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Coral reefs are amongst the most biodiverse ecosystems on earth, and while stony corals
create the foundational complexity of these ecosystems, octocorals and anemones
contribute significantly to their biodiversity and function. Like stony corals, many
octocorals contain Symbiodiniaceae endosymbionts and can bleach when
temperatures exceed the species’ upper thermal limit. Here, we report octocoral
bleaching susceptibility and resistance within the subtropical Lord Howe Island coral
reef ecosystem during and after marine heatwaves in 2019. Octocoral and anemone
surveys were conducted at multiple reef locations within the Lord Howe Island lagoon
during, immediately after, and 7 months after the heatwaves. One octocoral species,
Cladiella sp. 1, experienced bleaching and mortality, with some bleached colonies
detaching from the reef structure during the heatwave (presumed dead). Those that
remained attached to the benthos survived the event and recovered endosymbionts within
7 months of bleaching. Cladiella sp. 1 Symbiodiniaceae density (in cells per µg protein),
chlorophyll a and c2 per µg protein, and photosynthetic efficiency were significantly lower in
bleached colonies compared to unbleached colonies, while chlorophyll a and c2 per
symbiont were higher. Interestingly, no other symbiotic octocoral species of the Lord
Howe Island lagoonal reef bleached. Unbleached Xenia cf crassa colonies had higher
Symbiodiniaceae and chlorophyll densities during the marine heatwave compared to other
monitoring intervals, while Cladiella sp. 2 densities did not change substantially through
time. Previous work on octocoral bleaching has focused primarily on gorgonian octocorals,
while this study provides insight into bleaching variability in other octocoral groups. The
study also provides further evidence that octocorals may be generally more resistant to
bleaching than stony corals in many, but not all, reef ecosystems. Responses to marine
heating events vary and should be assessed on a species by species basis.
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1 INTRODUCTION

Tropical and subtropical coral reefs are under increasing threat
due to human induced climate change as they bleach in response
to a variety of stressors, notably thermal stress (Harrison et al.,
2011; Hughes et al., 2017; Suggett and Smith, 2020). Coral
bleaching is the breakdown of the partnership between
endosymbiotic dinoflagellates of the family Symbiodiniaceae
and their cnidarian coral host. Bleaching is often measured as
a loss in endosymbiont density within the coral or loss of
chlorophyll from the Symbiodiniaceae themselves (Coles and
Jokiel, 1978; Kleppel et al., 1989; Gates et al., 1992; Brown,
1997; Hoegh-Guldberg, 1999). The consequences of coral
bleaching on coral reefs include extensive coral mortality,
reduced fecundity and recruitment rates, and loss of associated
function and biodiversity (Michalek-Wagner and Willis, 2001a;
Loya et al., 2001; Pratchett et al., 2008; Stuart-Smith et al., 2018;
Hughes et al., 2019; Donovan et al., 2021; González-barrios and
Cabral-tena, 2021). The consequences of bleaching can be
affected by local stressors, with turbidity, wave exposure,
macroalgae cover, and urchin abundance all significantly
affecting changes in coral cover in the year after heat-induced
bleaching (Donovan et al., 2021). The frequency of coral
bleaching has increased in recent years, with annual bleaching
events predicted by 2055 and periods of annual bleaching already
occurring on some reefs (Van Hooidonk et al., 2014; Hughes
et al., 2017; Slattery et al., 2019). Bleaching susceptibility differs
between cnidarian groups (anemone, octocoral, stony coral, etc.)
and between stony coral species, where growth forms and even
size classes within species are reported to have differential
bleaching susceptibilities (Loya et al., 2001; Brandt, 2009;
Fabricius et al., 2011; Grottoli et al., 2014).

While stony corals are generally the focus of bleaching studies
across coral reef ecosystems, other cnidarians supporting
photoendosymbionts, such as octocorals and anemones, are
also susceptible (Loya et al., 2001; Saenz-Agudelo et al., 2011;
Hill et al., 2014; Maucieri and Baum, 2021). In fact, while some
species of massive stony corals, such as Poritid corals, are
sometimes considered “winners” under increased sea surface
temperatures, branching stony corals and octocorals have
previously been considered “losers” during bleaching events
(Loya et al., 2001). The consequences of coral bleaching on
individual octocoral colonies include loss of
photoendosymbionts and chlorophyll, changes in
Symbiodiniaceae community structure, increase in production
of nitric oxide and heat shock proteins by Symbiodiniaceae,
changes to lipid, protein, and metabolite content and
composition, and more (Michalek-Wagner and Willis, 2001a;
Ross, 2014; Panithanarak, 2015; Farag et al., 2018; Sikorskaya
et al., 2020; Maucieri and Baum, 2021). Thus, to truly understand
the impacts of climate change on coral reef systems and
individual colonies, it is necessary to include a range of
cnidarians in bleaching studies.

Although octocorals and anemones are not typically
considered “reef builders”, they do share a role as soft benthic
habitat formers. Both are important members of benthic
communities in reef and non-reef environments, including

artificial habitats (Perkol-Finkel and Benayahu, 2004; Baillon
et al., 2012; Ng et al., 2015; Epstein and Kingsford, 2019).
Octocorals and anemones are attractive habitat for mobile
vertebrate and invertebrate species, including generalists and
obligate mutualists (Elliott and Mariscal, 2001; Lourie and
Randall, 2003; Valdivia and Stotz, 2006; Huebner et al., 2012;
Poulos et al., 2013). In fact, fish species diversity at two reefs in the
GBR increased with increasing octocoral, but not stony coral,
cover (Epstein and Kingsford, 2019). Both are also important
food sources for many species and are especially popular with
butterflyfishes (Pratchett, 2007; Slattery and Gochfeld, 2016;
Epstein and Kingsford, 2019). However, many studies of coral
reef community structure and bleaching do not consider
octocorals (exceptions are reviewed in Steinberg et al. (2020)
and below), leading to a critical knowledge gap of how they might
respond to global stressors. Both stony corals and anemones have
previously been recorded as bleaching at Lord Howe Island
(Harrison et al., 2011; Boulotte et al., 2016); however,
octocoral response to and recovery from thermal bleaching in
subtropical reef systems in Australia, such as Lord Howe Island,
are unknown.

Of the global studies that have considered octocorals, most
report a link between ocean warming and bleaching and mass
mortality and many describe variability by site and taxa (Loya
et al., 2001; Goulet et al., 2008a; Prada et al., 2010; Dias and
Gondim, 2016; Maucieri and Baum, 2021). In Japan, Loya et al.
(2001) reported declines of the two dominant octocoral species
on the reefs of Sesoko Island, Japan, and Maucieri and Baum.
(2021) found that octocorals were lost completely from all
surveyed sites at Kiritimati atoll during the 2015/2016 El Niño
heatwave. In contrast, in the Caribbean octocorals are generally
more resistant to bleaching than stony corals, but responses are
variable between species and extreme heat can cause octocoral
bleaching and mortality (Lasker, 2003, 2005; Drohan et al., 2005;
Prada et al., 2010; Dias and Gondim, 2016; Goulet et al., 2017;
Mccauley et al., 2018; Cerpovicz and Lasker, 2021). Octocorals on
Puerto Rico and Brazil’s reefs varied greatly in bleaching
susceptibility by genus (Prada et al., 2010; Dias and Gondim,
2016). On the reefs of the Paraíba coast, Brazil, a gorgonian
octocoral bleached along with four stony species and one
hydrocoral, but only the gorgonian exhibited mortality during
the study period (Dias and Gondim, 2016). In reefs of southwest
Puerto Rico, octocoral response to elevated water temperatures
was also taxa dependent, and only one species experienced
mortality (Prada et al., 2010). Heat-induced mortality of
octocorals can also occur without prior visual signs of
bleaching (Lasker, 2005). Overall, there is considerable
variability in bleaching response across octocoral taxa,
including mortality.

In the Caribbean, studies of octocoral bleaching have focused
on gorgonian octocorals, while in other parts of the world studies
focus on Alcyonaceans, which may affect geographic bleaching
patterns. Additionally, octocorals show biogeographical patterns
of Symbiodiniaceae clade distribution, which may affect
bleaching susceptibility and resistance (Goulet et al., 2008b).
On Australia’s Great Barrier Reef, extensive bleaching of stony
coral species was recorded in 1998, 2004, 2016, 2017 and 2020,
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which has resulted in loss of stony coral cover across the
ecosystem (Thompson and Dolman, 2010; Hughes et al., 2017,
2018a, 2018b; Stuart-Smith et al., 2018; Thiault et al., 2021).
Octocorals were also affected, with 43% of inshore octocoral
colonies bleached during the 1998 bleaching event and significant
taxonomic variability observed (Goulet et al., 2008a). Similarly,
bleaching events were recorded in the Austral summers of 2010/
2011 and 2015/2016 for coral reef ecosystems of the Indian ocean
along Australia’s west coast coral reefs, though the majority of
studies did not quantify octocoral bleaching (Moore et al., 2012;
Le Nohaïc et al., 2017). Octocoral bleaching was quantified at the
isolated Scotts Reef of North-western Australia, where bleaching
resulted in a decline of up to 80% in total coral cover, and 6 years
after bleaching stony corals had begun recovering while
octocorals cover had barely changed (Smith et al., 2008). As
such, there is limited information currently available on the
bleaching susceptibility for octocorals across the extent of
Australia’s coral reef ecosystems.

Previously stony corals and anemones were reported to
undergo bleaching within the Lord Howe Island coral reefs,
but octocoral bleaching has not been recorded in this
UNESCO world-heritage listed marine park (Harrison et al.,
2011; Boulotte et al., 2016). A major difficulty when studying
octocorals and anemones is that they often leave little or no traces
of existence following a mortality event. The consequences of
bleaching can therefore be difficult–if not impossible–to detect if
the immediate impact of high sea surface temperature (SST) is not
quantified and no prior population data exist. The lack of prior
data is often the case for the understudied octocoral populations
on coral reefs (Steinberg et al., 2020). The consequences of
increased sea surface temperature to the coral reef ecosystem
of Lord Howe Island may also extend beyond the immediate
impacts of coral bleaching and coral mortality on reefs. Increased
SST reduces the ability of coral colonies to heal from
fragmentation or damage, increases susceptibility to infectious
disease, has been linked to Symbiodiniaceae-coral relationship
shifting to parasitism by the endosymbiotic dinoflagellate, and
decreases fecundity and reproduction in the year following
bleaching events (Michalek-Wagner and Willis, 2001a, 2001b;
Ruiz-Moreno et al., 2012; Bonesso et al., 2017; Baker et al., 2018).

The reefs of the Lord Howe Island lagoon marine park are
ecologically and socially important to the ecosystem and people of
Lord Howe Island. The waters around Lord Howe Island rank
fifth in the Indo-Pacific for endemism, with 7.2% endemic fish
species, many of which are supported by the reef structure
(Randall, 1998). In addition, the local marine environment is
important for the 350 permanent residents of the island, with
local businesses providing tourism accommodation, boating,
fishing, snorkelling, and diving both in and out of the lagoon
(Lord Howe Island Tourism Association, 2021). Residents and
tourists are attracted to the unique and pristine natural
environment and the island’s commitment to sustainability
(Lord Howe Island Tourism Association, 2021), both of which
may be negatively impacted by reef degradation. To better predict
the impact of climate change and increasing sea surface
temperatures within high latitude reefs it is important to
understand how different species within the remote Lord

Howe Island reef system are impacted by marine heatwaves.
Here, we provide the first report of octocoral bleaching
susceptibility and resilience in the world’s southernmost coral
reef ecosystem, Lord Howe Island. In doing so, we provide insight
into the impact of climate driven increasing SSTs and marine
heatwave events to these remote, valuable, and understudied coral
reef ecosystems.

2 METHODS

2.1 Study Locations
Benthic cover was surveyed at five reef sites within Lord Howe
Island marine park lagoon—Sylphs Hole, North Bay, Coral
Gardens, Erscotts Reef, and Comets Hole (Figure 1A). Three
of the five sites, Sylphs Hole, North Bay, and Coral Gardens were
further surveyed using 20 m belt surveys and three species of
octocorals were sampled (Figure 1A). This sub-sample of sites
were chosen for further surveys and sample collections due to
variable bleaching prevalence within the hard coral population.
While Sylphs Hole experienced the most severe bleaching with
83% of hard corals bleached, North Bay experienced more
moderate bleaching with 46% of hard coral cover undergoing
bleaching, and Coral Garden’s had the lowest observable
bleaching at 16% of hard coral cover bleached (Moriarty et al.,
in review). These three sites differ in their environmental
conditions, with Sylphs Hole highly sheltered and close to
shore, North Bay sheltered but near the lagoon edge, and
Coral Gardens unsheltered and exposed to wave action
(Moriarty et al., in review). CoralWatch bleaching status and
degree heating weeks (DHWs) were assessed via the satellite
derived ocean temperature monitoring of NOAA Coral Reef
Watch and marine heatwave status was assessed using the
Marine Heatwave Tracker (NOAA, 2020; Schlegel, 2020)
(Figure 2).

2.2 Monitoring
Monitoring of coral bleaching was first undertaken during March
13th to 29th, 2019 coinciding with peak summertime sea surface
temperatures (Figure 2A), the sites were also re-surveyed
1 month after when bleaching alerts had subsided (April
26th–May 2nd, 2019, Figure 2B), and again in the southern
hemisphere’s spring from October 16th to 31st, 2019. All
species of soft cnidarians including Anthelia sp., Xenia cf
crassa, Xenia sp., Cladiella sp. 1, Cladiella sp. 2 sp., Entacmaea
quadricolor, and Palythoa sp. were quantified in photo quadrat
and belt surveys. Octocoral cover was assessed in 1 × 1 m quadrat
photos at intervals 4, 12, and 16 m along each transect (Nikon
Coolpix and an Olympus TG5 in underwater mode). The fixed
intervals 4, 12, and 16 m were randomly chosen from a number
sheet. All quadrats were photographed on the same side of the
transect tape for each transect. Photo quadrats were annotated
using CoralNet using 20 fixed points per quadrat (Beijbom et al.,
2012). Anemones could not be seen on photo quadrats as they
reside within crevices. At Coral Gardens, North Bay, and Sylphs
Hole, species composition and colony numbers (abundance) were
recorded within 20 × 1 m belt transects (snorkel based transect
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swims), wherein crevices and overhangs were extensively checked
for anemones and octocoral colonies. Visual health status
(visually bleached or unbleached) was noted for each surveyed
cnidarian. Species not found on transects but seen during travel to
and from survey sites or while collecting samples were recorded
as off-transect observations.

