-924

Clements CS, Hay ME (2023) Disentangling the impacts of macroalgae on corals via effects on their
microbiomes. Front Ecol Evol 11:1-9

Coll JC, Price IR, Kbnig GM, Bowden BF (1987) Algal overgrowth of alcyonacean soft corals. Mar Biol
96:129-135

Cornwall CE, Diaz-Pulido G, Comeau S (2019) Impacts of ocean warming on coralline algae:
Knowledge gaps and key recommendations for future research. Front Mar Sci 6:1-10

Cziesielski MJ, Schmidt-Roach S, Aranda M (2019) The past, present, and future of coral heat stress
studies. Ecol Evol 9:10055-10066

Epstein HE, Kingsford MJ (2019) Are soft coral habitats unfavourable? A closer look at the association
between reef fishes and their habitat. Environ Biol Fishes

Fabricius KE, Langdon C, Uthicke S, Humphrey C, Noonan S, De’ath G, Okazaki R, Muehllehner N, Glas
MS, Lough JM (2011) Losers and winners in coral reefs acclimatized to elevated carbon dioxide
concentrations. Nat Clim Chang 1:165-169

Frisch AJ, Hobbs JPA, Hansen ST, Williamson DH, Bonin MC, Jones GP, Rizzari JR (2019) Recovery
potential of mutualistic anemone and anemonefish populations. Fish Res 218:1-9

Frisch AJ, Rizzari JR, Munkres KP, Hobbs JPA (2016) Anemonefish depletion reduces survival, growth,
reproduction and fishery productivity of mutualistic anemone-anemonefish colonies. Coral
Reefs 35:375-386

Froehlich CYM, Klanten OS, Hing ML, Dowton M, Wong MYL (2021) Uneven declines between corals
and cryptobenthic fish symbionts from multiple disturbances. Sci Rep 11:1-10

Gierz S, Ainsworth TD, Leggat W (2020) Diverse symbiont bleaching responses are evident from 2-
degree heating week bleaching conditions as thermal stress intensifies in coral. Mar Freshw Res
1149-1160

Goulet TL, Laleunesse TC, Fabricius KE (2008) Symbiont specificity and bleaching susceptibility
among soft corals in the 1998 Great Barrier Reef mass coral bleaching event. Mar Biol 154:795—
804

Harrison PL, Dalton SJ, Carroll AG (2011) Extensive coral bleaching on the world’s southernmost coral



reef at Lord Howe Island, Australia. Coral Reefs 30:775

Hayashi K, Reimer JD (2020) Five-year study on the bleaching of anemonefish-hosting anemones
(Cnidaria: Anthozoa: Actiniaria) in subtropical Okinawajima Island. Reg Stud Mar Sci 35:101240

Hill R, Fernance C, Wilkinson SP, Davy SK, Scott A (2014) Symbiont shuffling during thermal bleaching
and recovery in the sea anemone Entacmaea quadricolor. Mar Biol 161:2931-2937

Hobbs JPA, Frisch AJ, Ford BM, Thums M, Saenz-Agudelo P, Furby KA, Berumen ML (2013)
Taxonomic, spatial and temporal patterns of bleaching in anemones inhabited by
anemonefishes. PLoS One 8:

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world’s coral reefs.
Mar Freshw Res 50:839-866

Howell J, Goulet TL, Goulet D (2016) Anemonefish musical chairs and the plight of the two-band
anemonefish, Amphiprion bicinctus. Environ Biol Fishes 99:873—886

Jones RJ (1997) Zooxanthellae loss as a bioassay for assessing stress in corals. Mar Ecol Prog Ser
149:163-171

Lapointe BE, Bedford BJ, Littler MM, Littler DS (2007) Shifts in coral overgrowth by sponges and
algae. Coral Reefs 26:515

Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, van Woesik R (2001) Coral bleaching: the winners
and the losers. Ecol Lett 4:122-131

McLachlan RH, Price JT, Solomon SL, Grottoli AG (2020) Thirty years of coral heat-stress experiments:
a review of methods. Coral Reefs 39:885—902

McMurray SE, Blum JE, Leichter JJ, Pawlik JR (2011) Bleaching of the giant barrel sponge
Xestospongia muta in the Florida Keys. Limnol Oceanogr 56:2243-2250

Moriarty T, Leggat W, Heron SF, Steinberg RK, Ainsworth TD (2023) Bleaching, mortality and lengthy
recovery on the coral reefs of Lord Howe Island. The 2019 marine heatwave suggests an
uncertain future for high-latitude ecosystems. PLoS Clim 2:1-21

