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Abstract

Coral reef ecosystems are declining globally due to climate change. As most ecological studies have
focused on stony corals, the distribution of other benthic communities and their susceptibility to
bleaching remain largely overlooked. Soft corals can form diverse and ecologically important
assemblages; hence it is important to understand their distribution and quantify the impacts of
heatwaves on soft coral demographics. We surveyed soft corals on two inshore fringing reefs: Geoffrey
Bay (19°09'13.7"S, 146°52'09.5"E) and Alma Bay (19°08'52.9"S, 146°52'13.7"E) at Magnetic Island. We
aimed to survey soft corals to genus level. Then, we quantified the size frequency distribution of
Sarcophyton colonies as the most abundant genus between substrate types, and examined the
susceptibility of Sarcophyton to bleaching during the La Nifia mass coral bleaching event in January-
March 2022. We found the reefs at Magnetic Island to support diverse soft coral communities.
Sarcophyton was one of the dominant soft coral genera on rock, rubble and sand beds, and colonies of
all sizes experienced bleaching. Bleaching occurrence was lower in Alma Bay than Geoffrey Bay (26.66%
and 52.27% of Sarcophyton colonies bleached, respectively). Bleaching was found to be depth- and size-
dependent, as deeper and larger colonies had a greater likelihood to bleach. Since larger Sarcophyton
colonies were more susceptible to bleaching, the impacts on reproduction, mortality and ecosystem
functioning are likely to be significant. This is the first assessment of the soft corals at Magnetic Island
and of the susceptibility of a common soft coral genus on the GBR to bleaching.

Introduction

Coral reefs have suffered widespread and frequent heatwaves since the 1980s, which have often
resulted in bleaching of coral tissue (Baker et al. 2008; Hughes et al. 2018; Smale et al. 2019).
Successive years of severe and large-scale bleaching events during the last decade have now impacted
virtually every coral reef, causing reef degradation (Harrison et al. 2019; Pratchett et al. 2021). When
prolonged, bleaching can cause extensive mortality in corals (Chakravarti and van Oppen 2018; Claar
and Baum 2019), and other cumulative changes in demographic rates (e.g., compromised growth and
reproduction) can take place over time (Bak and Meesters 1998; Baker et al. 2008; Kramer et al. 2020).
These short- and long-term impacts have been extensively studied in hard corals (Hughes 1984;
Babcock 1991; Kramer et al. 2020), while responses to bleaching remain poorly understood in other
benthic marine groups, such as soft corals.

Soft corals are abundant and ecologically important on many reefs (Dinesen 1983), contributing to reef
structure (Ferrari 2017) and ecosystem functioning by providing habitat, shelter, and foraging
opportunities for a variety of marine taxa (Lau et al. 2019; Long et al. 2020). Similar to hard corals, soft
corals are also impacted by bleaching. Severe and prolonged bleaching events have been documented to
lead to extensive mortality in soft corals, sometimes exceeding that of reef-building hard corals
(Maucieri and Baum 2021). Long-term implications on their reproduction and survival have also been
reported. In some soft coral genera, sexual reproduction in bleached colonies can fail over multiple
annual spawning seasons, significantly reducing the reproductive output of soft coral populations and
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therefore their survival post-bleaching (Michalek-Wagner and Willis 2001). However, despite their
ubiquity, ecological importance, and known susceptibility to bleaching, the influence of colony size and
other factors on soft coral demographic processes during bleaching events, including growth,
reproduction, and mortality, remains poorly understood. For instance, in hard corals there is a complex
link between species-level and size-dependent susceptibility to bleaching, where the impact of bleaching
events on corals varies in severity among colonies of different sizes, with larger colonies expected to be
more susceptible (Brandt 2009; Burn et al. 2022).

