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ARTICLE INFO ABSTRACT

Keywords: Climate change threatens coral reefs, with recent heatwaves causing widespread coral bleaching and mortality.

Octocoralia Soft corals (order Alcyonacea) provide reef structure and habitat, but most reef research has instead focused on

;Jf;_c‘oral reef-building hard corals (order Scleractinia). Reviewing the primary literature documenting the effects of recent
mo

(2014-2020) marine heatwaves on corals, a period including the third global coral bleaching event, we found
Climate change that only 20% (19/94) of studies presented any results of heat stress effects on soft corals, and even fewer (5%)
Bleaching presented taxonomic-specific results, highlighting the need for further study. Using images (n = 6265) collected
Coral on 16 expeditions to the world's largest atoll (Kiritimati; central equatorial Pacific) between 2007 and 2019, we
Mortality quantified soft coral cover around the atoll's shallow (10-12 m depth) forereefs before and after a prolonged
heatwave (the 2015/2016 El Nino). Prior to the heatwave, soft coral accounted for 3.0% of the benthic com-
munity, with greater cover at more sheltered sites with lower net primary productivity; Lobophytum and Sinularia
were the most common genera. We documented a complete loss of soft coral after the heatwave within our sites.
New soft corals were detected in 2019, three years after the heatwave. Photos of individual colonies tracked over
time revealed that soft coral structures can persist for several years post-mortality, and hard corals can recruit
onto these structures. Our study exposes the vulnerability of soft corals to heat stress, which has received scant
previous documentation. Future studies examining the effects of heatwaves on coral bleaching and mortality

Marine heatwave

should include soft corals.

1. Introduction

Coral reefs, which are the most biologically diverse marine ecosys-
tems and provide essential ecosystem services to hundreds of millions of
people (Hoegh-Guldberg, 2011), are seriously threatened by climate
change (Hoegh-Guldberg et al., 2019; Hughes et al., 2017). Increases in
the frequency and duration of marine heatwaves threaten the survival of
corals due to coral bleaching (Cai et al., 2014; Claar et al., 2018; Hughes
etal., 2018; Oliver et al., 2018). When corals become stressed by factors
such as temperature anomalies their symbiotic relationship with the
photosynthetic algae (family Symbiodiniaceae) living within their cells
break down, leading to the ejection of the symbionts and coral bleach-
ing. In the absence of temperature reductions, this generally leads to
coral mortality (Brown, 1997; Glynn, 1983; Putnam et al., 2017). Be-
tween 2015 and 2016 an extreme El Nino (L'Heureux et al., 2017) led to
widespread coral bleaching and mortality on many reefs around the
world, with higher accumulated heat stress on corals than any previ-
ously documented El Nino event (Claar et al., 2018; Eakin et al., 2016;

Hughes et al., 2018). A major focus of the coral literature since has been
to understand how this El Nino, and the broader 2014-2017 global coral
bleaching event (Eakin et al., 2016; Heron et al., 2017), affected reef-
building corals and the conditions that lead to coral bleaching and
mortality (Eakin et al., 2016). This is important, not only because of the
diversity of corals that are threatened, but also because widespread coral
losses could have major negative consequences for marine biodiversity
more broadly (Burke et al., 2011), as well as for people, through the loss
of food, livelihoods and coastal protection (Moberg and Folke, 1999).
Reef building scleractinian corals (order Scleractinia) are important
ecosystem engineers and the foundation of tropical coral reef ecosystems
(Moberg and Folke, 1999; Putnam et al., 2017). These organisms not
only provide important nutrients to their community (Wild et al., 2004)
in their oligotrophic environments, but also create critical habitat
structure, and provide many other ecosystem services (Moberg and
Folke, 1999; Putnam et al., 2017). Soft corals (order Alcyonacea) have
skeletons formed of small calcium carbonate sclerites, which allow a
degree of rigidity, but they do not form the large calcium carbonate
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structures of scleractinian corals, which form reefs (Rahman and
Oomori, 2008). However, soft corals can still be considered ecosystem
engineers, as they provide structure and habitat complexity to their
communities, and are also able to regulate sedimentation and affect
water currents (Paoli et al., 2017; Poulos et al., 2013; Sanchez, 2017;
Valisano et al., 2016). Some predatory fish species are closely associated
with soft coral species (Sanchez, 2017). Although soft corals are
important components of coral reef communities, most studies focus on
reef-building corals, while information and investment into monitoring
soft corals is generally lacking (Dinesen, 1983; Richardson et al., 2017a).
Consequently, less is known about how soft coral communities will react
to increasing heat stress events in the future, let alone under the multiple
disturbances associated with global climate change (Coté et al., 2016).