2.3 Collection Methods
Three species of octocorals were sampled and bleaching
quantified - Cladiella sp. 1, Xenia cf crassa, and Cladiella sp. 2
(Figure 1C.). Octocorals were identified to genus using Fabricius
and Alderslade (2001) and Cladiella sp. 1 and sp. 2 were identified
as different species based on external and spicule morphology
(Table 1). Xenia cf crassa and Cladiella sp. 2 were chosen as they
were common at all sampling sites and Xeniids have previously
been more bleaching susceptible than Alcyoniids (Strychar et al.,
2005; Sammarco and Strychar, 2013), while Cladiella sp. 1
(Figure 1D) was chosen because bleaching was first observed
in this species at Sylphs Hole on 26 March 2019 (Cladiella sp. 1
was collected at all sites andmonitoring intervals excluding North
Bay in March due to logistical constraints).

Octocoral fragments were collected using Australian
Entomological Supplies PTY LTD 12.5 cm blunt-tipped
surgical scissors and placed in individual zip-top bags. Ten
samples per species of unbleached and ten samples per species

of bleached corals were collected at each coral reef site, with all
samples collected from different colonies. Where no bleached
samples of a species were found within a reef site only
unbleached colonies were collected. Samples were
minimally handled after collection, kept in individual zip-
top bags in a cooler during transport, and handled and
transported for as little time as possible to minimize
handling, thermal, and light stress. Each sample was split
into two portions–one was immediately fixed in a sterile
solution of 4% formalin in 3× phosphate buffered saline
(PBS) in nuclease free water and kept at 4°C for later DNA
extraction. Samples were transferred to a sterile solution of 3×
PBS after 10–14 h in fixative and stored at 4°C. The other
portion were kept in aquaria on the day of collection within
the laboratory at the Lord Howe Island research station
(March), at the Lord Howe Island Marine Park Authority
boat shed (April/May), or at the facility provided by Blue
Lagoon Lodge (October) with aeration until 30 min after
sundown to measure maximum quantum yield of
photosystem II (PSII) on live colonies, after which they
were frozen. Aquaria consisted of 54 L plastic tubs filled
partially with unfiltered seawater and kept aerated with use
of a bubbler and no source of artificial light. Soft coral
fragments were kept separated by keeping them in small,
submerged collection jars weighed down with stones.

FIGURE 1 | Study sites and species. (A) Closeup map of Lord Howe Island, with map of the east coast of Australia and full island map inset. Sites where both
surveys and collection were conducted–North Bay, Sylphs Hole, and Coral Gardens–are marked in white with black border, sites where only surveys were
conducted–Comets Hole and Erscotts Hole–are marked in black. Lord Howe Island image courtesy of the Image Science and Analysis Laboratory, NASA Johnson
Space Center; line map of Australia modified from “Australia states blank. png” by Golbez on Wikimedia Commons. (B) Cladiella sp. 1, (C) Xenia cf crassa, (D)
Cladiella sp. 2. All coral photos by Rosemary K. Steinberg.
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2.4 DNA Extraction, PCR, and Sequencing
A subset of five samples each of healthy Cladiella sp.1, sp. 2, and
Xenia cf crassa at Coral Gardens and Sylphs hole during March and
October were processed to determine Symbiodiniaceae type profiles
using the ITS2 gene. DNA was extracted using a Qiagen QIAamp
DNA Mini Kit following the manufacturers tissue protocol (Qiagen,
2016) with the following modifications: tissue was bead-beaten in
180 µl of buffer ATL, and 20 µl of proteinase K was added, after
which the tissue was digested at 56°C overnight. Following digestion
and washing, DNA was eluted in the provided buffer AE and the
buffer was left on themembrane for 10minutes before centrifugation;
the same aliquot of buffer was returned to themembrane for a second
time for another 10minutes and centrifuged. Cladiella sp. 1DNAwas
eluted in 200 µl, Xenia cf crassa DNA was eluted in 50 µl, and
Cladiella sp. 2 DNA was eluted in 100 µl buffer AE. ITS2 PCR was
performed following the protocol from Hume et al. (2018) using
SYM_VAR_5.8S2 - SYM_VAR_REV primers. Sequencing was
performed by the Ramaciotti Centre for Genomics, UNSW
(Sydney, NSW, Australia).

2.5 Pulse Amplitude Modulated Fluorimetry
Maximum quantum yield of PSII (Fv/Fm) was measured using
PAM fluorimetry. Measurements were taken at least 30 min after
sunset in full darkness. Point yield measurements were taken
using a Walz Diving-PAM fluorimeter (Heinz Walz GmbH,
Effeltrich, Germany, March 2019) and a Maxi Imaging-PAM
M-series fluorimeter (Heinz Walz GmbH, Effeltrich, Germany,
April/May and October 2019). PAM settings were as follows:
Diving-PAM for unbleached coral colonies, MI: 8, SI: 8, Sat-
width: 0.85, Gain: 2, Damp: 2. Diving-PAM for bleached colonies:
MI: 8, SI: 8, Sat-width: 0.85, Gain: 10, Damp: 2. For the Imaging-
PAM, settings for all colonies were MI: 8, SI: 8, Sat-width: 0.8,
Gain: 12, Damp: 2. Three replicate readings per coral fragment
were recorded. When using the Diving-PAM, replicates on
individual fragments were achieved by waiting half an hour
between runs to allow fragments to become dark-adapted
again, and readings were taken from different sections of the
sample (Ralph, 2005). With the Imaging-PAM, all replicates were
measured at once as multiple readings can be taken together by
defining separate areas of interest within the PAM image (Heinz
Walz GmbH, 2019). After PAM fluorimetry, all samples were
placed in −4°C freezer for up to 2 weeks in the field and
transferred to a −20°C freezer in the laboratory in Sydney and
kept frozen until processing for protein, Symbiodiniaceae, and
chlorophyll concentrations.

2.6 Determination of Coral Protein Content,
Symbiodiniaceae Concentrations, and
Chlorophyll a and c2 Concentrations
Samples were processed as per Steinberg et al. (2021). In
summary, octocoral samples were homogenised with reverse
osmosis water using an Omni TH Tissue Homogeniser. The
resulting slurry was centrifuged and supernatant removed and
saved, and this step was repeated. Supernatant protein was
quantified against a bovine albumin standard using the
Thermo Scientific Coomasie Plus (Bradford) kit and protocol.
Symbiodiniaceae were counted using a Neubauer Improved
haemocytometer with three haemocytometer fills, two grids
per haemocytometer, and five counts per grid, which were
averaged, for a total of 6 replicate counts (Steinberg et al.,
2021). Chlorophyll was extracted in 100% acetone for 48 h
and measured on a VWR UV-6300PC Double Beam
Spectrophotometer (see Steinberg et al. (2021) for more
information).

2.7 Statistical Analysis
All graphs and analyses were completed in R version 3.4.1 (R
Core Team, 2013). Plots were created with the package ggplot2
(Wickham, 2011). Differences in percent benthic cover were
compared among benthic groups (octocoral, stony coral, algae,
seagrass, and abiotic) and sites (Sylphs Hole, North Bay, Coral
Gardens, Erscotts Reef, and Comets Hole) using a generalised
linear mixed model (GLMM) in the packaged glmmTMB (Brooks
et al., 2017). Differences in community composition among sites
(Sylphs Hole, North Bay, and Coral Gardens) and monitoring
intervals were tested using permutational multivariate analysis of

FIGURE 2 | Extreme temperatures at Lord Howe Island in 2019. (A)
Heatwaves [plot downloaded from the Marine Heatwave Tracker (Schlegel,
2020)], (B) Coral Reef Watch bleaching alert levels, and (C) degree heating
weeks at Lord Howe Island in 2019. The dashed lines in (B,C) represent
minimum conditions at which bleaching is expected to occur.
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variances (PERMANOVA) with the ‘adonis’ function in the R
package Vegan (Oksanen et al., 2019). All zero-only transects
were removed, and dispersion was tested using permutest before
running the PERMANOVA. Square-root transformation of
count data was performed to ensure non-significant
differences in dispersion. Pairwise comparisons were
performed using the package pairwiseAdonis (Marinez Arbizu,
2020).

Differences in soft coral abundance, Symbiodiniaceae counts,
and chlorophyll concentrations per µg protein among sites,
monitoring intervals, and visual health status were tested using
a GLMM. For abundance, transect number was included as a
random variable. For Symbiodiniaceae and chlorophyll the
individual that the sample was taken from was included as a
random factor, and either protein content or Symbiodiniaceae
density was included as an offset (depending on which factor was
used for standardisation). Additional offsets for particular models
are outlined in the supplemental methods. For specifics on which
distribution was used, see the table associated with each analysis
(Supplementary Tables S1–S7). Differences in protein content
and mean chlorophyll a and c2 per Symbiodiniaceae cell among
sites, monitoring intervals, and visual health status were tested
using two-way ANOVAs as these datasets contained no random
factors. As ANOVA requires data to be normal, datapoints that fell
outside the theoretical quantiles of the QQ-plot plotted using the
car package were removed (Fox and Weisberg, 2019). Differences
in photosynthetic yield among monitoring intervals and visual
health status was tested using a linear mixed effects model (lmer)
from the package lme4 (Bates et al., 2015). Further model details
and examplemodels are included in the supplemental methods. All
pairwise comparisons on significant GLMM, lmer, and ANOVA
analyses were performed using the emmeans package (Lenth et al.,
2018).

3 RESULTS

3.1 Temperatures in the Lord Howe Island
Lagoon
During early 2019, Lord Howe Island was affected by three
marine heatwaves (Figure 2A). Heat wave properties reported
here are duration, intensity (degrees Celsius above the expected
time-of-year mean, reported as mean and max intensity), and
cumulative intensity (the integral of intensity over the event). The
first heatwave began on 31 Dec 2018 and lasted 14 days to 13 Jan
2019, with a mean intensity of 1.3°C, max intensity of 1.67°C, and
a cumulative intensity of 18.2°C. The second heatwave began on
20 Jan 2019 and lasted 20 days until 8 Feb 2019, with a mean
intensity of 1.61°C, a max intensity of 2.01°C, and a cumulative
intensity of 32.15°C. The third began on 14 Mar 2019 and lasted
96 days until 17 June 2019, with a mean intensity of 1.17°C, max
intensity of 1.76°C, and a cumulative intensity of 112.48°C
(Schlegel, 2020). Cyclone Oma made landfall on the island
between the second and third marine heat waves in late
February 2019 (Figure 2A). Coinciding with the heatwaves,
NOAA Coral Reef Watch bleaching alert levels met or
exceeded “Warning” during two time periods, from 21 Jan to
1 Mar 2019 with alerts reaching level 1, and 15 Mar to 3 Apr 2019
with alert levels reaching level 2. In addition, degree heating
weeks (DHWs) met or exceeded 4°C-weeks from 2 Feb 2019 to 7
May 2019. Symbiodiniaceae begin to experience stress when
DHWs exceed 2 DHWs, bleaching is expected at 4 DHWs,
and significant mortality at 8 DHWs (Gierz et al., 2020;
Hughes et al., 2018a; Kayanne, 2017, Figure 2C).

3.2 Octocoral Morphological Observations
The three species of octocoral chosen for further analysis
(Cladiella sp. 1, Xenia cf crassa, and Cladiella sp. 2) differ in

TABLE 1 | Summaries of study species morphological features and habitat preferences.