Numerous reef-wide coral bleaching events have been reported on fringing reefs around Magnetic
Island, in the central GBR since 1979 (Jones et al. 1997, Marshall and Baird 2000; Hughes et al. 2018;
Smith, Prenzlau, et al. 2022). Increasing seawater temperatures, as well as high macroalgal cover on reef
flats around this continental island, have negatively impacted hard coral assemblages (Ceccarelli et al.
2020; Smith, Brown, et al. 2022). However, there are limited records on the impacts of these bleaching
events on the local soft coral community (Marshall and Baird 2000), and studies on the soft corals of
Magnetic Island only focus on few soft coral genera (e.g., Sarcophyton and Lobophytum) (Coll et al.
1995; Morrisey 1980), possibly underestimating their diversity and ecological importance. Documenting
the diversity in soft coral assemblages and their demography during bleaching is necessary to
understand how these corals are impacted by increasing temperature over prolonged periods of thermal
anomalies, and to provide baseline knowledge to underpin future investigations of broader ecological
implications.

This study aims to evaluate the soft coral diversity of Magnetic Island, with a focus on their susceptibility
of bleaching during an extreme La Nifia. To address this, we firstly assessed the genus-level diversity of
soft corals on two reefs at Magnetic Island to characterise the local biodiversity. Then, among the genera
identified, Sarcophyton was selected for further investigation due to its dominant abundance both at the
study site and along the GBR (Fabricius and Alderslade 2001). For a more comprehensive evaluation of
the Sarcophyton assemblages within the study sites, we characterised the size-frequency distribution of
Sarcophyton colonies among three different substrate types, including rock, mud/sand and rubble beds.
Finally, we examined the bleaching susceptibility of Sarcophyton in relation to colony size, depth, and
location during the 2022 La Nifia mass coral bleaching event.

Methods
Study area

We surveyed two adjacent reefs: Geoffrey Bay (19°09'13.7"S, 146°52'09.5"E) and Alma Bay (19°08'52.9"S,
146°52'13.7"E) at Magnetic Island in the central inshore region of the GBR (Fig. 1). Within the study area,
reefs are characterised by rocky reef flats of hard coral and macroalgae (Smith et al. 2022; Smith,
Prenzlau, et al. 2022), with a shift to rubble on the outer reef flat, and a sandy/mud slope toward the
middle of the bays (Fig. 1).
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Soft coral distribution and abundance surveys

We conducted photographic surveys of the soft corals encountered at Geoffrey Bay and Alma Bay. Each
day, we conducted two surveys using a standard amount of searching time of 1 hour. Soft coral
assemblages were surveyed on 4 February and 20 March 2022 in Alma Bay, and 12 and 27 February
2022 in Geoffrey Bay. During surveys, we identified all encountered soft corals to genus level and visually
estimated the abundance of the genera into 4 categories: dominant, abundant, sporadic and rare (see
Benayahu et al. 2004). This was done on the inner-mid reef flat, outer reef flat and sandy slope, to
provide information on local coral diversity between substrate types. For this study, we consider as soft
corals all the octocorals that are not from the former sub-order Calcaxonia and Holaxonia, and the
systematics follow the revision of McFadden et al. (2022). Colonies were not collected for further
taxonomic examination, hence their classification to species-level was not possible.

Soft coral bleaching susceptibility surveys

Of the 14 soft coral genera observed, Sarcophyton occurred in both bays and across all substrate types
and therefore was selected for further analyses. Bleaching of Sarcophyton colonies was first observed in
Geoffrey Bay on 10 January 2022. By the end of January, reports of hard coral bleaching in both Geoffrey
and Alma Bay, as well as sea surface temperature (SST) data from the National Oceanic and
Atmospheric Administration (NOAA), indicated a possible mass bleaching event impacting the central
GBR. Thus, we investigated the potential for soft coral bleaching on 4 February and 20 March in Alma
Bay, and 12 and 27 February in Geoffrey Bay. We used photographic surveys to further ensure the same
colonies were not recorded multiple times. We conducted SCUBA surveys recording all Sarcophyton
colonies encountered while swimming from the middle reef flat to sandy slopes and back at depths of ~
4 to 10m. Colony size was measured as the stalk basal circumference, which was estimated from
photos using underwater scale bars. In Sarcophyton colonies, the stalk basal circumference is
considered to represent the most accurate area measurement, since polyp and stalk height shrink and
expand frequently over a 24h period (Hellstrom and Benzie 2011). For each colony, we recorded the
bleaching status, depth, and substrate type (sand, rubble or rock). Bleaching was recorded as a binary
variable (presence-absence) rather than a gradient (bleaching score) to reduce potential errors and
biases linked to photography-based colour assessment, particularly across colonies with different
baseline colouration.