Our objectives here were twofold: 1) to evaluate the extent to which
the impacts of recent heat stress events on soft corals have been studied
and 2) to assess the vulnerability of soft corals to prolonged heat stress.
To meet these objectives, we first conducted a systematic literature re-
view to quantify the extent to which soft corals are represented in
studies examining the effects of marine heatwaves on corals, focusing
specifically on the past seven years, which includes the most recent
global coral bleaching event (2014-2017). We then conducted our own
empirical analysis, examining the effects of the 2015/2016 El Nino
event on soft coral relative abundance on the world's largest atoll, Kir-
itimati, which experienced ten months of anomalously high tempera-
tures during this period (Claar et al., 2019, 2020). Four genera of soft
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coral have been identified on Kiritimati: Lobophytum, Sinularia, Sar-
cophyton, and Cladiella (see Fig. S1 for live and bleaching photos). Using
community composition data from small benthic photoquadrats, we
quantified changes in soft coral cover over a thirteen-year period (2007
to 2019) that included this heatwave. We hypothesized that the relative
abundance of soft coral (overall and individual genera) would vary
spatially around the atoll's forereefs due to differences in chronic local
disturbance and environmental conditions across sites, and that the
atoll's El Nino-induced prolonged heatwave would cause significant
declines in soft coral cover at all sites.

2. Methods
2.1. Literature review

We first conducted a systematic literature review to quantify the
extent to which field studies assessing the impacts of recent marine
heatwaves (i.e., 2014 to 2020) on corals included soft corals. This date
range was selected to examine heatwaves that included the same time
span as the El Nino event that we examined on Kiritimati Island, and to
encompass the third global coral bleaching event. On August 25, 2020,
we conducted two searches for papers published between 2015 and
2020 using all databases on the Web of Science: one using the search
terms: ((coral*) AND (mortal* OR bleach* OR cover* OR health*) AND
(“El Nino” OR “El Nino” OR ENSO OR “heat stress” OR “heatwave” OR

Web of Science Papers
n=249

Atoll Research Bulletin
n=7

v

ALL
n =256

Impacts ofa heat stress event
(2014-2020) on coral reefs
n=94

Removed papers that did not meet review criteria

/ Categorized based on how soft corals were treated

Soft corals not mentioned
n=61

Soft corals mentioned but no
data collected or analyzed
n=4

Soft coral data collected
n=27

Soft coral focused paper
n=1

_—— |

No soft coral results
presented
n=9

Soft coral results
presented
n=18

———

Soft coral results presented Soft coral results presented
: Soft coral focused results
separate from hard coral grouped with hard coral n=1
n=16 n=2
Reported qualitative trends Quantified results Quantified results Quantified results
n=>5 n=11 n=2 n=1
(n = 1 identified to genera/species) (n =4 identified to genera/species) (not identified to genera/species) (n =1 identified to species)

Quantified
Bleaching
n=3

Quantified
Mortality
n=3

Quantified Quantified
Cover Bleaching
n=7 n=1

Quantified Quantified Quantified Quantified
Mortality Cover Disease Growth
n=1 n=1 n=1 n=1

Fig. 1. PRISMA diagram showing results of literature review of the documentation of recent heat stress events (2014-2020) on soft corals.
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“thermal stress” OR “temperature anomaly”)); a second using the search
terms: ((“soft coral” OR octoc* OR alycon*) AND (mortal* OR bleach*
OR cover* OR health*) AND (“El Nino” OR “El Nino” OR ENSO OR “heat
stress” OR “heatwave” OR “thermal stress” OR “temperature anom-
aly™)). On September 2, 2020, we also conducted a search using the
previously mentioned search terms on Google Scholar, specifically
searching for papers from the Atoll Research Bulletin because this
journal is not included in Web of Science.