Species Colony morphology Polyp morphology Body retraction Spicule morphology Habitat preference

Cladiella
sp. 1

Lobate. Lobes short and stiff.
Brown colour with some
reddish or orange tints

Short (<1 mm), retractable
polyps. Classic rosette
tentacle formation. Polyps are
darker than body

Highly retractile. Retracted
colonies are the colour of the
body (light brown) with small,
dark pin-pricks where the
polyps are retracted

Spiky, nearly rod-like dumbbell
shaped spicules. The central
“handle” is small and the
“heads” are narrow

Near the bottom of
shallow reef on rock
edges. Form large, dense
aggregations

Cladiella
sp. 2

Lobate. Lobes long and
flexible. Deep brown colour

Short (<1 mm), retractable
polyps. Rosette tentacle
formation with twisted, curly
tentacles

Highly retractile. Stark
change in colour to grey
when retracted. Retracted
polyps are difficult to see, can
be made out as dents in the
colony surface

Spiky dumbbell shaped
spicules. Centre “handle”
much larger than Cladiella sp.
1 and “heads” are large
compared to the “handle”

Near the bottom of
shallow reef on rock
edges and in reef
crevices. Form small
aggregations

Xenia cf
crassa

Pom-pom. Flexible, tube-
shaped bodies with long
(>3 cm) polyp stalks on the top
side only. Tube is light brown,
polyp stalks are dark brown,
and tentacles are dark brown
with reflective blue on the top
sides, which can make
colonies appear blue or silver
from above

Very long polyp stalks (>3 cm)
and tentacles (>5 mm). Polyp
stalks are thin and densely
packed, polyps have feathery
tentacles with reflective blue or
silver surface

Moderately retractile. Polyp
stalks shrink down towards
the body and polyps close

Small, flat, disk-shaped
spicules

At the top of reef outcrops
and on top of dead coral.
Form large and expansive
mats
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their morphology, and as morphological differences are known to
influence bleaching susceptibility and resilience in stony corals,
morphology is detailed in Table 1. Tissue regions with high
Symbiodiniaceae density were visually distinguished in all three
species by noting their relative colour as they were considerably
darker than surrounding non-symbiotic tissues. In the lobed
species, Symbiodiniaceae were concentrated on the outer layer
of flesh and in the polyps, with the centre of the lobes nearly

perfectly white. In Xenia crassa, the polyps and polyp stalks
appeared to have higher densities of Symbiodiniaceae than the
body, with a dark brown colour concentrated in the polyps and a
light brown colour in the coral body. Differences in spicule size
and density were also evident. Both lobed species had large,
densely packed spicules in the centre of the lobes. This was
observed by eye and confirmed by the difficulty in cutting
through the centre of large lobes, and by spicule masses

FIGURE 3 | Differences in the percent cover and abundance of octocorals and anemone among benthic groups, sites, and monitoring intervals in the Lord Howe
Island lagoon. (A) NMDS ordination plot of species composition at each of the sites belt surveyed, Coral Gardens, North Bay, and Sylph’s Hole, (B) percent cover from
photo quadrats of each benthic group (octocoral, stony coral, algae, seagrass, and abiotic factors) across the lagoon, (C) percent octocoral cover from photo quadrats
across 5 sites in the lagoon, (D) abundance (log) from belt transects of six species of octocoral across three sites in the lagoon, and (E) abundance (log) from belt
transects of Entacmaea quadricolor anemones across three sites and three monitoring intervals in the lagoon. Significance is designated either by different letter group or
by a bar. p-values are represented as follows—* for p < 0.05, ** for p < 0.005, and *** for p < 0.0005.Where more than one plot is grouped together, the highest p-value is
reported.
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becoming lodged in the homogenisation mechanism if they were
not cut down small enough. Dumbbell shaped spicules were also
occasionally found while counting Symbiodiniaceae and were 2–5
× larger than Symbiodiniaceae cells. Xenia crassa had much
smaller spicules and were extremely easy to cut and
homogenise. A few small (1.5 × Symbiodiniaceae size), flat,
disk-shaped spicules were observed while counting
Symbiodiniaceae (Table 1).

3.3 Octocoral and Anemone Cover,
Abundance, and Species Composition
Five species of octocoral (Cladiella sp. 1, Xenia cf crassa, Cladiella sp.
2, Xenia sp., Anthelia sp.), one anemone species (Entacmaea
quadricolor), and one zoanthid species (Palythoa sp.) were
documented within the survey locations at all five reef sites of the
Lord Howe Island lagoonal reef system. One additional species of
octocoral, Sarcophyton sp., was observed at North Bay outside of
transects. From the CoralNet quantification of quadrat photos,
octocoral cover in the Lord Howe Island lagoon was on average
7 ± 1% SE cover, but was heterogenous between the reef sites within
the lagoon (GLMM p < 0.0001, min 0%, max 75%, Figure 3B,
Supplementary Table S1). Anemone cover was not recorded as
anemones occurred primarily in rock and coral crevices and were not
visible in photo quadrats. Within the lagoon, octocoral cover (7 ± 1%
SE) was significantly different from cover of other benthic groups,
with significantly less cover than stony coral (15 ± 2% SE, p< 0.0001),
algae (39 ± 2% SE, p < 0.0001), and abiotic factors (e.g., bare rock or
sand, 21 ± 2% SE, p < 0.0001), and significantly more cover than
seagrass (3 ± 1% SE, p < 0.0001, Supplementary Table S1). When
examining octocoral cover only across the different sites in the
lagoon, there was a significant effect of site, but not of monitoring
interval on overall octocoral cover (GLMM p < 0.0001,
Supplementary Table S1). Octocoral cover was highest at Coral
Gardens (17 ± 4% SE) and lowest at North Bay (0.4 ± 0.3% SE;
Figure 3C, Supplementary Table S1). Octocoral cover was also
significantly higher at Coral Gardens and Erscotts Reef than North
Bay or Sylphs Hole, but other site comparisons did not differ (p <
0.05, Figure 3C, Supplementary Table S1).

The abundance of octocorals from the belt transects differed
significantly among sites (GLMM p < 0.0001 Figure 3D), but
neither monitoring interval nor the interaction between
monitoring interval and site were significant (Supplementary
Table S2). Across the lagoon, abundance of all octocoral species
was significantly higher at Coral Gardens than North Bay or
Sylphs Hole (p < 0.0001), but not significantly different between
North Bay and Sylphs Hole (Figure 3C, Supplementary Table
S2). Entacmaea quadricolor abundance differed significantly
between monitoring intervals at different sites (GLMM p <
0.05, Figure 3A, Supplementary Table S2). At Coral Gardens,
octocoral abundance was significantly lower in October than
March or April/May (p < 0.05). At Sylphs Hole, mean E.
quadricolor abundance was significantly higher during October
compared to abundance recorded during the bleaching event in
March (p < 0.05). At North Bay abundance did not vary across
monitoring intervals. There were no differences in E. quadricolor
abundances across sites within monitoring intervals.

Sylphs Hole, Coral Gardens, and North Bay had significantly
different compositions of octocorals and anemones species
(PERMANOVA p = 0.001 Figure 3A). Entacmaea quadricolor,
Anthelia sp., Cladiella sp. 1, Cladiella sp. 2, and Xenia sp. were all
abundant at Coral Gardens, while Sylphs Hole was dominated by
Entacmaea quadricolor, and North Bay had little octocoral or
anemone cover, with E. quadricolor and Xenia elongata being
most abundant (Figure 3A, Supplementary Table S2). Anthelia
sp. and Xenia sp. were observed at Coral Gardens, Comets Hole,
and Erscotts Reef but not at Sylphs Hole or North Bay.

3.4 Symbiodiniaceae Type Profiles
Two Symbiodiniaceae type profiles were identified based on ITS2
sequences, with both Cladiella species sharing the type profile C1-
C1cy-C42.2-C3-C1cz-C1b and Xenia cf crassa exhibiting the type
profile C1/C42.2-C1b-C1by-C3.

3.5 Response of Bleaching Susceptible
Species to Heatwaves in the Lord Howe
Island Lagoon
3.5.1 Entacmaea Quadricolor Bleaching Response
Bleaching or reduced pigmentation (paling) was recorded on
transects for the anemone E. quadricolor at Sylphs Hole during
March and April/May. During March, all anemones recorded
were pale or bleached, while during early April we found
approximately 60% of anemones were pale and none were
observed to be fully bleached (Figure 4A). One bleached E.
quadricolor anemone was recorded off-transect at North Bay
on March 16, 2019, and observed to have partially recovered on
26 March and 29 April 2019 and appeared fully recovered by
October 19, 2019 (Figure 4B).

3.5.2 Cladiella Sp. 1 Endosymbiont Bleaching
Responses
No bleached Cladiella sp. 1 were recorded within the reef surveys
but bleached individuals were recorded off-transect at Sylphs
Hole during both March and April 2019, with the first bleached
colony recorded on 22March 2019. Bleached colonies were found
near, and often mixed within, clusters of unbleached colonies
(Figure 4C). Furthermore, seven bleached colonies of Cladiella
sp. were observed to have detached from the hard substrate and
several more colonies were observed to have partially detached
(Figure 4C, Supplementary Video S1).

Symbiodiniaceae, chlorophyll a, and chlorophyll c2 per µg
protein were significantly lower, while chlorophyll a and c2 per
Symbiodiniaceae were significantly higher, in bleached than
unbleached colonies (GLMM p < 0.05, Figure 5,
Supplementary Table S3). PSII photochemistry was
significantly lower during the peak SST temperature of March
compared to 1 month after bleaching onset (April/May) in
bleached coral colonies of Cladiella sp. 1 (p < 0.0001). PSII
photochemistry was also significantly higher in unbleached
than bleached colonies for Cladiella sp. 1 during March,
though not significantly different in April/May (p < 0.0001,
Figure 5C, Supplementary Table S3). In March, protein
content was significantly lower in bleached coral colonies of
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Cladiella sp. 1 compared to those colonies not found to undergo
bleaching (p < 0.0001), but in April/May there was no significant
difference in protein content between bleached and unbleached
colonies (Figure 5D, Supplementary Table S3, two outliers from
a total of 118 observations were removed prior to analysis).

3.5.3 Response of Unbleached Cladiella Sp. 1
Colonies
In unbleached Cladiella sp. 1 colonies, all measures are reported
within site and monitoring interval, as the interaction term in the
GLMMwas significant (GLMM p< 0.05, Figure 6, Supplementary
Table S4, two outliers of 271 were removed before protein
analysis). In Cladiella sp. 1 at Coral Gardens, chlorophyll c2 per
Symbiodiniaceae was significantly higher in April/May than
October, while protein per wet weight was significantly lower
during March than either April/May or October (p < 0.05). No
other measured variables were significant in Cladiella sp. 1 at Coral
Gardens (Figure 6, Supplementary Table S4). However, at North
Bay, we found both chlorophyll c2 per µg protein and per
Symbiodiniaceae in Cladiella sp. 1 were significantly higher
during March than April (p < 0.005, Figure 6, Supplementary
Table S4). At Sylphs Hole, concentrations of all measured factors
except PSII photochemistry and protein per wet weight were

significantly lower in March compared to October (p < 0.05,
Figure 6, Supplementary Table S4), whereas protein per wet
weight was significantly higher at Sylphs Hole during March
compared to October (p = 0.01, Figure 6E, Supplementary
Table S4). Additionally, there were significantly lower
concentrations of chlorophyll c2 per µg protein and per
Symbiodiniaceae at Sylphs Hole in March compared to April/
May (p < 0.05), but no differences in other factors (Figure 6,
Supplementary Table S4). There were also significantly lower
concentrations of all chlorophyll measures at Sylphs Hole than
Coral Gardens or North Bay during March, and significantly lower
concentrations of all chlorophyll measures and of Symbiodiniaceae
per µg protein at Sylphs Hole than Coral Gardens or North Bay
during April/May (p < 0.001, Figure 6, Supplementary Table S4).

3.6 Response of Bleaching Resistant
Species to Heatwaves in the Lord Howe
Island Lagoon
3.6.1 Response of Unbleached Xenia cf Crassa
Colonies
Symbiodiniaceae per µg protein was significantly higher during the
bleaching event in March compared to April/May or October (p <

FIGURE 4 | Timelapse photos of Entacmaea quadricolor anemones and Cladiella sp. 1 octocorals. (A) Paled and bleached E. quadricolor anemones at Sylphs
Hole, (B) a single bleached E. quadricolor anemone at North Bay, and (C) bleached, detached, and semi-detached Cladiella sp. 1 at Sylphs Hole. All photos by
Rosemary K. Steinberg.
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0.05, Figure 7A, Supplementary Table S5). For Xenia sp. collected
at Coral Gardens, there was significantly higher chlorophyll a per
µg protein during March compared to April (p = 0.04) and no
difference in other measured factors. In colonies collected at North
Bay, there was significantly higher chlorophyll a per µg protein in
March compared to October, significantly more chlorophyll a per
Symbiodiniaceae in April/May compared to March or October,
and more chlorophyll c2 per Symbiodiniaceae during April/May
compared to October (p < 0.05, Figure 7, Supplementary Table
S5). ForXenia collected at SylphsHole chlorophyll a per µg protein
was significantly higher during March than April/May or October,
and all other chlorophyll measures were significantly higher during

March and April/May than October (p < 0.05, Figure 7,
Supplementary Table S5). During March chlorophyll a per
Symbiodiniaceae was significantly higher at Sylphs Hole than
Coral Gardens, and chlorophyll c2 per µg protein and per
Symbiodiniaceae were significantly higher at Sylphs than the
other two sites (p < 0.05, Figure 7, Supplementary Table S5).
During April, chlorophyll a per Symbiodiniaceae was significantly
lower at Coral Gardens than North Bay (p = 0.002, Figure 7C,
Supplementary Table S5). During October chlorophyll a per µg
protein was significantly higher at Coral Gardens than Sylphs (p =
0.008, Figure 7B, Supplementary Table S5). Results for PSII
photochemistry and protein per wet weight are presented in

FIGURE 5 | Bleaching responses to a marine heat wave in Cladiella sp. 1 at Sylphs Hole Reef in Lord Howe Island lagoon. (A) Symbiodiniaceae density per µg
protein in visually bleached and healthy Cladiella sp. 1 colonies during March and April/May. (B) Chlorophyll a (above) and c2 (below) densities per µg protein in visually
bleached and healthy Cladiella sp. 1 colonies during March and April/May. (C) PSII photochemistry of visually bleached and healthy Cladiella sp. 1 colonies during March
and April/May. (D) Chlorophyll a (above) and c2 (below) per Symbiodiniaceae cell in visually bleached and healthy Cladiella sp. 1 colonies during March and April/
May. (E) µg protein per g wet weight in visually bleached and healthy Cladiella sp. 1 colonies during March and April/May. Significance is designated either by different
letter group or by a bar. p-values are represented as follows—* for p < 0.05, ** for p < 0.005, and *** for p < 0.0005. Where more than one plot is grouped together, the
highest p-value is reported. Bars above the boxplots represent monitoring interval differences within health state, and letters below the boxplots represent health state
differences within monitoring intervals.
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Supplementary Table S7 and Supplementary Figure S2 but are
not discussed further here.