Norstrém A V., Nystrom M, Lokrantz J, Folke C (2009) Alternative states on coral reefs: Beyond coral-
macroalgal phase shifts. Mar Ecol Prog Ser 376:293-306

Panithanarak T (2015) Effects of the 2010 coral bleaching on phylogenetic clades and diversity of
zooxanthellae (Symbiodinium spp.) in soft corals of the genus Sinularia. Plankt Benthos Res
10:11-17

Pita L, Rix L, Slaby BM, Franke A, Hentschel U (2018) The sponge holobiont in a changing ocean: from
microbes to ecosystems. Microbiome 6:46

Pratchett MS (2007) Dietary selection by Coral-Feeding butterflyfishes (chaetodontidae) on the great
barrier reef, Australia. Raffles Bull Zool 2014:171-176

Saenz-Agudelo P, Jones GP, Thorrold SR, Planes S (2011) Detrimental effects of host anemone
bleaching on anemonefish populations. Coral Reefs 30:497-506

Sammarco PW, Strychar KB (2013) Responses to High Seawater Temperatures in Zooxanthellate
Octocorals. PLoS One 8:

Sandin SA, McNamara DE (2012) Spatial dynamics of benthic competition on coral reefs. Oecologia
168:1079-1090



Scott A, Dixson DL (2016) Reef fishes can recognize bleached habitat during settlement: sea
anemone bleaching alters anemonefish host selection. 283:20152694

Smith HA, Prenzlau T, Whitman T, Fulton SE, Borghi S, Logan M, Heron SF, Bourne DG (2022)
Macroalgal canopies provide corals limited protection from bleaching and impede post-
bleaching recovery. J Exp Mar Bio Ecol 553:

Steinberg RK (2022) The ecology of, threats to, and restoration potential of soft corals in New South
Wales. University of New South Wales

Steinberg RK, Ainsworth TD, Moriarty T, Bednarek T, Dafforn KA, Johnston EL (2022) Bleaching
susceptibility and resistance of octocorals and anemones at the world’s southern-most coral
reef. Front Physiol 13:

Steinberg RK, Dafforn KA, Ainsworth T, Johnston EL (2020) Know Thy Anemone: A Review of Threats
to Octocorals and Anemones and Opportunities for Their Restoration. Front Mar Sci 7:1-18

Strychar KB, Coates M, Sammarco PW, Piva TJ, Scott PT (2005) Loss of Symbiodinium from bleached
soft corals Sarcophyton ehrenbergi, Sinularia sp. and Xenia sp. J Exp Mar Bio Ecol 320:159-177

Tanvet C, Benzoni F, Peignon C, Thouzeau G, Rodolfo-Metalpa R (2022) High Coral Recruitment
Despite Coralline Algal Loss Under Extreme Environmental Conditions. Front Mar Sci 9:1-15

Tebben J, Motti CA, Siboni N, Tapiolas DM, Negri AP, Schupp PJ, Kitamura M, Hatta M, Steinberg PD,
Harder T (2015) Chemical mediation of coral larval settlement by crustose coralline algae. Sci
Rep 5:1-11

Thomas L, Stat M, Kendrick GA, Hobbs JPA (2015) Severe loss of anemones and anemonefishes from
a premier tourist attraction at the Houtman Abrolhos Islands, Western Australia. Mar Biodivers
45:143-144

Webster NS, Soo R, Cobb R, Negri AP (2011) Elevated seawater temperature causes a microbial shift
on crustose coralline algae with implications for the recruitment of coral larvae. ISME J 5:759—
770

Weis VM (2022) Seminal Early Studies on the Mechanisms of Coral Bleaching. Biol Bull 243:12-13

Wernberg T, Bennett S, Babcock RC, De Bettignies T, Cure K, Depczynski M, Dufois F, Fromont J,
Fulton CJ, Hovey RK, Harvey ES, Holmes TH, Kendrick GA, Radford B, Santana-Garcon J,
Saunders BJ, Smale DA, Thomsen MS, Tuckett CA, Tuya F, Vanderklift MA, Wilson S (2016)
Climate-driven regime shift of a temperate marine ecosystem. Science (80- ) 353:169-172



Figure 1: examples of habitat forming biodiversity on coral reefs. a) Mixed anemone and stony coral
habitat at One Tree Island, QLD; b) mixed stony coral, octocoral, and algal habitat at Norfolk Island,
NSW; c) a field of mixed branching stony corals and encrusting octocorals, One Tree Island, QLD; d)
Mixed Pocillopora sp. And macroalgae habitat, Norfolk Island, NSW; e) mixed stony coral, octocoral,
ascidian, sponge, and macroalgae habitat, Solitary Islands, NSW. All photos by John W. Turnbull,
marineexplorer.org