We evaluated each paper that was returned from these searches,
reviewing the titles, abstracts and method sections, to determine if they
examined corals during a heatwave between 2014 and present day
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(Fig. 1). We excluded papers describing lab-based studies or heatwaves
prior to 2014 (Fig. 1). The remaining papers that met our criteria, were
classified based upon: i) if the study mentioned soft corals (using the
terms ‘soft coral’ or ‘octocoral’), ii) if data was collected about soft
corals, iii) if results were presented about soft corals, iv) if soft corals
were included in figures, v) if soft corals were identified as being from
specific genera, or species, vi) if quantitative results were presented, and
vii) if there were quantitative results reported, were they regarding
bleaching, mortality, growth, cover or disease (Fig. 1).
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Fig. 2. Monitoring sites on Kiritimati (Christmas Island) classified by: (a) level of chronic local human disturbance, with village locations also shown; (b) regions and
wind exposure (i.e., classified as ‘windward’ if on the side of the atoll exposed to the predominant wind direction; Bosserell et al., 2015). Inset shows the location of
Kiritimati in the central equatorial Pacific Ocean; (c) mean soft coral (All and individual genera) for each site, starting with the Korean Wrecks region and going

clockwise around the atoll. Size of the circles shows relative coral cover.



D.G. Maucieri and J.K. Baum
2.2. Study site and design

Kiritimati (01°52'N, 157°24'W), Republic of Kiribati, located in the
central equatorial Pacific Ocean, is the world's largest atoll by land mass
(388 km? with 150 km perimeter), and has a population of approxi-
mately 6500 people (Kiribati National Statistics Office, 2016). The atoll's
villages are concentrated on the northwest coast, with few people living
in the southeast, creating a spatial gradient of the local population and
associated disturbances across the atoll (Watson et al., 2016; Magel
et al., 2020; Fig. 2). Chronic local human disturbance for each of 40
shallow forereef monitoring sites has previously been quantified by
combining data on the size of the human population within a two-
kilometer radius of each site and the location of fishing activities,
calculated from a kernel density of fishing activity (Claar et al., 2019;
Watson et al., 2016). For visualization purposes, sites were also grouped
into five categorical local human disturbance categories (Very Low,
Low, Medium, High and Very High), based on clear breakpoints in the
continuous local disturbance measure, as in Magel et al. (2020) and
Claar et al. (2020). Reef sites also varied due to oceanographic factors,
including primary productivity and wind exposure. We defined site-level
exposure (i.e., windward versus sheltered) based on the dominant wind
direction (southeasterly; Bosserell et al., 2015), with sheltered sites
grouping leeward sites with other sites that are protected from the
dominant wind direction. Additionally, we extracted site-level
maximum net primary productivity (mg C m~2 day~!) data and wave
energy (kW m™!; only available for a subset of sites, see Fig. S2) from the
Marine Socio-Environmental Covariates (MSEC), an open source data
product that uses satellite-derived measures of photosynthetically
available radiation, SST, chlorophyll-a concentrations and climatology
model hindcast reanalyses (Yeager et al., 2017). The MSEC net primary
productivity data product is based on NOAA CoastWatch and the wave
energy is based on NOAA WAVEWATCH III hindcasts, with both
calculated over a 2.5 acrmin grid (Yeager et al., 2017).

Around the atoll, the forereef monitoring sites were surveyed in 16
expeditions between 2007 and 2019, although all sites were not sur-
veyed in every expedition (mean = 16.7 sites/expedition) due to
weather and timing constraints (Table S1). Of these, 37 sites are the
same as Walsh (2011), which were established in 2007, along with three
additional sites (L2, VL12 and H1) established in 2009. At each site,
transects were laid along the 10-12 m isobath, and photos of the benthic
substrate were taken at each of 20 to 35 randomly selected points along
the transect. Quadrats of 0.54 m? (0.9 m by 0.6 m) were used from 2007
to 2011, and 1m? quadrats were used from 2013 to 2019.

Coral reefs on Kiritimati sustained heat stress for 10 months during
the 2015/2016 El Nino event, reaching ~25 °C-weeks (degree heating
weeks; DHW) according to NOAA Coral Reef Watch remotely-sensed
data (Claar et al., 2019, 2020) and 31.6 °C heating weeks according to
in situ temperature loggers (Claar et al., 2019, 2020). Jarvis, a nearby
island to Kiritimati, is the only other location to experience heat stress of
this intensity (Vargas—Angel et al., 2019). These two islands were at the
epicenter of this El Nino event, one of the most extreme El Nino events
on record (Claar et al., 2018, 2019; Eakin et al., 2016). Benthic surveys
were conducted on Kiritimati before, during and after the heat stress
event.