3.6.2 Response of Unbleached Cladiella Sp. 2
Colonies
Symbiodiniaceae density was significantly lower at Coral
Gardens than the other two sites, while chlorophyll c2 was
significantly lower at Sylphs Hole than Coral Gardens (p <
0.05, Figure 8, Supplementary Table S6). Additionally,
chlorophyll c2 density was significantly lower during
October than the other two monitoring intervals (p <
0.05, Figure 8, Supplementary Table S6). At Coral
Gardens, Symbiodiniaceae and chlorophyll densities were
not significantly different between monitoring intervals. At
North Bay, corals had significantly less chlorophyll a per

Symbiodiniaceae during April/May compared to March and
October (p < 0.0001, Figure 8C, Supplementary Table S6).
Conversely, there was significantly more chlorophyll c2 per
Symbiodiniaceae during April/May compared to October
(p = 0.001, Figure 8, Supplementary Table S6). At Sylphs
Hole, Cladiella sp. 2 had significantly less chlorophyll c2 per
Symbiodiniaceae during October than March or April/May
(p < 0.05, Figure 8, Supplementary Table S6). During
March chlorophyll c2 per Symbiodiniaceae was
significantly higher at Sylphs Hole than either Coral
Gardens or North Bay (p < 0.0005, Figure 8,
Supplementary Table S6), while during April chlorophyll
c2 was significantly higher at Sylphs Hole than North Bay
only (p = 0.004, Figure 8, Supplementary Table S6). Results
for PSII photochemistry and protein per wet weight are

FIGURE 6 |Marine heatwave effects on unbleachedCladiella sp. 1 across three reefs in the Lord Howe Island lagoon. (A) Symbiodiniaceae density per µg protein in
unbleached Cladiella sp. 1 colonies during March, April/May, and October. (B) Chlorophyll a (above) and c2 (below) densities per µg protein in unbleached Cladiella sp. 1
colonies during March, April/May, and October. (C) PSII photochemistry in visually healthy Cladiella sp. 1 colonies during March, April/May, and October. (D)Chlorophyll
a (above) and c2 (below) per Symbiodiniaceae cell in visually healthyCladiella sp. 1 colonies duringMarch, April/May, and October. (E) µg protein per g wet weight in
visually healthy Cladiella sp. 1 colonies during March, April/May, and October. Significance is designated either by different letter group or by a bar. p-values are
represented as follows—* for p < 0.05, ** for p < 0.005, and *** for p < 0.0005.Where more than one plot is grouped together, the highest p-value is reported. Bars above
the boxplots represent monitoring interval differences within site, and letters below the boxplots represent site differences within monitoring intervals.
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presented in Supplementary Table S8 and Supplementary
Figure S2 but are not discussed further here.

4 DISCUSSION

On Lord Howe Island marine park lagoonal reefs, species-
specific octocoral bleaching responses were evident during the
2019 heatwaves. Here, we surveyed five octocoral species and
one anemone species within the Lord Howe Island lagoon and
found only two of the examined species bleached. While
Cladiella sp. 1 and Entacmaea quadricolor both bleached,
only Cladiella detached from the substrate and likely
underwent mortality. Though other studies have recorded
bleaching and mortality of octocorals, none have reported
this type of behaviour. The other four octocoral species
surveyed, including a congeneric Cladiella species, appeared
resistant to the heatwaves and were not observed to undergo
bleaching or mortality, during or after, the marine heatwave
event. In this study we provide extensive evidence for
differential bleaching thresholds of the octocoral species
within the Lord Howe Island lagoonal reef system, with
species in the same genus exhibiting differential
susceptibilities. Previous studies of octocorals in the Great
Barrier Reef revealed similar variability in bleaching responses
within and among taxa, and this study provides the

southernmost recording of bleaching variability in
Australian octocorals (Goulet et al., 2008a).

4.1 Coral Cover, Abundance, and Species
Composition at Lord Howe Island Lagoonal
Reefs
Octocorals are important members of tropical and subtropical
reefs worldwide. Across the Lord Howe Island lagoon,
octocorals are the fourth most abundant biotic benthic
group, with mean octocoral cover up to 17% on individual
reefs and five species commonly found across sites. Octocoral
cover and abundance was highest at the reef edge sites, Coral
Gardens and Erscotts Hole, which also had two species
(Anthelia sp. and Xenia sp.) not recorded at the near-shore
study sites, North Bay and Sylphs Hole. This is equivalent to
cover found in shallow water of the Great Barrier Reef, the
Philippines, and Indonesia, higher than reported on shallow
water coral reef ecosystems of the Kimberly, Hong Kong, and
the lagoons of the Chagos Archipelago, and lower than
reported in Guam and southern Taiwan (Dai, 1993;
Fabricius and De’ath, 2001; Sheppard et al., 2008; Slattery
et al., 2008; Yeung et al., 2014; Baum et al., 2016; Bryce et al.,
2018; Lalas et al., 2021). On the Great Barrier Reef, inner-shelf
shallow reef (0–5 m) species richness ranged from 5–8 species
and octocoral cover ranged from 15 to 20%, consistent with the

FIGURE 7 |Marine heatwave effects on unbleached Xenia cf crassa across three reefs in the Lord Howe Island lagoon. (A) Symbiodiniaceae density per µg protein
in unbleached Xenia cf crassa colonies during March, April/May, and October. (B) Chlorophyll a (above) and c2 (below) densities per µg protein in unbleached Xenia cf
crassa colonies during March, April/May, and October. (C) Chlorophyll a (above) and c2 (below) densities per Symbiodiniaceae cell in visually healthy Xenia cf crassa
colonies during March, April/May, and October. Significance is designated either by different letter group or by a bar. p-values are represented as follows—* for p <
0.05, ** for p < 0.005, and *** for p < 0.0005. Where more than one plot is grouped together, the highest p-value is reported. Bars above the boxplots represent
monitoring interval differences within site, and letters below the boxplots represent site differences within monitoring intervals.
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highest cover we found at Lord Howe Island, and much higher
than cover at our near-shore sites (Fabricius and De’ath, 2001).
In the same vein, Philippine species richness ranged from one
to eight species, while cover ranged from 0–19% (Lalas et al.,
2021). In Jakarta Bay, Indonesia, octocoral cover increased
with human-induced eutrophication, with cover averaging
13 ± 6% in near-city waters (Baum et al., 2016). For coral
reefs in the shallow Kimberly region of Western Australia,
intertidal octocoral cover ranged from 0 to 7%; In the Chagos
Archipelago, lagoonal octocoral cover was only 2.65 ± 0.72%
(Sheppard et al., 2013); and in the turbid and wave exposed
waters of Hong Kong, octocorals were totally absent from very
shallow waters (0–1 m) (Yeung et al., 2014; Bryce et al., 2018).
Though Lord Howe Island octocoral cover did reach as high as
17% on some reefs, this is still lower than found on several
Western Pacific reefs, with cover of individual species of
Sarcophyton, Lobophyton, and Sinularia reaching up to 10%
cover on shallow reefs of Taiwan, and mean soft coral cover in
the shallows of Western Guam as high as 75% (Dai, 1993;
Slattery et al., 2008). As such, octocorals are relatively
abundant on eastern Australian reefs, and make up an
important component of the benthic community of the
Lord Howe Island marine park lagoon.

4.2 Response of Bleaching Susceptible
Species to Heatwaves in the Lord Howe
Island Lagoon
Our study of octocoral bleaching was complemented by a study of
stony corals at the same sites and times (Moriarty et al., in review)1.
While we observed bleaching in only one soft coral and in the only
observed anemone species, the parallel study recorded severe
bleaching in the four most abundant stony coral species,
minimal bleaching recorded in one other common species, and
occasional bleaching in several rare species, with up to 83% of stony
coral colonies bleaching at the most affected site (Moriarty et al., in
review). At nearshore reefs in the Great Barrier Reef (within 20 km
of shore), octocorals were less susceptible than stony corals, with
only 30% of octocoral cover lost compared to 59% of stony coral
cover lost post-bleaching (Thompson andDolman, 2010). As such,
octocorals appear to be less susceptible to bleaching than stony
corals in eastern Australian waters. Similar patterns were found

FIGURE 8 |Marine heatwave effects on unbleachedCladiella sp. 2 across three reefs in the Lord Howe Island lagoon. (A) Symbiodiniaceae density per µg protein in
unbleached Cladiella sp. 2 colonies during March, April/May, and October. (B) Chlorophyll a (above) and c2 (below) densities per µg protein in unbleached Cladiella sp. 2
colonies during March, April/May, and October. (C) Chlorophyll a (above) and c2 (below) densities per µg protein in visually healthy Cladiella sp. 2 colonies during March,
April/May, and October. Significance is designated either by different letter group or by a bar. p-values are represented as follows—* for p < 0.05, ** for p < 0.005,
and *** for p < 0.0005. Where more than one plot is grouped together, the highest p-value is reported. Bars above the boxplots represent monitoring interval differences
within site, and letters below the boxplots represent site differences within monitoring intervals.

1Moriarty, T., Leggat, W., Heron, S., Steinberg, R. K., Gudge, S., and Ainsworth, T.
D. Bleaching, Mortality and Lengthy Recovery on the Coral Reefs of Lord Howe
Island. The 2019marine Heatwave Suggests an Uncertain Future for High-Latitude
Ecosystems. PLOS Climate.
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across the Caribbean (Lasker, 2003; Dias and Gondim, 2016;
Goulet et al., 2017; Mccauley et al., 2018; Cerpovicz and Lasker,
2021). On the other hand, octocorals in Sesoko Island, Japan were
more susceptible to bleaching than stony corals, with overall
octocoral cover dropping from 34.4 to 0.2% (Loya et al., 2001).
Similarly, octocorals were more susceptible than stony corals in
Sodwana Bay, South Africa, though the bleaching event was
relatively mild (Floros et al., 2004). This suggests that there are
differences in species’ susceptibility or environmental conditions
between these sites driving the range of stony and octocoral
responses observed. Our study from eastern Australia, together
with the majority of previous findings from Australia and the
Caribbean, suggests that octocoralsmay be generallymore resistant
than stony corals to bleaching, but further research is needed over a
greater area of the globe (Lasker, 2003, 2005; Drohan et al., 2005;
Goulet et al., 2008a, Goulet et al., 2008b, 2017; Baker et al., 2015;
Mccauley et al., 2018, 2020; Ramsby and Goulet, 2019; Cerpovicz
and Lasker, 2021).

Though stony corals have relatively clear taxonomic and
morphological patterns in bleaching susceptibility, octocoral
studies provide little evidence for such patterns. In stony
corals, branching morphologies are generally considered
“losers” while massive or boulder morphologies are considered
“winners” in regards to coral bleaching event outcomes
(Hueerkamp et al., 2001; Loya et al., 2001; Sebastián et al.,
2009). In Caribbean gorgonian octocorals, biogeochemical
composition and morphology likely affect bleaching
susceptibility and may confer some protection from heat-
induced bleaching compared to stony corals inhabiting the
same reefs, but we know little of patterns of susceptibility in
Alcyonacean octocorals (Baker et al., 2015; Goulet et al., 2017;
Mccauley et al., 2018). In this study, congeneric octocorals with
similar morphologies displayed variable bleaching responses, as
has also been found in bleaching events across the globe (Loya
et al., 2001; Goulet et al., 2008a; Slattery et al., 2008; Prada et al.,
2010). For example, in Sesoko Island, Japan, two lobate species of
octocoral in the same family, Alcyoniidae, were a major
contributor to overall reef cover, Lobophyton sp. and Sinularia
sp. (Fabricius and Alderslade, 2001; Loya et al., 2001). Though
both species were significantly affected by bleaching, Sinularia sp.
was more resistant and replaced Lobophyton sp. as the dominant
octocoral on the impacted reefs (Loya et al., 2001). Similarly, in
four reefs across southern Puerto Rico, heat induced bleaching
ranged from 0 to 90%, with three species resistant to bleaching
pressure (Prada et al., 2010). Of those species, one unbleached
(Eunicea sp.) and the most highly impacted (Muricea sp.) are
both in the family Plexauridae and share similar branching
morphologies (Prada et al., 2010). Even within species
bleaching susceptibility can be variable, with bleached
octocorals on the Great Barrier Reef found adjacent to
unbleached conspecifics (Goulet et al., 2008a), which was also
observed in the present study. Interestingly, the Caribbean
octocoral Briarium asbestinum has two distinct growth forms,
encrusting and branching, which exhibited differential responses
to experimental heating, suggesting that the impacts of
morphology on octocoral stress response needs to be
investigated further (Ramsby and Goulet, 2019).

Symbiodiniaceae types hosted by each coral species may also
affect bleaching susceptibility as sensitivity to thermal stress can
vary between Symbiodiniaceae genera and species (Rowan et al.,
1997; Goulet et al., 2005, 2017), but we found that both Cladiella
sp. 1 and sp. 2 share a type profile and all three species were
dominated by Cladocopium C1. This is similar to what was found
previously in the Great Barrier reef, where the dominant resident
symbiont type did not explain bleaching susceptibility in
octocorals (Goulet et al., 2008a; Goulet et al., 2008b). Taken
together, it appears that bleaching susceptibility of octocorals
cannot be predicted simply by family, genera, growth form, or
symbiont type profile; and may instead be influenced by species-
and environment-specific factors.

Entacmaea quadricolor anemones are important habitat for
many species of anemonefish, but are susceptible to bleaching
across their range, impacting both anemones and their mutualists
(Chadwick and Arvedlund, 2005; Hill and Scott, 2012; Huebner
et al., 2012; Thomas et al., 2015; Scott and Dixson, 2016; Frisch
et al., 2019). We observed bleaching of the E. quadricolor
anemone in the Lord Howe Island lagoon, with fairly rapid
visual recovery of ~40% of anemones within a month of the
end of the bleaching warnings/alerts. Previous laboratory
bleaching studies found that E. quadricolor anemones bleached
when exposed to as little as 1°C above the average summer
temperature, 27°C, with bleaching apparent as little as 3 days
post exposure (Hill and Scott, 2012). A second study found that E.
quadricolor lost 90% of their endosymbiotic algae under increased
irradiance at 28.5°C, but began to recover within 25 days of the
end of experimental heating (Hill et al., 2014). In-situ, one
individual E. quadricolor anemone took from 3 to 5 months to
recover from bleaching, with recovery time increasing in the
second year of bleaching (Hayashi and Reimer, 2020).
Interestingly, anemone density at the most impacted site at
Lord Howe Island increased over the monitoring intervals. It
is unlikely the anemones had reproduced over the duration of our
study, however, it is possible they became more visible following
the end of the heatwave. Anemones retract when bleached (Hill
et al., 2014), and it is possible that bleached anemones were
retracted and so overlooked during belt surveys in March and
April/May. Because bleaching can cause mortality in anemones
and can have severe consequences for mutualistic anemonefish,
continued monitoring of this population is warranted (Jones
et al., 2008; Thomas et al., 2015; Howell et al., 2016; Scott and
Dixson, 2016; Scott and Hoey, 2017; Frisch et al., 2019).