Sea surface temperature (SST) data were obtained from satellite-derived sources. These include SST
data for the central GBR from the Skm daily-resolution Regional Virtual Stations product from the Coral
Reef Watch (CRW) program (https://coralreefwatch.noaa.gov/) for regional time series data. Data were
extracted for both Geoffrey Bay and Alma Bay from the PolarWatch program
(https://polarwatch.noaa.gov/) for a localised time series. SST data were sourced from 1 November
2021 to 17 May 2022 for the region (CRW data), and to 1 May 2022 for Geoffrey and Alma Bay
(PolarWatch data). For the regional data, we investigated the relationship between temperature and the
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occurrence of bleaching using the accumulation and magnitude of heat stress measured in Degree
Heating Weeks (DHW). This cumulative variable has been extensively applied as a coral bleaching index
globally, with bleaching expected at values ranging from 4°C-weeks to 8°C-weeks, and severe bleaching
and coral mortality predicted at values > 8°C-weeks (Gleeson and Strong 1995; Kayanne 2017; Sakai et
al. 2019). Finally, local SST data was used to compare the mean temperature at Magnetic Island
specifically with the mean SST of the region.

Statistical analyses

The size-frequency distribution (SFD) of Sarcophyton assemblages was assessed using the basal
circumference data for colonies on each substrate type. The basal circumference data were log-
transformed to meet normality, which was assessed using Shapiro-Wilk tests. Then, we analysed SFDs
by looking at the coefficient of variation (CV), skewness and kurtosis. The CV indicates dispersion in size
measurements, while skewness and kurtosis identify the presence of either small or large colonies
within observed assemblages and possible extreme values in the distribution tails, respectively. When
analysing skewness and kurtosis, we further ensured normality by running Jarque-Bera tests, which is a
goodness-of-fit test that measures the similarity between skewness and kurtosis to a normal
distribution. Finally, we performed two-sample Kolmogorov-Smirnov tests (KS tests) to compare the
SFDs of Sarcophyton between substrate types.

To assess the size-, depth-, and location-specific bleaching susceptibility of Sarcophyton colonies, we
modelled the probability of bleaching using a generalised linear mixed effects model with binomial
distribution and logit link, in the R package glmmTMB (REF). A range of models were created and model
selection was performed using Akaike Information Criterion adjusted for small sample size (AlCc). The
most parsimonious model structure incorporated the additive effect of all three factors (size, depth, and
location). Model validation utilised a simulated residuals plot and tests for overdispersion and zero
inflation, all of which were satisfactory.

Results
Soft coral diversity and distribution

Photographic surveys revealed differences in the composition of soft coral genera between Alma Bay
and Geoffrey Bay (Fig. 2). Overall, we identified 15 genera of soft corals, most of which were present in
Geoffrey Bay (n = 14 genera), compared to 7 genera in Alma Bay. In Geoffrey Bay, the boulders along the
shorelines continue in the inner-mid reef flat zone of the bay, providing habitat for localised assemblages
of Iciligorgia and Scleronephthya corals. In the outer reef flat, abundant assemblages of Sarcophyton
and Lobophytum colonies, and more sporadic Briareum, Cladiella and Sclerophytum colonies, occurred
on the rocky reef and rubble bed. The majority of the soft coral genera (n =11), however, occurred on the
deeper sand/mud slope. The sandy habitat was dominated by aggregations of Umbellulifera and
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Briareun soft corals. Genera that are known to prefer mud-sandy habitats were also sporadically
observed, including colonies of Studeriotes and Dendronephthya.