To examine how quickly soft corals degrade following mortality, we
also examined images of permanent 4 m x 4 m photoquadrats, in which
the same individual corals were photographed at multiple time points
between 2015 and 2019. These photoquadrats were established at nine
of the Kiritimati monitoring sites (three per site), along the 10-12 m
isobath in early 2015 as part of a separate study (Bruce, 2021; Magel
et al., 2019). These have been photographed before (May 2015), during
(March 2016) and after the El Nino event (November 2017, July 2017
and July 2019). We visually examined the soft corals in the photo-
quadrats from two sites (VL3 and M1) as they had large soft coral col-
onies that could be relocated in subsequent years to allow for the
documentation of the bleaching and death of soft corals during the heat
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stress event and the persistence of structure after the heat stress event.

2.3. Data processing

We identified benthic substrate (n = 6381 quadrats) using randomly
placed points overlaid on each image using CoralNet, an opensource
program created for analysing coral benthic communities (Beijbom
et al., 2015). We placed 54 and 100 random points on the 0.54m? and
1m? sized quadrats, respectively, in order to maintain an average den-
sity of one point per cm? of quadrat. Additionally, for coral cover
analysis, we cropped the 1m? quadrats after all benthic substrate an-
notations were completed, so that the quadrat area would be 0.54m? and
match the smaller sized quadrats. These cropped quadrats contained an
average of 54 randomly annotated points, with variation due to the
randomly placed annotation points, and any quadrats that had fewer
than 35 or more than 65 were removed from analysis (31 quadrats,
0.49%). The identity of the substrate under each randomly placed point
was determined, and soft corals were identified to genus based on visual
characteristics. We were unable to identify soft corals to species as this
would have required examination of sclerites or genetic analysis, neither
of which was able to be performed as the necessary data were not
collected. We determined percent cover for each coral genus by dividing
the number of points for members of that genus by the total number of
useable points in each quadrat. Unusable points included shadows,
transect and quadrat hardware or unclear points where accurate iden-
tification was not possible. Quadrats where more than 10% of the an-
notated points were unidentifiable were removed from analysis (85
quadrats; 1.3%). In total, 6265 quadrats (98.1%) were used in analysis.

2.4. Statistical analysis

All statistical analyses were conducted in RStudio (R version 4.0.1).
To examine variability in soft coral cover prior to the heat stress event,
we fitted a series of generalized linear mixed models, each with a zero
inflated beta probability distribution and a logit link function because
soft coral cover (i.e., the response variable) was calculated as a pro-
portion of benthic cover. Models were fit using the ‘glmmTMB’ package
(Brooks et al., 2017). As these data spanned eight expeditions before the
heat stress event (July 2007-May 2015), we averaged soft coral cover
across years for each site after testing for and confirming that there was
no trend over time in soft coral cover within this timespan.

We designed 7 models based on a set of a priori hypotheses about the
relationship between soft coral cover, site exposure (windward vs
sheltered), local human disturbance, and net primary productivity (mg C
m? day’l; all fixed effects). Local human disturbance and net primary
productivity were continuous variables and were centered and scaled for
analysis. Akaike Information Criterion (AIC) was used for model selec-
tion and all models within 6 AIC units from the best model were
considered to be part of our final model set. We also ran separate models
for each individual soft coral genera to examine if relationships between
the overall soft coral community and abiotic factors held at this finer
taxonomic scale. As wave energy data was only available for a subset of
sites (Fig. S2), a separate model between soft coral cover and wave
energy was also performed on the subset of data with this variable.

Finally, to examine the effect of the heat stress event on soft coral
cover, we qualitatively examined the amount of soft coral cover present
on the reefs during the three years after the heat stress event as
exploratory analyses showed there were no soft corals in the three years
after the heat stress event. Percent soft coral cover loss was determined
for each region around the atoll, except for Korean Wrecks as it was not
sampled after the El Nino event (Table S1).