Reduction in maximum quantum yield of PSII, protein
content, Symbiodiniaceae, and chlorophyll are all
consequences of bleaching, and they do not all recover at the
same rate. Previous work in anemones found that PSII
photochemistry recovered relatively quickly post-bleaching,
with incomplete recovery only 4 days after temperatures were
returned to normal (Hill and Scott, 2012). This result is consistent
with rapid recovery of PSII photochemistry observed in the
current study. We also found that protein content recovered
quickly, in contrast to protein content in bleached Lobophytum
compactum, which was reduced during and after bleaching for at
least 8 months (Michalek-Wagner and Willis, 2001b). A study on
Mexican stony corals found that recovery time for
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Symbiodiniaceae density differed greatly between species, with
some recovering fully in as little as 6 weeks (Grottoli et al., 2014).
As in the current study, bleached Montastrea annularis also had
significantly lower protein content and significantly higher
chlorophyll a per symbiont than their unbleached counterparts
(Fitt et al., 1993). In Acropora aspera colonies that had not
experienced protective pre-bleaching stress (sub-bleaching heat
stress that induces thermal tolerance), there were similar patterns
to what was found in Cladiella sp. 1 (Ainsworth et al., 2016;
Bonesso et al., 2017). After 16 days of heat stress, there was a
marked reduction in maximum quantum yield of PSII, a steady
decrease in Symbiodiniaceae concentrations, and a decrease
followed by an increase in chlorophyll a per Symbiodiniaceae
(Bonesso et al., 2017). This increase in chlorophyll content may
be due to decreased competition between Symbiodiniaceae for
nutrients in bleached tissue, as chlorophyll concentration is an
indicator of nutrient status (Rees, 1991; Fitt et al., 1993), though
an increase in available nitrogen in the water could also increase
chlorophyll concentrations (Grover et al., 2002). Bleaching can
have long-reaching effects on octocoral population health,
including reduced growth, fecundity, sperm motility, and
recruitment for years after a bleaching event (Michalek-
Wagner and Willis, 2001a). As such, recovery of this species
may be hindered by the long-term effects of elevated lagoon
temperatures.

Heat stress can also impact corals without causing visual
bleaching. Often, bleaching is defined as reduction in
Symbiodiniaceae density or chlorophyll (Fitt and Warner, 2001),
but this is not always clear in the field as is the case at Lord Howe
Island. In the lagoon, visually unbleached Cladiella sp. 1 colonies at
the warmest and most sheltered site (Sylphs Hole; Moriarty et al., in
review) had lower Symbiodiniaceae and chlorophyll concentrations
during the heatwave and may have been impacted even though they
did not appear bleached to the naked eye. During a bleaching event
at Magnetic Island, QLD, Australia in 1994, unbleached Acropora
formosa had lower concentrations of Symbiodiniaceae and
chlorophyll during peak temperatures than during recovery,
suggesting that colonies were stressed even though bleaching was
not visible (Jones, 1997). Additionally, heat stress that does not result
in bleaching can still lead to other adverse health effects. Colonies of
Acropora aspera exposed to heat stress 2°C below the bleaching
threshold had significantly reduced green fluorescent protein
fluorescence, reduced skeletal calcification, and reduced healing
ability after injury, and nearshore colonies of the Caribbean
corals Siderastrea siderea and Pseudodiploria strigosa have
experienced reduction in growth rates across bleaching and non-
bleaching time periods (Bonesso et al., 2017; Baumann et al., 2019).
As such, understanding whether unbleached corals were impacted
by heat stress can help us predict recovery time of reefs after marine
heatwaves.

4.3 Response of Bleaching Tolerant Species
to Heatwaves in the Lord Howe Island
Lagoon
Xeniids are fast growing shallow reef species that are highly
successful colonisers and occasional invaders, but have previously

been found to be susceptible to bleaching (Benayahu and Loya,
1985; Strychar et al., 2005; Goulet et al., 2008a; Wood and Dipper,
2008; Sammarco and Strychar, 2013; Ruiz Allais et al., 2014;
Checoli et al., 2018). Interestingly, at Lord Howe Island, Xenia cf
crassa appears resistant to heat induced bleaching pressure in the
lagoon. This is in stark contrast to patterns observed in Xeniid
corals from the Great Barrier Reef during the 1998 bleaching
event, where Xeniid colonies bleached and died within a few days
of the onset of bleaching, while Alcyoniids survived for long
periods (Goulet et al., 2008a). In laboratory studies, Xenia sp.
released Symbiodiniaceae cells and experienced host apoptosis at
lower temperatures than either Sarcophyton ehrenbergi or
Sinularia sp., both Alcyoniids (Strychar et al., 2005; Sammarco
and Strychar, 2013). Additionally, X. crassa host cells became
apoptotic at lower temperatures than Symbiodiniaceae,
suggesting that host cells of Xenia sp. are more susceptible to
bleaching stress than the Symbiodiniaceae cells (Sammarco and
Strychar, 2013). As host cell responses were not measured during
the present study, examination of host tissues during natural
heatwaves would be beneficial to our understanding of Xenia spp.
bleaching responses. Interestingly, the control temperature for
both studies (28°C) was equal to the bleaching temperature
during the Lord Howe Island bleaching event, suggesting that
although Xenia sp. may be highly susceptible to bleaching once
temperatures exceed their bleaching threshold, this was not
exceeded at Lord Howe Island. Additionally, repeated heat
stress can cause resistant octocoral species to experience
bleaching, as reported in Sinularia polydactyla in Guam, which
started as a “winner” during early bleaching events, but became a
“loser” after experiencing six consecutive years of increased ocean
summer temperatures (Slattery et al., 2019). As such, although
Xenia cf crassa had increased Symbiodiniaceae and chlorophyll
concentrations during the increased lagoon temperatures in this
study, if future bleaching events are warmer these corals may be
negatively affected.

Corals can be affected by cold stress as well as heat stress. As Lord
Howe Island is subtropical, winter temperatures can reach as low as
17.5°C, which may be stressful for some species. Unlike either
Cladiella sp. 1 or Xenia cf crassa, there were no strong effects of
increased lagoon temperatures on Cladiella sp. 2. Instead, only
chlorophyll c2 content was reduced in October, when
temperatures were lowest. This is opposite to what was previously
found in manipulative non-bleaching heat stress of Caribbean
gorgonian octocorals, where heat stress did not reduce
Symbiodiniaceae density, but did reduce chlorophyll
concentrations (Goulet et al., 2017), and where chlorophyll a and
c2 per Symbiodiniaceae cell were higher in winter compared to
summer temperatures (Mccauley et al., 2018). Previous work in
stony corals found that in cold water,Acropora aspera andMontipora
digitata chlorophyll a concentrations were increased, and Acropora
yongei chlorophyll content was not affected by temperature (Saxby
et al., 2003; Roth et al., 2012; Nielsen et al., 2020). Cladiella sp. 1 may
reduce chlorophyll c2 in cold water as they are acclimated to the cool
winter temperatures of the subtropical island and are not
experiencing stress. Unfortunately, little is known about the heat
or cold tolerance of this genus. As Cladiella sp. 1 was the only
octocoral species to bleach during the 2019 heatwaves at Lord Howe
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Island, it is evident that there is variation in susceptibility within this
genus. Cladiella spp. are widespread throughout the world, with
populations in Australia, Asia, the Pacific Islands, Africa and the Red
Sea, and are moderately common in coastal waters, and as such a
greater understanding of the variation in susceptibility to bleaching in
this genus would have worldwide implications (Fabricius and
Alderslade, 2001).

4.4 Conclusion
We found that across octocoral and anemone species the impacts of
marine heatwaves in the Lord Howe Island lagoon are quite variable,
with evidence of a range of thermal susceptibility and resistance in
these members of the reef ecosystem. Morphological traits are
recognised as important determinants of bleaching resistance in
hard corals, but no such patterns have yet become evident in
studies of non-gorgonian octocorals (Conti-Jerpe et al., 2020).
Within soft cnidarians of the Lord Howe Island lagoon, Xenia cf
crassa and Cladiella sp. 2 were resistant to bleaching, while Cladiella
sp. 1 and Entacmaea quadricolor were susceptible during this
particular series of marine heatwaves. As marine heatwaves
increase in their duration, intensity and frequency (Oliver et al.,
2018), it may be that octocorals become amore abundant component
of the world’s southern-most coral reef ecosystems (Van Hooidonk
et al., 2016). Repeated bleaching events can turn octocoral winners
into losers, as such, if marine heatwaves continue to affect the Lord
Howe Island lagoon, current resistant species may become
susceptible. In order to minimise ecological and social impacts of
warming events, it is necessary to have a better understanding of
susceptibility, resistance, and resilience across this delicate ecosystem.
If heatwaves continue to affect the Lord Howe Island lagoon, shifts in
community structure may occur as abundant yet sensitive species
bleach and die, and the less common yet tolerant species, such as
Xenia cf crassa and Cladiella sp. 2, remain unaffected, as has
previously been recorded in other reefs (Norström et al., 2009;
Cerpovicz and Lasker, 2021). As such, understanding the possible
future of Lord Howe Island reefs under increasingly frequent
bleaching events should include assessment of both soft and stony
corals, and should avoid generalisation. Effective assessment requires
understanding of the susceptibility of individual species.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Mendeley Data,
DOI: 10.17632/wvcs8h8yfg.2.

ETHICS STATEMENT

All collections were undertaken under permit number LHIMP/R/
19005/11032019 issued by NSW Department of Primary
Industries.

AUTHOR CONTRIBUTIONS

RS was responsible for data curation, formal analysis, data
visualization, and writing the initial draft. RS, TA, KD and EJ
conceptualized the project. RS, TM and TB all contributed to
development of the methodology and conducting field and
laboratory work. TA, KD and EJ all supervised laboratory and
fieldwork, TA and EJ provided resources and project
administration. All authors undertook extensive review and
editing of the manuscript.

FUNDING

This study was financially supported by an Australian
Government Research Training Program fellowship and the
University of New South Wales.

ACKNOWLEDGMENTS

The authors would like to extend our respects to the Borogegal
and Bedegal people, who are the traditional owners of the land
on which the laboratory component of this research was
conducted. The authors would like to thank the reviewers
for their time and effort in improving this manuscript. We
would also like to thank Sallyann Gudge, Britt Anderson, and
Caitlin Woods from NSW DPI, Dean Hiscox from Lord Howe
Island Environmental Tours, Aaron and Lisa Ralph at
ProDive Lord Howe Island, and Charlotte Page and Jesse
Bergman from UNSW for their invaluable support and
assistance in the field. We would like to thank the
Thompson family at Blue Lagoon for providing
accommodation and field laboratory space. We extend our
thanks to Tom Bridge, Yehuda Benayahu, and Cathy
McFadden for their consultation on octocoral species
identification. We would like to thank Andrew Niccum,
Amanda Scholes, and Nigel Coombs at the Sydney Institute
of Marine Science for their help with laboratory provisions,
and Eve Slavich and Ben Maslen from Stats Central at UNSW
for their assistance and consultations regarding statistical
analyses. We thank John Turnbull and Talia Stelling-Wood
for their editorial help with this manuscript. This study was
financially supported by an Australian Government Research
Training Program fellowship and the University of New South
Wales.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphys.2022.804193/
full#supplementary-material

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 80419316

Steinberg et al. Bleaching Susceptibility of Octocorals

doi:%2010.17632/wvcs8h8yfg.2
https://www.frontiersin.org/articles/10.3389/fphys.2022.804193/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.804193/full#supplementary-material
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


REFERENCES

Ainsworth, T. D., Heron, S. F., Ortiz, J. C., Mumby, P. J., Grech, A., Ogawa, D., et al.
(2016). Climate Change Disables Coral Bleaching protection on the Great
Barrier Reef. Science 352, 338–342. doi:10.1126/science.aac7125

Baillon, S., Hamel, J.-F., Wareham, V. E., andMercier, A. (2012). Deep Cold-Water
Corals as Nurseries for Fish Larvae. Front. Ecol. Environ. 10, 351–356. Available
at: http://www.jstor.org/stable/41811419. doi:10.1890/120022

Baker, D. M., Freeman, C. J., Knowlton, N., Thacker, R. W., Kim, K., and Fogel, M.
L. (2015). Productivity Links Morphology, Symbiont Specificity and Bleaching
in the Evolution of Caribbean Octocoral Symbioses. ISME J. 9, 2620–2629.
doi:10.1038/ismej.2015.71

Baker, D. M., Freeman, C. J., Wong, J. C. Y., Fogel, M. L., and Knowlton, N. (2018).
Climate Change Promotes Parasitism in a Coral Symbiosis. ISME J. 12,
921–930. doi:10.1038/s41396-018-0046-8

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting Linear Mixed-
Effects Models Usinglme4. J. Stat. Soft. 67, 1–48. doi:10.18637/jss.v067.i01

Baum, G., Januar, I., Ferse, S. C. A., Wild, C., and Kunzmann, A. (2016).
Abundance and Physiology of Dominant Soft Corals Linked to Water
Quality in Jakarta Bay, Indonesia. PeerJ 4, e2625–29. doi:10.7717/peerj.2625

Baumann, J. H., Ries, J. B., Rippe, J. P., Courtney, T. A., Aichelman, H. E.,Westfield,
I., et al. (2019). Nearshore Coral Growth Declining on the Mesoamerican
Barrier Reef System. Glob. Change Biol. 25, 3932–3945. doi:10.1111/gcb.14784

Beijbom, O., Edmunds, P. J., Kline, D. I., Mitchell, B. G., and Kriegman, D. (2012).
“Automated Annotation of Coral Reef Survey Images,” in 2012 IEEE
conference on computer vision and pattern recognition, 1170–1177. doi:10.
1109/cvpr.2012.6247798

Benayahu, Y., and Loya, Y. (1985). Settlement and Recruitment of a Soft Coral:
Why Is Xenia Macrospiculata a Successful Colonizer? Bull. Mar. Sci. 36,
177–188.