By contrast, the shallow inner-mid reef flat in Alma Bay was inhabited only by sporadic colonies of
Sarcophyton and occasional colonies of Lobophytum. Sporadic assemblages of Lobophytum,
Sclerophytum, Xenia and Briareum were found in the outer reef flat, where Sarcophyton colonies were
more abundant. Similar to Geoffrey Bay, the greatest diversity of soft coral genera in Alma Bay was
observed on the sandy slope (n = 6 genera). This deeper area was dominated by the genus Sarcophyton,
intermingled with Briareum colonies. Other genera observed in the sandy slope of Geoffrey Bay, however,
were only rarely observed in Alma Bay, such as Studeriotes and Dendronephthya.

Although no specimens were collected for further identification to species level, we observed colonies of
a species of Briareum on sandy slopes and rubble beds in both bays that consists of brown polyps with
a white oral disks and white lines that run along the entire length of each tentacle (Fig. 2I). Hence, we
identified these colonies as Briareum cf. hamrum (see Samimi-Namin and van Ofwegen 2016). Since the
species is only known from the Western Indian Ocean and East African reefs, this could represent the
first observation of the species in Australian waters, but a further taxonomic examination is necessary to
establish the presence of the species at Magnetic Island.

Bleaching was observed to impact most of the dominant zooxanthellate genera in both bays (Fig. 3). The
genus Sarcophyton was found to be the only soft coral genus present in both bays and from the shallow
reefs down to sandy slopes. Sarcophyton colonies were also the first observed to show signs of
bleaching (first observed ~ 10 January 2022), and one of the last to regain pigmentation (no complete
recovery observed in the last exploratory dive in 16 April, 2022).

Regional and local sea surface temperature and cumulative heat
stress

Regional SST data revealed that mean daily temperatures were consistently higher during the survey
period compared to the long-term averages (Fig. 4). We found SST anomalies ranging from +0.39°C on
21 February 2022, with a peak on 11 March 2022 (+ 2.77°C). In the region, the accumulated daily heat
stress (DHW) peaked at 10.91°C-weeks on 16 March 2022, indicating possible widespread bleaching
occurring from mid-January 2022, and severe bleaching and high mortality likely occurring between mid-
March to mid-April 2022.

Daily SST data from Geoffrey Bay (PolarWatch data) revealed the inshore reef was consistently warmer
than the average regional measurements, with most values being closer to the daily maximum regional
values (Fig. S1). The highest value was recorded on 8 March 2022 (31.27°C).

Sarcophyton population structure
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We observed and measured a total of 89 Sarcophyton colonies across the two study sites. Of these, 45
colonies were measured in Alma Bay and 44 in Geoffrey Bay, with a mean basal circumference of 18.62
cm (¢ 1.86 cm SE) and 16.50 cm (+ 1.09 cm SE) respectively. After pooling observations from the two
locations, we found that the majority of the colonies were on rubble (52.81%; n = 47 colonies) rather than
sand (24.72%; n = 22) or rock (22.47%; n = 20) (Fig. 5). Sarcophyton assemblages exhibited little variation
in their size-frequency distribution over different substrata. The KS tests showed that SFDs in
Sarcophyton assemblages varied significantly between rocky and sandy areas only (p=0.01).
Assemblages growing on all substrate types were normally distributed (Shapiro-Wilk test > 0.05), with
the lowest dispersion on sand (CV = 39.45) and the greatest on rock (CV = 66.47). Following log-
transformation, all assemblages showed platykurtic distributions over substrate types.

Influence of colony size and environmental variables on bleaching susceptibility.

Overall, bleaching was recorded to be less prevalent in Alma Bay (26.7% of colonies affected) than in
Geoffrey Bay (52.27% of colonies affected), and there was a statistically significant increased risk of
bleaching in Geoffrey Bay (GLMM, z = 2.68, p=0.007; Fig. 6A). Furthermore, we found the likelihood of
bleaching to be significantly depth-dependent, with increasing probability of bleaching with greater depth
(z=2.31, p=0.02; Fig. 6B). Colony size had a positive relationship with bleaching probability, though this
relationship was not statistically significant (z=1.86, p=0.06; Fig. 6C).