All data, as well as the code for figures and data analyses is publicly
available through GitHub  (https://github.com/baumlab/Mauc
ieri Baum 2021 BioCon) and archived through Zenodo.
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3. Results
3.1. Literature review

Our literature search returned 256 papers, of which 94 met the scope
of our study, being papers that examined the impacts of a recent marine
heatwave (2014-2020) on coral reefs (Fig. 1). Of these 94 papers, only
one (1.1%) was soft coral focused (Quintanilla et al., 2019), but a further
27 (28.7%) collected data on soft corals along with hard corals. Over two
thirds of papers (69.1%), however, either did not mention soft corals at
all (64.9%) or mentioned them in passing but did not collect or analyze
soft coral data (4.3%; Fig. 1). The single paper focused on soft corals
considered one species, Pacifigorgia cairnsi (Breedy & Guzman, 2003),
and examined how El Nino events affected environmental conditions,
which in turn affected the soft coral's growth (Quintanilla et al., 2019).
Only 18 of the 27 other papers that collected data on soft corals pre-
sented any results on soft corals, and of these, five (5.3%) only presented
qualitative trends (Fig. 1). Of the thirteen general coral papers that did
present quantitative results on the impacts of heat stress on soft corals,
the majority (n = 9) did not classify soft corals into specific species or
even genera, and two papers grouped soft coral results with that of hard
corals. When quantitative soft coral results were presented, some papers
only included soft coral on plots, and others included a sentence or two
summarizing the changes observed in soft corals. For papers other than
the one focused on soft corals, results related to soft corals were not
investigated further and the focus was on understanding the patterns in
hard coral cover. Most papers that were not focused on soft corals found
small changes in soft coral cover and low amounts of soft coral mortality,
though one paper, which focused on documenting soft coral species
diversity more thoroughly than other papers found that there was a 93%
decline in soft coral cover resulting in soft coral cover being less than 1%
of the reef (Cerutti et al., 2020).
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3.2. Pre-heat stress soft coral cover

Within our focal study location, Kiritimati, soft coral accounted for
3.0% (& 0.18 SEM) of the benthic community cover, on average across
sites around the atoll, prior to the 2015/2016 El Nino (Fig. 3b). Overall,
Lobophytum was the most common soft coral genus (1.3% + 0.12 SEM),
Sinularia (0.87% =+ 0.087 SEM) the second most common, Sarcophyton
(0.67% == 0.093 SEM) the second least common, and Cladiella (0.19 +
0.042 SEM) the rarest genus (Fig. 2¢). The abundances of the different
genera did show some spatial variability across the atoll, with Lobo-
phytum the most common soft coral in most regions other than the south
sheltered area (Korean Wrecks), where Sarcophyton, despite not being
abundant elsewhere on the island, was most common (Fig. 2c).

Mean soft coral cover varied significantly amongst sites, with wind
exposure, human disturbance and net primary productivity all being
significant predictors in at least one model in the final model set
(Table 1, S1). The top model included wind exposure, net primary
productivity, and human disturbance, though the latter was not statis-
tically significant (Table 1, Fig. 3). Mean soft coral cover was signifi-
cantly higher at more sheltered sites, and also significantly negatively
related to net primary productivity (Table 1, Fig. S3). All top models
included local human disturbance, with a negative relationship between
the two, but the relationship was only statistically significant when net
primary productivity was not a variable in the model (Table 1, Fig. S3).
These patterns — significant relationships between soft coral cover and
wind exposure and net primary productivity, but not for human
disturbance — held for the two most abundant soft coral genera (Lobo-
phytum and Sinularia; Table 2, Fig. S3); there were no significant re-
lationships for the two least abundant soft coral genera (Sarcophyton and
Cladiella; Table 2). When wave energy was examined on a subset of sites,
there was a tendency for soft coral cover to decline with increasing wave
energy, but the effect was not statistically significant (Fig. S2; glm, z =
—1.79, p = 0.0728).
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Table 1

Biological Conservation 262 (2021) 109328

Parameter estimates for fixed effects from generalized linear mixed effects models describing the factors influencing mean soft coral cover prior to the heat stress event.

Years analyzed were July 2007 to May 2015.

Rank HD WE NPP HD * WE df AlCc AAICc w;
1 -1.21 1.60 —-1.90 6 -93.8 0 0.665
2 4.58 1.49 —6.60 6 —90.9 2.88 0.157
3 —1.64 0.868" 5 —90.2 3.56 0.112

Note: HD = local human disturbance; WE = wind exposure; NPP = max net primary productivity; df = degrees of freedom; AIC. = AIC corrected for small sample sizes;
AAIC, = difference from the lowest AIC. value, models with AAIC. < 6 are shown, all models available in Table S2; w; = model weight for each model. Boldface and

asterisk indicate statistical significance (¢ = 0.05).
" p <0.05.