Bonesso, J. L., Leggat, W., and Ainsworth, T. D. (2017). Exposure to Elevated Sea-
Surface Temperatures below the Bleaching Threshold Impairs Coral Recovery
and Regeneration Following Injury. PeerJ 5, e3719–21. doi:10.7717/peerj.3719

Boulotte, N. M., Dalton, S. J., Carroll, A. G., Harrison, P. L., Putnam, H.M., Peplow,
L. M., et al. (2016). Exploring the Symbiodinium Rare Biosphere Provides
Evidence for Symbiont Switching in Reef-Building Corals. ISME J. 10,
2693–2701. doi:10.1038/ismej.2016.54

Brandt, M. E. (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. Coral Reefs 28, 911–924. doi:10.1007/s00338-009-0548-y

Brooks, M. E., Kristensen, K., Benthem, K. J. v., Magnusson, A., Berg, C. W.,
Nielsen, A., et al. (2017). glmmTMB Balances Speed and Flexibility Among
Packages for Zero-Inflated Generalized Linear Mixed Modeling. R. J. 9,
378–400. doi:10.32614/rj-2017-066

Brown, B. E. (1997). Coral Bleaching: Causes and Consequences. Coral Reefs 16,
S129–S138. doi:10.1007/s003380050249

Bryce, M., Radford, B., and Fabricius, K. (2018). Soft Coral and Sea Fan
(Octocorallia) Biodiversity and Distribution from a Multitaxon Survey
(2009-2014) of the Shallow Tropical Kimberley, Western Australia. Rec.
West. Aust. Mus. Sup. 85, 45. doi:10.18195/issn.0313-122x.85.2018.045-073

Cerpovicz, A. F., and Lasker, H. R. (2021). Canopy Effects of Octocoral
Communities on Sedimentation: Modern Baffles on the Shallow-Water
Reefs of St. John, USVI. Coral Reefs 40, 295–303. doi:10.1007/s00338-021-
02053-6

Chadwick, N. E., and Arvedlund, M. (2005). Abundance of Giant Sea Anemones
and Patterns of Association with Anemonefishin the Northern Red Sea. J. Mar.
Biol. Ass. 85, 1287–1292. doi:10.1017/S0025315405012440

Checoli, M., Guilherme, A., Louzada, S., Mcfadden, C. S., and Christopher, J.
(2018). Invasion of Aquarium Origin Soft Corals on a Tropical Rocky Reef in
the Southwest Atlantic, Brazil. Mar. Pollut. Bull. 130, 84–94. doi:10.1016/j.
marpolbul.2018.03.014

Coles, S. L., and Jokiel, P. L. (1978). Synergistic Effects of Temperature, Salinity and
Light on the Hermatypic Coral Montipora Verrucosa. Mar. Biol. 49, 187–195.
doi:10.1007/BF00391130

Conti-Jerpe, I. E., Thompson, P. D.,Wong, C.W.M., Oliveira, N. L., Duprey, N. N.,
Moynihan, M. A., et al. (2020). Trophic Strategy and Bleaching Resistance in
Reef-Building Corals. Sci. Adv. 6, eaaz5443. doi:10.1126/sciadv.aaz5443

Dai, C.-F. (1993). Patterns of Coral Distribution and Benthic Space Partitioning on
the Fringing Reefs of Southern Taiwan. Mar. Ecol. 14, 185–204. doi:10.1111/j.
1439-0485.1993.tb00479.x

Dias, T. L. P., and Gondim, A. I. (2016). Bleaching in Scleractinians, Hydrocorals,
and Octocorals during thermal Stress in a Northeastern Brazilian Reef. Mar.
Biodiv. 46, 303–307. doi:10.1007/s12526-015-0342-8

Donovan, M. K., Burkepile, D. E., Kratochwill, C., Shlesinger, T., Sully, S., Oliver, T.
A., et al. (2021). Local Conditions Magnify Coral Loss after marine Heatwaves.
Science 372, 977–980. doi:10.1126/science.abd9464

Drohan, A. F., Thoney, D. A., and Baker, A. C. (2005). Synergistic Effect of High
Temperature and Ultraviolet-B Radiation on the Gorgonian Eunicea
Tourneforti (Octocorallia: Alcyonaceae: Plexauridae). Bull. Mar. Sci. 77,
257–266.

Elliott, J. K., and Mariscal, R. N. (2001). Coexistence of Nine Anemonefish Species:
Differential Host and Habitat Utilization, Size and Recruitment.Mar. Biol. 138,
23–36. doi:10.1007/s002270000441

Epstein, H. E., and Kingsford, M. J. (2019). Are Soft Coral Habitats Unfavourable?
A Closer Look at the Association between Reef Fishes and Their Habitat.
Environ. Biol. Fish. 102, 479–497. doi:10.1007/s10641-019-0845-4

Fabricius, K. E., and Alderslade, P. (2001). Soft Corals and Sea Fans: A
Comprehensive Guide to the Tropical Shallow Water Genera of the
central-west Pacific, the Indian Ocean and the Red Sea. Townsville, QLD:
Australian Institute of Marine Science.

Fabricius, K. E., and De’ath, G. (2001). “Biodiversity on the Great Barrier Reef:
Large-Scale Patterns and Turbidity-Related Local Loss of Soft Coral Taxa,” in
Oceanographic Processes of Coral Reefs: Physical and Biological Links in the
Great Barrier Reef. Editor E. Wolanski (London: CRC Press), 127–144. doi:10.
1201/9781420041675

Fabricius, K. E., Langdon, C., Uthicke, S., Humphrey, C., Noonan, S., De’ath, G.,
et al. (2011). Losers and Winners in Coral Reefs Acclimatized to Elevated
Carbon Dioxide Concentrations. Nat. Clim Change 1, 165–169. doi:10.1038/
nclimate1122

Farag, M. A., Meyer, A., Ali, S. E., Salem, M. A., Giavalisco, P., Westphal, H., et al.
(2018). Comparative Metabolomics Approach Detects Stress-Specific
Responses during Coral Bleaching in Soft Corals. J. Proteome Res. 17,
2060–2071. doi:10.1021/acs.jproteome.7b00929

Fitt, W., Brown, B., Warner, M., and Dunne, R. (2001). Coral Bleaching:
Interpretation of thermal Tolerance Limits and thermal Thresholds in
Tropical Corals. Coral Reefs 20, 51–65. doi:10.1007/s003380100146

Fitt, W. K., Spero, H. J., Halas, J., White, M. W., and Porter, J. W. (1993). Recovery
of the Coral Montastrea Annularis in the Florida Keys after the 1987 Caribbean
?bleaching Event? Coral Reefs 12, 57–64. doi:10.1007/bf00302102

Floros, C. D., Samways, M. J., and Armstrong, B. (2004). Taxonomic Patterns of
Bleaching within a South African Coral Assemblage. Biodiv. Conserv. 13,
1175–1194. doi:10.1023/B:BIOC.0000018151.67412.c7

Fox, J., and Weisberg, S. (2019). An {R} Companion to Applied Regression. Third.
Thousand Oaks {CA}: Sage. Available at: https://socialsciences.mcmaster.ca/
jfox/Books/Companion/.

Frisch, A. J., Hobbs, J.-P. A., Hansen, S. T., Williamson, D. H., Bonin, M. C., Jones,
G. P., et al. (2019). Recovery Potential of Mutualistic Anemone and
Anemonefish Populations. Fish. Res. 218, 1–9. doi:10.1016/j.fishres.2019.04.018

Gates, R. D., Baghdasarian, G., and Muscatine, L. (1992). Temperature Stress
Causes Host Cell Detachment in Symbiotic Cnidarians: Implications for Coral
Bleaching. Biol. Bull. 182, 324–332. doi:10.2307/1542252

Gierz, S., Ainsworth, T. D., and 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. 71, 1149–1160. doi:10.
1071/MF19220

González-Barrios, F. J., Cabral-Tena, R. A., and Alvarez-Filip, L. (2021). Recovery
Disparity between Coral Cover and the Physical Functionality of Reefs with
Impaired Coral Assemblages. Glob. Change Biol. 27, 640–651. doi:10.1111/gcb.
15431

Goulet, T. L., Cook, C. B., and Goulet, D. (2005). Effect of Short-Term Exposure to
Elevated Temperatures and Light Levels on Photosynthesis of Different Host-
Symbiont Combinations in the Aiptasia pallida/Symbiodinium Symbiosis.
Limnol. Oceanogr. 50, 1490–1498. doi:10.4319/lo.2005.50.5.1490

Goulet, T. L., LaJeunesse, T. C., and Fabricius, K. E. (2008a). Symbiont Specificity
and Bleaching Susceptibility Among Soft Corals in the 1998 Great Barrier Reef

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 80419317

Steinberg et al. Bleaching Susceptibility of Octocorals

https://doi.org/10.1126/science.aac7125
http://www.jstor.org/stable/41811419
https://doi.org/10.1890/120022
https://doi.org/10.1038/ismej.2015.71
https://doi.org/10.1038/s41396-018-0046-8
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.7717/peerj.2625
https://doi.org/10.1111/gcb.14784
https://doi.org/10.1109/cvpr.2012.6247798
https://doi.org/10.1109/cvpr.2012.6247798
https://doi.org/10.7717/peerj.3719
https://doi.org/10.1038/ismej.2016.54
https://doi.org/10.1007/s00338-009-0548-y
https://doi.org/10.32614/rj-2017-066
https://doi.org/10.1007/s003380050249
https://doi.org/10.18195/issn.0313-122x.85.2018.045-073
https://doi.org/10.1007/s00338-021-02053-6
https://doi.org/10.1007/s00338-021-02053-6
https://doi.org/10.1017/S0025315405012440
https://doi.org/10.1016/j.marpolbul.2018.03.014
https://doi.org/10.1016/j.marpolbul.2018.03.014
https://doi.org/10.1007/BF00391130
https://doi.org/10.1126/sciadv.aaz5443
https://doi.org/10.1111/j.1439-0485.1993.tb00479.x
https://doi.org/10.1111/j.1439-0485.1993.tb00479.x
https://doi.org/10.1007/s12526-015-0342-8
https://doi.org/10.1126/science.abd9464
https://doi.org/10.1007/s002270000441
https://doi.org/10.1007/s10641-019-0845-4
https://doi.org/10.1201/9781420041675
https://doi.org/10.1201/9781420041675
https://doi.org/10.1038/nclimate1122
https://doi.org/10.1038/nclimate1122
https://doi.org/10.1021/acs.jproteome.7b00929
https://doi.org/10.1007/s003380100146
https://doi.org/10.1007/bf00302102
https://doi.org/10.1023/B:BIOC.0000018151.67412.c7
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1016/j.fishres.2019.04.018
https://doi.org/10.2307/1542252
https://doi.org/10.1071/MF19220
https://doi.org/10.1071/MF19220
https://doi.org/10.1111/gcb.15431
https://doi.org/10.1111/gcb.15431
https://doi.org/10.4319/lo.2005.50.5.1490
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Mass Coral Bleaching Event.Mar. Biol. 154, 795–804. doi:10.1007/s00227-008-
0972-5

Goulet, T. L., Simmons, C., and Goulet, D. (2008b). Worldwide Biogeography of
Symbiodinium in Tropical Octocorals.Mar. Ecol. Prog. Ser. 355, 45–58. doi:10.
3354/meps07214

Goulet, T. L., Shirur, K. P., Ramsby, B. D., and Iglesias-prieto, R. (2017). The Effects
of Elevated Seawater Temperatures on Caribbean Gorgonian Corals and Their
Algal Symbionts, Symbiodinium Spp. PLoS One 12, e0171032. doi:10.1371/
journal.pone.0171032

Grottoli, A. G., Warner, M. E., Levas, S. J., Aschaffenburg, M. D., Schoepf, V.,
Mcginley, M., et al. (2014). The Cumulative Impact of Annual Coral Bleaching
Can Turn Some Coral Species Winners into Losers. Glob. Change Biol. 20,
3823–3833. doi:10.1111/gcb.12658

Grover, R., Maguer, J.-F., Reynaud-Vaganay, S., and Ferrier-Pagès, C. (2002).
Uptake of Ammonium by the Scleractinian Coral Stylophora Pistillata : Effect of
Feeding, Light, and Ammonium Concentrations. Limnol. Oceanogr. 47,
782–790. doi:10.4319/lo.2002.47.3.0782

Harrison, P. L., Dalton, S. J., and Carroll, A. G. (2011). Extensive Coral Bleaching
on the World’s Southernmost Coral Reef at Lord Howe Island, Australia. Coral
Reefs 30, 775. doi:10.1007/s00338-011-0778-7

Hayashi, K., and Reimer, J. D. (2020). Five-year Study on the Bleaching of
Anemonefish-Hosting Anemones (Cnidaria: Anthozoa: Actiniaria) in
Subtropical Okinawajima Island. Reg. Stud. Mar. Sci. 35, 101240. doi:10.
1016/j.rsma.2020.101240

Heinz Walz GmbH (2019). IMAGING-PAM M-Series Chlorophyll Fluorometer
Instrument Description and Information for Users.