Discussion

Soft corals form abundant and diverse assemblages on many reefs globally. However, these diverse
communities are often overlooked, and their demography poorly understood (Dinesen 1983; Yesson et
al. 2012). This study aimed to bridge this gap by providing insight on the soft coral diversity and
susceptibility to bleaching in a representative inshore location of Australia’s GBR. We assessed soft coral
diversity to genus level from inner reef flats to deeper sandy habitats at Geoffrey and Alma Bay
(Magnetic Island). The results indicate a considerable soft coral diversity in both bays, but some genera
form localised assemblages on sand beds. Higher soft coral diversity is typical of inner shelf reefs in the
first ~ 10m (Benayahu et al. 2002; Benayahu et al. 2004), where there are genus-specific preferences to
settle on hard substrata and/or on sandy/muddy substrates (Fabricius and Alderslade 2001; Poulos et
al. 2013; Jenkins and Stevens 2022). For instance, we observed Umbellulifera and Studeriotes soft
corals to grow predominantly in sandy habitats, while Sarcophyton colonies were widespread in both
hard and soft bottom habitats (Fabricius and Alderslade 2001).

In the context of coral reef degradation due to climate change, the analysis of soft coral population
dynamics can provide valuable insights into the ecological integrity of local reef ecosystems. In
particular, the size-frequency distributions can provide information on the number of sexually-mature
colonies and/or the likelihood of coral assemblages to recover after disturbance (Bak and Meesters
1998). In this study, the size frequency distribution of the common and zooxanthellate soft coral genus
Sarcophyton showed that assemblages on rocky habitats had the greatest dispersion in colony sizes.

Page 7/20



Indeed, rock is the substrate habitat that promotes greatest growth, while unconsolidated rubble and
sand beds form dynamic habitats that can be hostile for the establishment and development of soft
corals (Duckworth and Wolff 2011). For instance, while some species may exhibit higher resilience,
larger colonies can be subjected to higher scouring frequency and mortality on rubble beds (Kenyon et
al. 2020), which could explain the infrequent occurrence of large colonies on sand and rubble beds in
this study. Similarly, soft corals may struggle to cope with sediment deposition on sandy substratum,
and have been reported to be more susceptible to sedimentation than their hard coral counterparts
(Riegl 1995). This can explain the lowest dispersion in colony size we observed on sand, where colonies
may spend most of their energy to remove sediments that deposit on the polyps rather than promote
colony growth (Riegl 1995).

The presence of Sarcophyton colonies on unstable substrata, as well as the impacts of more frequent
heatwaves in recent years, can have implications on the population dynamics of the genus. For instance,
we found 68.54% of all colonies to have a basal stalk circumference equal or smaller than 20 cm
(48.31% of them being < 16 cm). This size threshold is important when considering sexual maturity in the
genus Sarcophyton (see Hellstrom et al. 2010). Previous studies found Sarcophyton colonies to reach
sexual maturity when measuring ~ 16 cm (Hellstrom et al. 2010). Given these observations, our 20 cm
threshold likely represents a substantial portion of colonies that may still not be sexually mature. A high
number of small colonies can also indicate new recruits in healthy hard coral populations (Kramer et al.
2020), but in coral communities a skewed distribution toward small colony size can also represent a
long-term impact of past bleaching events (Alvarez-Noriega et al. 2018). During disturbances, soft corals
have been reported to shift to smaller sizes as a defensive mechanism (McFadden 1986). This decrease
in size can occur in both hard and soft corals, with colonies expected to shift to a pre-reproductive state
(Done 1999; Baker et al. 2008; McClanahan et al. 2008). This can have implications on the future of
these populations in Geoffrey and Alma Bays, if colonies settle on unstable substrata and are maintained
by asexual reproduction only.