Table 2

Parameter estimates for fixed effects from generalized linear mixed effects
models describing the abiotic factors influencing each soft coral genera's mean
cover prior to the heat stress event. Years analyzed were July 2007 to May 2015.

Model HD WE NPP
Lobophytum —1.08 1.61 —2.20
Sinularia —0.861 1.13 —2.05
Sarcophyton —1.48 0.702 0.351
Cladiella —0.237 0.246 —3.54

Note: HD = local human disturbance; WE = wind exposure; NPP = max net
primary productivity. Boldface and asterisk indicate statistical significance (@ =
0.05).

" p <0.05.

3.3. Heat stress event

In the two years following the prolonged heatwave (sampled during
three expeditions: November 2016, July 2017, June 2018), we did not
observe any live soft corals in any photoquadrats (n = 1439 quadrats),
suggesting 100% loss of soft coral cover due to the heat stress event, at
least on shallow forereefs around the atoll. Examination of individual
soft coral colonies in permanent photoquadrats showed that although
Lobophytum and Sinularia colonies bleached and died during the pro-
longed heat stress event, the colony structures persisted for at least three
years providing a structure which hard corals recruited to (Fig. 4). In
contrast, Sarcophyton colonies in the permanent photoquadrats all died
and completely degraded between the 2015 and first 2016 sampling
seasons (Fig. 4). Three years after the end of the 2015/2016 El Nino
event, during our July 2019 expedition, we observed five sites with one
colony each of healthy, young soft corals (Fig. 5).

4. Discussion

Our literature review reveals how little is known about how heat
stress events impact soft coral communities and demonstrates the lit-
erature's focus on hard corals. We also found that on a large coral atoll
(Kiritimati), soft coral cover varied spatially across the atoll's shallow
forereefs. Our subsequent models suggested that this spatial variation
might be attributed to differences in wind exposure and net primary
productivity amongst sites; local human disturbance was not found to
significantly affect soft coral cover in our top model, which was unex-
pected. However, as expected, a prolonged El Nino event had devas-
tating consequences on the soft coral community, with a documented
100% loss of soft coral in our study area. Finally, we found evidence of
soft corals leaving behind structures on the reef after they die, adding to
reef structural complexity, as well as initial signs of soft coral recovery
three years after the heatwave.

Our literature review indicates that few studies have examined how
heat stress events affect soft coral communities, even when overall
benthic community cover data have been collected. Soft coral assem-
blages provide habitat, structure and can alter environmental conditions
for organisms living on or around the corals (Paoli et al., 2017; Poulos
et al., 2013; Sanchez, 2017; Valisano et al., 2016), however the minimal

understanding of how soft corals are affected by heat stress means that
we do not know how these environments have been altered, or how they
will recover. While not all coral reefs have soft coral assemblages pre-
sent, this literature review shows that the majority of reef studies do not
acknowledge soft corals, which suggests that they may be overlooked on
many reefs, not just absent from them. Some research groups collected
data on soft coral benthic cover, but did not analyze these data in detail
or at all. This is problematic because it means the scientific literature is
not reflective of the amount and types of data being collected. There
needs to be a greater effort put into not only collecting soft coral data,
but collecting these data at higher taxonomic resolutions (i.e., species or
genera), in order to understand dynamics between different soft coral
assemblages and the fish and invertebrate assemblages associated with
them (Sanchez, 2017). Data being collected by current researchers
regarding soft coral in different areas and being exposed to different
environmental stressors also needs to be reported in the literature to
help inform conservation and restoration initiatives, and to help us
understand how reefs will continue to change into the future. As rec-
ommended by Claar et al.'s (2018) meta-analysis, when heat stress
events are being reported in the literature, along with information on
hard coral, researchers should also record and report soft coral taxo-
nomic composition, species- or genera-specific responses to heat stress,
and the overall community response of all soft corals.