Hill, R., and Scott, A. (2012). The Influence of Irradiance on the Severity of thermal
Bleaching in Sea Anemones that Host Anemonefish. Coral Reefs 31, 273–284.
doi:10.1007/s00338-011-0848-x

Hill, R., Fernance, C., Wilkinson, S. P., Davy, S. K., and Scott, A. (2014). Symbiont
Shuffling during thermal Bleaching and Recovery in the Sea Anemone
Entacmaea Quadricolor. Mar. Biol. 161, 2931–2937. doi:10.1007/s00227-014-
2557-9

Hoegh-Guldberg, O. (1999). Climate Change, Coral Bleaching and the Future
of the World’s Coral Reefs. Mar. Freshw. Res. 50, 839–866. doi:10.1071/
MF99078

Howell, J., Goulet, T. L., and Goulet, D. (2016). Anemonefish Musical Chairs and
the Plight of the Two-Band Anemonefish, Amphiprion Bicinctus. Environ. Biol.
Fish. 99, 873–886. doi:10.1007/s10641-016-0530-9

Huebner, L., Dailey, B., Titus, B., Khalaf, M., and Chadwick, N. (2012). Host
Preference and Habitat Segregation Among Red Sea Anemonefish: Effects of
Sea Anemone Traits and Fish Life Stages.Mar. Ecol. Prog. Ser. 464, 1–15. doi:10.
3354/meps09964

Hueerkamp, C., Glynn, P. W., D’Croz, L., Maté, J. L., and Colley, S. B. (2001).
Bleaching and Recovery of Five Eastern pacific Corals in an El Niño-Related
Temperature Experiment. Bull. Mar. Sci. 69, 215–236.

Hughes, T. P., Kerry, J. T., Álvarez-Noriega, M., Álvarez-Romero, J. G.,
Anderson, K. D., Baird, A. H., et al. (2017). Global Warming and
Recurrent Mass Bleaching of Corals. Nature 543, 373–377. doi:10.1038/
nature21707

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. M.,
et al. (2018a). Global Warming Transforms Coral Reef Assemblages. Nature
556, 492–496. doi:10.1038/s41586-018-0041-2

Hughes, T. P., Kerry, J. T., and Simpson, T. (2018b). Large-scale Bleaching of
Corals on the Great Barrier Reef. Ecology 99, 501. doi:10.1002/ecy.2092

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Chase, T. J., Dietzel, A.,
et al. (2019). Global Warming Impairs Stock-Recruitment Dynamics of Corals.
Nature 568, 387–390. doi:10.1038/s41586-019-1081-y

Hume, B. C. C., Ziegler, M., Poulain, J., Pochon, X., Romac, S., Boissin, E., et al.
(2018). An improved primer set and amplification protocol with increased
specificity and sensitivity targeting the Symbiodinium ITS2 region. Peer J 6:
e4816.

Jones, A. M., Gardner, S., and Sinclair, W. (2008). Losing ’Nemo’: Bleaching and
Collection Appear to Reduce Inshore Populations of Anemonefishes. J. Fish.
Biol. 73, 753–761. doi:10.1111/j.1095-8649.2008.01969.x

Jones, R. (1997). Changes in Zooxanthellar Densities and Chlorophyll
Concentrations in Corals during and after a Bleaching Event. Mar. Ecol.
Prog. Ser. 158, 51–59. doi:10.3354/meps158051

Kayanne, H. (2017). Validation of Degree Heating Weeks as a Coral Bleaching
index in the Northwestern Pacific. Coral Reefs 36, 63–70. doi:10.1007/s00338-
016-1524-y

Kleppel, G. S., Dodge, R. E., and Reese, C. J. (1989). Changes in Pigmentation
Associated with the Bleaching of Stony Corals. Limnol. Oceanogr. 34,
1331–1335. doi:10.4319/lo.1989.34.7.1331

Lalas, J. A. A., Benayahu, Y., and Baria-Rodriguez, M. V. (2021). Community
Structure and Size-Frequency Distribution of Soft Corals in a Heavily Disturbed
Reef System in Northwestern Philippines.Mar. Pollut. Bull. 162, 111871. doi:10.
1016/j.marpolbul.2020.111871

Lasker, H. R. (2003). Zooxanthella Densities within a Caribbean Octocoral during
Bleaching and Non-Bleaching Years. Coral Reefs 22, 23–26. doi:10.1007/
s00338-003-0276-7

Lasker, H. R. (2005). Gorgonian Mortality during a thermal Event in the Bahamas.
Bull. Mar. Sci. 76, 155–162.

Le Nohaïc, M., Ross, C. L., Cornwall, C. E., Comeau, S., Lowe, R., McCulloch, M. T.,
et al. (2017). Marine Heatwave Causes Unprecedented Regional Mass Bleaching
of Thermally Resistant Corals in Northwestern Australia. Sci. Rep. 7, 1–11.
doi:10.1038/s41598-017-14794-y

Lenth, R. V. (2022). emmeans: Estimated Marginal Means, aka Least-Squares
Means.

Lord Howe Island Tourism Association (2021). Lord Howe Island - Just paradise.
Available at: https://lordhoweisland.info/ (Accessed September 13, 2021).

Lourie, S. A., and Randall, J. E. (2003). A New Pygmy Seahorse, Hippocampus
Denise (Teleostei: Sygnathidae), from the Indo-Pacific. Zool. Stud. 42,
284–291.

Loya, Y., Sakai, K., Yamazato, K., Nakano, Y., Sambali, H., and van Woesik, R.
(2001). Coral Bleaching: the Winners and the Losers. Ecol. Lett. 4, 122–131.
doi:10.1046/j.1461-0248.2001.00203.x

Marinez Arbizu, P. (2020). PairwiseAdonis: Pairwise Multilevel Coparisons Using
Adonis.

Maucieri, D. G., and Baum, J. K. (2021). Impacts of Heat Stress on Soft Corals, an
Overlooked and Highly Vulnerable Component of Coral Reef Ecosystems, at a
central Equatorial Pacific Atoll. Biol. Conserv. 262, 109328. doi:10.1016/j.
biocon.2021.109328

Mccauley, M., Banaszak, A. T., and Goulet, T. L. (2018). Species Traits Dictate
Seasonal-dependent Responses of Octocoral-Algal Symbioses to Elevated
Temperature and Ultraviolet Radiation. Coral Reefs 37, 901–917. doi:10.
1007/s00338-018-1716-8

Mccauley, M., Jackson, C. R., and Goulet, T. L. (2020). Microbiomes of Caribbean
Octocorals Vary over Time but Are Resistant to Environmental Change. Front.
Microbiol. 11, 1–16. doi:10.3389/fmicb.2020.01272

Michalek-Wagner, K., and Willis, B. L. (2001a). Impacts of Bleaching on the Soft
Coral Lobophytum Compactum . I. Fecundity, Fertilization and Offspring
Viability. Coral Reefs 19, 231–239. doi:10.1007/s003380170003

Michalek-Wagner, K., and Willis, B. L. (2001b). Impacts of Bleaching on the Soft
Coral Lobophytum Compactum. Ii. Biochemical Changes in Adults and Their
Eggs. Coral Reefs 19, 240–246. doi:10.1007/PL00006959

Moore, J. A. Y., Bellchambers, L. M., Depczynski, M. R., Evans, R. D., Evans, S. N.,
Field, S. N., et al. (2012). Unprecedented Mass Bleaching and Loss of Coral
across 12° of Latitude in Western Australia in 2010-11. PLoS One 7, e51807.
doi:10.1371/journal.pone.0051807

Ng, C. S. L., Lim, S. C., Ong, J. Y., Teo, L. M. S., Chou, L. M., Chua, K. E., et al.
(2015). Enhancing the Biodiversity of Coastal Defence Structures:
Transplantation of nursery-reared Reef Biota onto Intertidal Seawalls. Ecol.
Eng. 82, 480–486. doi:10.1016/j.ecoleng.2015.05.016

Nielsen, J. J. V., Kenkel, C. D., Bourne, D. G., Despringhere, L., Mocellin, V. J. L.,
and Bay, L. K. (2020). Physiological Effects of Heat and Cold Exposure in the
Common Reef Coral AcroporaMillepora. Coral Reefs 39, 259–269. doi:10.1007/
s00338-019-01881-x

NOAA (2020). NOAACoral ReefWatch. Available at: https://coralreefwatch.noaa.
gov/ (Accessed May 17, 2021).

Norström, A., Nyström, M., Lokrantz, J., and Folke, C. (2009). Alternative States on
Coral Reefs: Beyond Coral-Macroalgal Phase Shifts. Mar. Ecol. Prog. Ser. 376,
295–306. doi:10.3354/meps07815

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
et al. (2019). Vegan: Community Ecology Package. Available at: https://cran.r-
project.org/package=vegan.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 80419318

Steinberg et al. Bleaching Susceptibility of Octocorals

https://doi.org/10.1007/s00227-008-0972-5
https://doi.org/10.1007/s00227-008-0972-5
https://doi.org/10.3354/meps07214
https://doi.org/10.3354/meps07214
https://doi.org/10.1371/journal.pone.0171032
https://doi.org/10.1371/journal.pone.0171032
https://doi.org/10.1111/gcb.12658
https://doi.org/10.4319/lo.2002.47.3.0782
https://doi.org/10.1007/s00338-011-0778-7
https://doi.org/10.1016/j.rsma.2020.101240
https://doi.org/10.1016/j.rsma.2020.101240
https://doi.org/10.1007/s00338-011-0848-x
https://doi.org/10.1007/s00227-014-2557-9
https://doi.org/10.1007/s00227-014-2557-9
https://doi.org/10.1071/MF99078
https://doi.org/10.1071/MF99078
https://doi.org/10.1007/s10641-016-0530-9
https://doi.org/10.3354/meps09964
https://doi.org/10.3354/meps09964
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1002/ecy.2092
https://doi.org/10.1038/s41586-019-1081-y
https://doi.org/10.1111/j.1095-8649.2008.01969.x
https://doi.org/10.3354/meps158051
https://doi.org/10.1007/s00338-016-1524-y
https://doi.org/10.1007/s00338-016-1524-y
https://doi.org/10.4319/lo.1989.34.7.1331
https://doi.org/10.1016/j.marpolbul.2020.111871
https://doi.org/10.1016/j.marpolbul.2020.111871
https://doi.org/10.1007/s00338-003-0276-7
https://doi.org/10.1007/s00338-003-0276-7
https://doi.org/10.1038/s41598-017-14794-y
https://lordhoweisland.info/
https://doi.org/10.1046/j.1461-0248.2001.00203.x
https://doi.org/10.1016/j.biocon.2021.109328
https://doi.org/10.1016/j.biocon.2021.109328
https://doi.org/10.1007/s00338-018-1716-8
https://doi.org/10.1007/s00338-018-1716-8
https://doi.org/10.3389/fmicb.2020.01272
https://doi.org/10.1007/s003380170003
https://doi.org/10.1007/PL00006959
https://doi.org/10.1371/journal.pone.0051807
https://doi.org/10.1016/j.ecoleng.2015.05.016
https://doi.org/10.1007/s00338-019-01881-x
https://doi.org/10.1007/s00338-019-01881-x
https://coralreefwatch.noaa.gov/
https://coralreefwatch.noaa.gov/
https://doi.org/10.3354/meps07815
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander,
L. V., et al. (2018). Longer and More Frequent marine Heatwaves over the Past
century. Nat. Commun. 9, 1–12. doi:10.1038/s41467-018-03732-9

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. Plankton Benthos Res. 10, 11–17. doi:10.3800/pbr.10.11

Perkol-Finkel, S., and Benayahu, Y. (2004). Community Structure of Stony and Soft
Corals on Vertical Unplanned Artificial Reefs in Eilat (Red Sea): Comparison to
Natural Reefs. Coral Reefs 23, 195–205. doi:10.1007/s00338-004-0384-z

Poulos, D. E., Harasti, D., Gallen, C., and Booth, D. J. (2013). Biodiversity Value of a
Geographically Restricted Soft Coral Species within a Temperate Estuary.
Aquat. Conserv: Mar. Freshw. Ecosyst. 23, 838–849. doi:10.1002/aqc.2362

Prada, C., Weil, E., and Yoshioka, P. M. (2010). Octocoral Bleaching during
Unusual thermal Stress. Coral Reefs 29, 41–45. doi:10.1007/s00338-009-0547-z

Pratchett, M., Munday, P., Wilson, S., Graham, N., Cinner, J., Bellwood, D., et al.
(2008). Effects of Climate-Induced Coral Bleaching on Coral-Reef Fishes ‘Äî
Ecological and Economic Consequences. Oceanogr. Mar. Biol. Annu. Rev. 46,
251–296. doi:10.1201/9781420065756.ch6

Pratchett, M. S. (2007). Dietary Selection by Coral-Feeding Butterflyfishes
(Chaetodontidae) on the Great Barrier Reef, Australia. Raffles Bull. Zool. 14,
171–176.

Qiagen (2006). QIAamp DNA Mini and Blood Mini Handbook. 5th Edn.
R Core Team (2013). R: A Language and Environment for Statistical Computing.
Ralph, P. (2005). “Introduction to PAM Fluorometry,” in Proceedings of the

Bleaching Working Group Inaugural Workshop, Puerto Morelos, 8–9.
Understanding the Stress Response of Corals and Symbiodinium in a Rapidly
Changing Environment

Ramsby, B. D., and Goulet, T. L. (2019). Symbiosis and Host Morphological
Variation: Symbiodiniaceae Photosynthesis in the Octocoral Briareum
Asbestinum at Ambient and Elevated Temperatures. Coral Reefs 38,
359–371. doi:10.1007/s00338-019-01782-z

Randall, J. (1998). Zoogeography of Shore Fishes of the Indo-Pacific Region. Zool.
Stud. 37, 227–268.