While some soft coral genera observed in our study are azooxanthellate and therefore can withstand
bleaching events (e.g., the genera Studeriotes and Nephthyigorgia) (Fabricius and Alderslade 2001),
other soft coral genera are zooxanthellate, such as Sarcophyton and Sclerophytum, and have shown high
susceptibility to bleaching during past heatwaves at Magnetic Island (Marshall and Baird 2000). Thermal
stress during the study period was extreme, as the bleaching event reached a peak of 10.91°C-weeks
DHW. We observed, however, that bleaching susceptibility in Sarcophyton colonies differed between
bays. We found bleaching occurrence was greater in Geoffrey Bay, suggesting that small-scale variations
in physical parameters (e.g., currents) can occur and influence the impacts of heatwaves (Green et al.
2019; Page et al. 2019; Decarlo et al. 2020), and therefore estimations of such environmental parameters
should be included in further studies. We also found that the susceptibility to bleaching was size-
dependent in both bays, where the probability to bleach in smaller colonies was lower than in larger
colonies. Our findings corroborate previous observations of other Sarcophyton assemblages across the
West Pacific during the same bleaching event, which found larger colonies to be more susceptible to
bleaching (Shenkar et al. 2005; Baran et al. 2023). Although Sarcophyton assemblages are widespread
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and abundant in tropical regions (Fabricius and Alderslade 2001), our observations of bleaching
susceptibility highlight the complex relationship between this genus and thermal stress. The presence of
Sarcophyton in the face of prolonged back-to-back bleaching events suggests potential resilience
mechanisms that necessitate further investigation. Future studies should focus on understanding the
long-term impacts of bleaching on Sarcophyton populations, including potential trade-offs between
susceptibility and recovery, to better predict responses of these soft coral communities to climate
change.

In this study, bleaching susceptibility differed between bays also in relation to depth. The Sarcophyton
assemblages showed an overall greater likelihood to bleach in the deep. This is surprising, considering
that the study sites were all less than ~ 10m deep where coral reefs are known not to experience
substantial temperature differences (Riegl and Piller 2003; Hoogenboom et al. 2017). Indeed, we
observed no variation in temperature during our surveys (pers. obs.). Hence, temperature alone is
unlikely to explain higher occurrence of bleaching in deeper Sarcophyton colonies in our study sites, and
further works should include other physical parameters.

Conclusion

Our study provides the first comprehensive assessment of soft coral diversity at Magnetic Island,
revealing previously undocumented assemblages, particularly in sandy habitats. We found that many
zooxanthellate soft coral genera experienced bleaching during the 2021/2022 La Nifia thermal stress
event, with the widespread genus Sarcophyton showing complex patterns of bleaching susceptibility.
The unexpected depth-dependent bleaching pattern in the absence of clear temperature stratification in
Sarcophyton colonies suggests that bleaching in soft corals is driven by complex interactions between
multiple environmental and biological factors. While our study examined depth, location, and colony size,
other potentially important variables such as water flow, light penetration, sedimentation rates, and
colony genetics were not quantified. The relative importance of these factors in determining soft coral
bleaching susceptibility remains poorly understood. Our findings highlight that soft coral assemblages
are vulnerable to thermal stress. Future research should focus on identifying the mechanisms underlying
bleaching susceptibility in soft corals, particularly the interaction between population dynamics and
environmental and physical parameters. Such work will be crucial for informing future ecological works
and understanding soft coral changes driven by bleaching on a local scale.
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Figure 1

(A) Map of the study sites on Magnetic Island, ~8 km offshore from Townsville QLD, Australia. Estimated
survey areas in (B) Alma Bay and (C)Geoffrey Bay with reef zonation highlighted.
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Figure 2
Photos of some of the soft corals observed in Geoffrey Bay, including the genera (A) Studeriotes, (B)

Carijoa, (C) Dendronephthya, (D) Lobophytum and (E) Nephthyigorgia, (F) Iciligorgia, (G) Umbellulifera,
(H) Sclerophytum and (l) the species Briareum cf. hamrum (Gohar, 1948).
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Figure 3

Observations of bleaching of a range of soft coral genera.
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Figure 4

Satellite-derived SST (black line) and daily temperature range (yellow shading) in the central GBR region
(~5km resolution). Accumulated daily heat stress (DHW; red shading) revealed consistently warmer
conditions across the region. Vertical black dashed lines indicate survey dates.
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Differences in size-frequency distribution (SFD) over sand, rubble, rock. The SFDs of
Sarcophytonassemblages over substrate types are based on basal circumference measurements and
their log-transformation.
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Figure 6

Partial effects plots showing the probability of bleaching to occur in colonies (A) between locations; (B)
among depths; and (C) among colony sizes.
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