In our empirical analysis of Kiritimati's forereefs, we found that prior
to heat stress, wind exposure, net primary productivity, and local human
disturbance were all negatively related to mean soft coral cover, but only
the effects of the first two were statistically significant. Indeed, areas on
the southern side of the island (Vaskess Bay and Korean Wrecks), which
are sheltered from the predominant wind direction, have lower net
primary productivity, and minimal exposure to disturbance, with no
infrastructure or pollution and virtually no fishing in them, had the
highest soft coral cover (Fig. 2c). Soft corals tend to grow in more
sheltered sites with lower wave energy as wave energy is known to be
damaging to soft corals and to inhibit their growth so this needs to be
studied further (Dinesen, 1983; Fabricius, 1997). These more sheltered
sites, along with those on the leeward side of the island are sheltered
from trade winds and likely experience lower wave exposure, though
this needs to be confirmed with the use of in situ current meters.
Although we found no significant effect of wave energy on soft corals,
this was likely due to low sample sizes and a lack of data from sites
experiencing heavier wave action in the Bay of Wrecks. The effects of
local anthropogenic disturbance have been understudied in soft corals,
but we hypothesized that higher nutrient concentrations, pollution, and
physical damage from dredging near human populations would lead to a
decrease in soft coral cover (Cornish and DiDonato, 2004; Januar et al.,
2015). We speculate that our inability to detect such an effect is due to
some confounding of our three main variables, rather than a true lack of
effect. Our study instead suggests that other abiotic factors, which may
be related to local human disturbance such as net primary productivity
have a negative relationship with mean soft coral cover. However, net
primary productivity variation is not only due to human activity (Walsh,
2011), but also upwelling (Claar et al., 2019), which therefore may play
a crucial role in soft coral growth and may also be difficult to disentangle
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Fig. 4. Photos of three individual soft coral colonies (top - Lobophytum sp., middle - Sinularia sp., bottom - Sarcophyton sp.) taken in permanent photoquadrats at two
forereef sites VL3 (top, middle rows) and M1 (bottom row) on Kiritimati over a four-year period, showing the progression from live coral, to mortality and decay.
2015 sampling period was before the El Nino event, March of 2016 was during the El Nino event, and November 2016, 2017 and 2019 sampling periods were after
the El Nino event. Circles in panels (e) and (j) show location of hard coral recruits on dead soft coral structures with colors representing different genera; orange for
Pocillopora, blue for Porites and purple, pink and green for separate morphotypes. Note: some hard coral recruit identities are only to morphotype as genera cannot be
accurately determined at this size. White bar in panels (e), (j) and (o) show scale bars representing 50 cm for each row. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

from local human disturbance.

We also found spatial variation in the dominant soft coral genera
amongst sites, suggesting variability in environmental preferences
amongst different soft coral taxa. Our analyses of the relationships be-
tween individual soft coral genera and environmental variables did not,
however, shed light on the factors underlying these differences because
the two most common soft coral genera (Lobophytum and Sinularia)
showed similar relationships, with both negatively influenced by wind
exposure and primary productivity. This similarity may have arisen
because of these species' phylogenetic relatedness, as both genera are
from the Alcyoniidae family (McFadden et al., 2006), or similar life
history characteristics. As these were the most abundant soft coral
genera, these genera likely influenced the total soft coral cover. The
other two genera (Sarcophyton and Cladiella) were rare, which likely led
to a lack of power to detect relationships, as there were no significant
main effects in these models. In general, little is understood about how
soft coral species differ in their responses to environmental conditions
and stressors, but there have been documented differences in survival
amongst species due to stressors (Loya et al., 2001; Slattery et al., 2019).
Further studies with soft coral from these and other families will help
researchers to better understand if there are clear genera specific dif-
ferences within the response of soft coral communities to abiotic factors
and heat stress events which would allow for similar conservation ac-
tions being able to assist many genera, instead of general or species-

specific actions needed to maintain soft coral communities.

Our study also revealed that prolonged heat stress can be devastating
for soft corals, with a complete loss of soft coral cover at our study sites
over the course of the 2015/2016 El Nino event. The mortality of soft
corals (100%) exceeded that of hard corals on Kiritimati Island (Baum
unpublished data), suggesting soft corals are especially sensitive to
extreme sea temperatures. Soft coral skeletons are made of calcified
sclerites, which are not as solid as hard coral skeletons, but permanent
photoquadrats on Kiritimati island documented the persistence of soft
coral skeletons after coral death. Sinularia and Lobophytum soft corals in
our study left behind a structure that contributed to the overall
complexity of the reef and provided structure for new hard coral recruits
to settle on for three years post-mortality (Fig. 4). Some soft corals from
the genus Sinularia are known to lithify individual calcitic sclerites at the
base of the colony, with a cement known as spiculite, which consists of
aragonite crystals (Jeng et al., 2011; Konishi, 1982; Shoham et al.,
2019). We propose this may be occurring in some corals from the genus
Lobophytum as well. These corals, after they die, left structures behind
which became areas colonized by turf algae and crustose coralline algae
growth, eventually allowing for the settlement and recruitment of at
least five hard coral species (including Pocillopora and Porites), which to
our knowledge is the first documentation of hard coral recruitment on
soft coral skeletons (shown in Fig. 4). The mechanism of this settlement
warrants further investigation to determine if soft coral skeletons have
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approx.
10 cm