Rees, T. A. V. (1991). Are Symbiotic Algae Nutrient Deficient? Proc. R. Soc. Lond. B
243, 227–233. doi:10.1098/rspb.1991.0036

Ross, C. (2014). Nitric Oxide and Heat Shock Protein 90 Co-regulate Temperature-
Induced Bleaching in the Soft Coral Eunicea Fusca. Coral Reefs 33, 513–522.
doi:10.1007/s00338-014-1142-5

Roth, M. S., Goericke, R., and Deheyn, D. D. (2012). Cold Induces Acute Stress but
Heat Is Ultimately More Deleterious for the Reef-Building Coral Acropora
Yongei. Sci. Rep. 2, 240. doi:10.1038/srep00240

Rowan, R., Knowlton, N., Baker, A., and Jara, J. (1997). Landscape Ecology of Algal
Symbionts Creates Variation in Episodes of Coral Bleaching. Nature 388,
265–269. doi:10.1038/40843

Ruiz Allais, J. P., Amaro, M. E., McFadden, C. S., Halász, A., and Benayahu, Y.
(2014). The First Incidence of an Alien Soft Coral of the Family Xeniidae in the
Caribbean, an Invasion in Eastern Venezuelan Coral Communities. Coral Reefs
33, 287. doi:10.1007/s00338-013-1122-1

Ruiz-Moreno, D., Willis, B., Page, A., Weil, E., Cróquer, A., Vargas-Angel, B., et al.
(2012). Global Coral Disease Prevalence Associated with Sea Temperature
Anomalies and Local Factors. Dis. Aquat. Org. 100, 249–261. doi:10.3354/
dao02488

Ruiz Sebastián, C., Sink, K. J., McClanahan, T. R., and Cowan, D. A. (2009).
Bleaching Response of Corals and Their Symbiodinium Communities in
Southern Africa. Mar. Biol. 156, 2049–2062. doi:10.1007/s00227-009-1236-8

Saenz-Agudelo, P., Jones, G. P., Thorrold, S. R., and Planes, S. (2011). Detrimental
Effects of Host Anemone Bleaching on Anemonefish Populations. Coral Reefs
30, 497–506. doi:10.1007/s00338-010-0716-0

Sammarco, P. W., and Strychar, K. B. (2013). Responses to High Seawater
Temperatures in Zooxanthellate Octocorals. PLoS One 8, e54989. doi:10.
1371/journal.pone.0054989

Saxby, T., Dennison, W., and Hoegh-Guldberg, O. (2003). Photosynthetic
Responses of the Coral Montipora Digitata to Cold Temperature Stress.
Mar. Ecol. Prog. Ser. 248, 85–97. doi:10.3354/meps248085

Schlegel, R. W. (2020). Marine Heatwave Tracker. doi:10.5281/zenodo.3787872
Scott, A., and Dixson, D. L. (2016). Reef Fishes Can Recognize Bleached Habitat

during Settlement: Sea Anemone Bleaching Alters Anemonefish Host Selection.
Proc. R. Soc. B. 283, 20152694. doi:10.1098/rspb.2015.2694

Scott, A., and Hoey, A. S. (2017). Severe Consequences for Anemonefishes and
Their Host Sea Anemones during the 2016 Bleaching Event at Lizard Island,
Great Barrier Reef. Coral Reefs 36, 873. doi:10.1007/s00338-017-1577-6

Sheppard, C., Harris, A., and Sheppard, A. (2008). Archipelago-wide Coral
Recovery Patterns since 1998 in the Chagos Archipelago, central Indian
Ocean. Mar. Ecol. Prog. Ser. 362, 109–117. doi:10.3354/meps07436

Sheppard, C. R. C., Ateweberhan, M., Chen, A. C., Harris, A., Jones, R.,
Keshavmurthy, S., et al. (2013). “Coral Reefs of the Chagos Archipelago,
Indian Ocean,” in Coral Reefs of the United Kingdom Overseas Territories
(Springer), 241–252. doi:10.1007/978-94-007-5965-7_18

Sikorskaya, T. V., Ermolenko, E. V., and Imbs, A. B. (2020). Effect of Experimental
thermal Stress on Lipidomes of the Soft Coral Sinularia Sp. And its Symbiotic
Dinoflagellates. J. Exp.Mar. Biol. Ecol. 524, 151295. doi:10.1016/j.jembe.2019.151295

Slattery, M., and Gochfeld, D. J. (2016). Butterflyfishes Exhibit Species-specific
Responses to Changes in Pacific Coral Reef Benthic Communities. Mar. Biol.
163, 1–13. doi:10.1007/s00227-016-3025-5

Slattery, M., Kamel, H. N., Ankisetty, S., Gochfeld, D. J., Hoover, C. A., and
Thacker, R. W. (2008). Hybrid Vigor in a Tropical pacific Soft-Coral
Community. Ecol. Monogr. 78, 423–443. doi:10.1890/07-1339.1

Slattery, M., Pankey, M. S., and Lesser, M. P. (2019). Annual Thermal Stress
Increases a Soft Coral’s Susceptibility to Bleaching. Sci. Rep. 9, 8064. doi:10.
1038/s41598-019-44566-9

Smith, L. D., Gilmour, J. P., and Heyward, A. J. (2008). Resilience of Coral
Communities on an Isolated System of Reefs Following Catastrophic Mass-
Bleaching. Coral Reefs 27, 197–205. doi:10.1007/s00338-007-0311-1

Steinberg, R. K., Dafforn, K. A., Ainsworth, T., and Johnston, E. L. (2020). Know
Thy Anemone: A Review of Threats to Octocorals and Anemones and
Opportunities for Their Restoration. Front. Mar. Sci. 7, 1–18. doi:10.3389/
fmars.2020.00590

Steinberg, R. K., Johnston, E. L., Bednarek, T., Dafforn, K. A., and
Ainsworth, T. D. (2021). Its What’s on the inside that Counts: An
Effective, Efficient, and Streamlined Method for Quantification of
Octocoral Symbiodiniaceae and Chlorophyll. Front. Mar. Sci. 8, 1–11.
doi:10.3389/fmars.2021.710730

Strychar, K. B., Coates, M., Sammarco, P. W., Piva, T. J., and Scott, P. T. (2005).
Loss of Symbiodinium from Bleached Soft Corals Sarcophyton Ehrenbergi,
Sinularia Sp. And Xenia Sp. J. Exp. Mar. Biol. Ecol. 320, 159–177. doi:10.1016/j.
jembe.2004.12.039

Stuart-Smith, R. D., Brown, C. J., Ceccarelli, D. M., and Edgar, G. J. (2018).
Ecosystem Restructuring along the Great Barrier Reef Following Mass Coral
Bleaching. Nature 560, 92–96. doi:10.1038/s41586-018-0359-9

Suggett, D. J., and Smith, D. J. (2020). Coral Bleaching Patterns Are the Outcome of
Complex Biological and Environmental Networking. Glob. Change Biol. 26,
68–79. doi:10.1111/gcb.14871

Thiault, L., Curnock, M. I., Gurney, G. G., Heron, S. F., Marshall, N. A., Bohensky,
E., et al. (2021). Convergence of Stakeholders’ Environmental Threat
Perceptions Following Mass Coral Bleaching of the Great Barrier Reef.
Conserv. Biol. 35, 598–609. doi:10.1111/cobi.13591

Thomas, L., Stat, M., Kendrick, G. A., and Hobbs, J.-P. A. (2015). Severe Loss of
Anemones and Anemonefishes from a Premier Tourist Attraction at the
Houtman Abrolhos Islands, Western Australia. Mar. Biodiv. 45, 143–144.
doi:10.1007/s12526-014-0242-3

Thompson, A. A., and Dolman, A. M. (2010). Coral Bleaching: One Disturbance
Too many for Near-Shore Reefs of the Great Barrier Reef. Coral Reefs 29,
637–648. doi:10.1007/s00338-009-0562-0

Valdivia, N., and Stotz, W. (2006). Feeding Behavior of the Porcellanid Crab
Allopetrolisthes Spinifrons, Symbiont of the Sea Anemone Phymactis Papillosa.
J. Crustac. Biol. 26, 308–315. doi:10.1651/c-2607.1

Van Hooidonk, R., Maynard, J. A., Manzello, D., and Planes, S. (2014). Opposite
Latitudinal Gradients in Projected Ocean Acidification and Bleaching
Impacts on Coral Reefs. Glob. Change Biol. 20, 103–112. doi:10.1111/gcb.
12394

Van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J., Ahmadia, G.,
Raymundo, L., et al. (2016). Local-scale Projections of Coral Reef
Futures and Implications of the Paris Agreement. Sci. Rep. 6, 1–8.
doi:10.1038/srep39666

Wickham, H. (2011). ggplot2. Wires Comp. Stat. 3, 180–185. doi:10.1002/
wics.147

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 80419319

Steinberg et al. Bleaching Susceptibility of Octocorals

https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.3800/pbr.10.11
https://doi.org/10.1007/s00338-004-0384-z
https://doi.org/10.1002/aqc.2362
https://doi.org/10.1007/s00338-009-0547-z
https://doi.org/10.1201/9781420065756.ch6
https://doi.org/10.1007/s00338-019-01782-z
https://doi.org/10.1098/rspb.1991.0036
https://doi.org/10.1007/s00338-014-1142-5
https://doi.org/10.1038/srep00240
https://doi.org/10.1038/40843
https://doi.org/10.1007/s00338-013-1122-1
https://doi.org/10.3354/dao02488
https://doi.org/10.3354/dao02488
https://doi.org/10.1007/s00227-009-1236-8
https://doi.org/10.1007/s00338-010-0716-0
https://doi.org/10.1371/journal.pone.0054989
https://doi.org/10.1371/journal.pone.0054989
https://doi.org/10.3354/meps248085
https://doi.org/10.5281/zenodo.3787872
https://doi.org/10.1098/rspb.2015.2694
https://doi.org/10.1007/s00338-017-1577-6
https://doi.org/10.3354/meps07436
https://doi.org/10.1007/978-94-007-5965-7_18
https://doi.org/10.1016/j.jembe.2019.151295
https://doi.org/10.1007/s00227-016-3025-5
https://doi.org/10.1890/07-1339.1
https://doi.org/10.1038/s41598-019-44566-9
https://doi.org/10.1038/s41598-019-44566-9
https://doi.org/10.1007/s00338-007-0311-1
https://doi.org/10.3389/fmars.2020.00590
https://doi.org/10.3389/fmars.2020.00590
https://doi.org/10.3389/fmars.2021.710730
https://doi.org/10.1016/j.jembe.2004.12.039
https://doi.org/10.1016/j.jembe.2004.12.039
https://doi.org/10.1038/s41586-018-0359-9
https://doi.org/10.1111/gcb.14871
https://doi.org/10.1111/cobi.13591
https://doi.org/10.1007/s12526-014-0242-3
https://doi.org/10.1007/s00338-009-0562-0
https://doi.org/10.1651/c-2607.1
https://doi.org/10.1111/gcb.12394
https://doi.org/10.1111/gcb.12394
https://doi.org/10.1038/srep39666
https://doi.org/10.1002/wics.147
https://doi.org/10.1002/wics.147
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Wood, E., and Dipper, F. (2008). “What Is the Future for Extensive Areas of
Reef Impacted by Fish Blasting and Coral Bleaching and Now
Dominated by Soft Corals ? A Case Study from Malaysia,” in
Proceedings of the 11th International Coral Reef Symposium
(Lauderdale, Florida: Ft), 403–407.

Yeung, C. W., Cheang, C. C., Lee, M. W., Fung, H. L., Chow, W. K., and Ang, P.
(2014). Environmental Variabilities and the Distribution of Octocorals and
Black Corals in Hong Kong. Mar. Pollut. Bull. 85, 774–782. doi:10.1016/j.
marpolbul.2013.12.043

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Steinberg, Ainsworth, Moriarty, Bednarek, Dafforn and Johnston.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 80419320

Steinberg et al. Bleaching Susceptibility of Octocorals

https://doi.org/10.1016/j.marpolbul.2013.12.043
https://doi.org/10.1016/j.marpolbul.2013.12.043
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Bleaching Susceptibility and Resistance of Octocorals and Anemones at the World’s Southern-Most Coral Reef
	1 Introduction
	2 Methods
	2.1 Study Locations
	2.2 Monitoring
	2.3 Collection Methods
	2.4 DNA Extraction, PCR, and Sequencing
	2.5 Pulse Amplitude Modulated Fluorimetry
	2.6 Determination of Coral Protein Content, Symbiodiniaceae Concentrations, and Chlorophyll a and c2 Concentrations
	2.7 Statistical Analysis

	3 Results
	3.1 Temperatures in the Lord Howe Island Lagoon
	3.2 Octocoral Morphological Observations
	3.3 Octocoral and Anemone Cover, Abundance, and Species Composition
	3.4 Symbiodiniaceae Type Profiles
	3.5 Response of Bleaching Susceptible Species to Heatwaves in the Lord Howe Island Lagoon
	3.5.1 Entacmaea Quadricolor Bleaching Response
	3.5.2 Cladiella Sp. 1 Endosymbiont Bleaching Responses
	3.5.3 Response of Unbleached Cladiella Sp. 1 Colonies

	3.6 Response of Bleaching Resistant Species to Heatwaves in the Lord Howe Island Lagoon
	3.6.1 Response of Unbleached Xenia cf Crassa Colonies
	3.6.2 Response of Unbleached Cladiella Sp. 2 Colonies


	4 Discussion
	4.1 Coral Cover, Abundance, and Species Composition at Lord Howe Island Lagoonal Reefs
	4.2 Response of Bleaching Susceptible Species to Heatwaves in the Lord Howe Island Lagoon
	4.3 Response of Bleaching Tolerant Species to Heatwaves in the Lord Howe Island Lagoon
	4.4 Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