Fig. 5. Photos of the recorded soft corals from small photoquadrats present on Kiritimati after the 2015/2016 El Nino event. All are from 2019 and provide the first
evidence of recovery following the El Nino event. (a—d) Sarcophyton from sites VL4, M6, M1 and M2 respectively (e) Lobophytum from site M12.

higher rates of hard coral recruitment than the surrounding benthos.
The structure that soft corals provide while they are alive is not well
understood, with only a few papers examining soft coral community
habitat complexity (Richardson et al., 2017a, 2017b; Wilson et al.,
2007). Recent studies suggest that soft corals contributed important
habitat to reef and fish communities (Epstein and Kingsford, 2019) and
that under current ocean acidification projections, we may see a shift
from hard coral communities to those dominated by soft corals (Gomez
et al., 2015; Inoue et al., 2013). Even less is known about the structure

provided by dead soft corals, but if soft corals are contributing the for-
mation of reefs, they could still influence reef composition. Hard coral
skeletons are formed of aragonite crystals while soft coral sclerites
consist of calcite crystals, some of which have been recorded as being
high magnesium calcite and others low magnesium calcite (Januar et al.,
2017; Konishi, 1982; Rahman et al., 2011; Shoham et al., 2019). The
composition of soft coral sclerites would influence the solubility of reefs
as high magnesium calcite is more soluble than aragonite, making reefs
that are formed from high magnesium calcite soft corals more
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susceptible to ocean acidification (Andersson et al., 2005; Eyre et al.,
2014; Rahman et al., 2011). Soft coral reef formation needs to be studied
further in order to understand how reef structures will react to changing
oceanic conditions. The role of soft corals in community structure, reef
recovery, and coral recruitment also needs to be better understood in
order to know how to conserve coral reefs and their biodiversity.

Despite apparent local extinction of soft corals during the El Nino
event, we found initial signs of recovery three years after the event, with
the detection of a small number of young colonies. Although it is
possible that some soft corals persisted in shallow areas outside of our
monitoring sites, we suspect that the source of these new corals was
colonies in deeper waters than those we surveyed (10 to 12 m) that had
survived the event. Soft corals may not be as restricted by depth as hard
corals, which may have provided conditions that allowed for soft coral
survival in deeper waters (Pupier et al., 2019). Soft corals are known to
quickly colonize the benthos after a mass mortality of hard corals
(Richardson et al., 2017b). However, with such an extreme loss of soft
coral cover, there may not be enough adult soft coral colonies to be able
to recolonize and dominate the benthos of Kiritimati. Further sampling
to determine how the soft coral populations recover from the bleaching
event will allow for better-informed conclusions about how surviving
soft corals will affect patterns of soft coral recovery.

In conclusion, there is a lack of understanding in the current scien-
tific literature of how global heat stress events impact soft coral cover.
We provide some new insights in this regard, by examining changes in a
soft coral community during a prolonged marine heatwave on the
world's largest atoll. First, by examining shallow forereefs on the atoll
prior to the heatwave, we found evidence that spatial variability in soft
coral cover may have arisen due to differences in wind exposure and net
primary productivity, both of which negatively influenced soft coral
cover. We then documented a 100% loss of soft coral in our study area
during the 2015-2016 El Nino-induced heatwave, indicating that soft
coral species are very susceptible to prolonged thermal stress. We also
showed that soft coral skeletons can persist for several years after the
colony dies, and that the remaining structures can provide substrate for
hard corals to settle on, leading to increases in reef complexity even after
the death of the soft corals. Finally, we recorded initial signs of soft coral
community recovery, however, it is too soon to tell how the soft coral
community will recolonize, so further studies are needed to understand
rates of soft coral recover after extreme mortality events.
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