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Abstract

Sun corals, Tubastraea spp., are native to the Indo-Pacific Ocean, but have established
populations in different areas of the Atlantic Ocean. Tubastraea spp. are considered
invasive in Brazil, being targets of a National Plan for Prevention, Control and
Monitoring. One of the objectives of this plan is to develop scientific research and
technology, focused on subsidies for the prevention and management of sun coral
dissemination. Through manipulative experiments under controlled laboratory
conditions, we analyzed the effects of exposure to air in sun coral colonies during
different time intervals, to provide general biosecurity subsidies for possible
management operations using desiccation. In addition, we recorded the coral ability
to regenerate soft tissues damaged after trauma due to desiccation. We observed
that Tubastraea sp. resists up to four hours out of seawater without permanent damage,

(Attribution 4.0 International - CC BY 4.0).
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despite being a typical subtidal organism. The number and severity of wounds and
loss of soft tissues increased with exposure time to air, which affected the recovery
capacity of this coral. Full mortality of the colonies (all polyps dead) was achieved
only after four days of exposure to air. In addition, the healing regeneration process
was recorded here for the first time in sun corals. The proportion of polyps partially
retaining soft tissues involved in feeding is determining for the recovery of the
entire colony, which can occur in just two weeks. Such data offer relevant
biosecurity subsidies for possible management operations using desiccation.

Key words: Tubastraea, invasive corals, invasive species, biological invasion,
environmental management, marine ecosystems

Introduction

Tubastraea spp. (Dendrophylliidae, Scleractinia), popularly known as sun
coral, are native to the Indo-Pacific Ocean but have established populations
in natural and artificial areas of North and South Atlantic Oceans
(Boschma 1923; Vaughan and Wells 1943; Fenner 2001; Castro and Pires
2001; Cairns 2000; Fenner and Banks 2004; De Paula and Creed 2004; Brito
et al. 2017; Silva et al. 2019). These corals were registered for the first time
in Brazil by Castro and Pires (2001) in Rio de Janeiro State; the genus has
spread along the Brazilian coast since then, and now is found discontinuously
between Ceard and Santa Catarina states (Creed et al. 2017a).
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Tubastraea spp. are considered invasive in Brazil, being targets of a
National Plan for Prevention, Control and Monitoring (Brasil 2018). The
9™ objective of this plan aims to develop scientific research and technology,
preferably focused on subsidies for the prevention and management of sun
coral dispersion. Since 2006, initiatives to control Tubastraea spp. based on
manual removal have been locally implemented in natural habitats, mainly
in three marine protected areas, by environmental government agencies,
non-governmental organizations, researchers, and volunteers in Brazil
(Creed et al. 2017b). Recent studies indicate that is virtually impossible to
reduce and subsequently maintain at low densities Tubastraea spp. populations
through a single management procedure; repetitive interventions are
needed at each locality, ideally with a 2-3-month interval between removal
events (Savio et al. 2021). De Paula et al. (2017) and Crivellaro et al. (2021)
suggested that after the first control effort, follow-up within 6 to 12 months
may be sufficient. Creed et al. (2021) also believe that repeated removal is
the best option for controlling sun coral populations but contend that a
single removal may be sufficient at low densities (cover < 10%). The question
is how feasible it is to scale up the repeated manual removal procedure in
natural habitats with an extensive and heavily dense Tubastraea coverage.
It is important to highlight that undertaking large-scale removals requires
the availability of continuous human and financial resources (Savio et al. 2021).
However, at the southern limit of distribution of Tubastraea in Brazil, the
early detection and rapid response were insufficient for achieving
eradication of a small, isolated population in an important Marine Reserve
(Crivelllaro et al. 2020). These authors mentioned the presence of sun
corals in crevices inaccessible to manual removal, fact also pointed out by
Savio et al (2021). Colonies located at greater depths (> 30 m) also represent
a limitation regarding manual management (Savio et al. 2021).

In addition to manual removal in natural areas, some recent studies have
been developed to test experimental methods for sun coral control. The
methods applied in most studies performed so far require alteration of
environmental conditions and release of toxic substances into the seawater,
limiting their use under conditions in which the target structure must be
isolated from the environment (e.g., by encapsulation or other type of
containment). Experiments with low salinity treatments achieved 100%
mortality of colonies exposed for 2 hours in fresh water (Moreira et al.
2014). The “wrapping” technique was tested to kill isolated colonies with
plastic and raffia sheets. In this case, at least seven days of treatment were
necessary to achieve the conditions of starvation, anoxia, or physical
attrition (with the wraps) to kill completely all colonies (Mantelatto et al.
2015). Sodium hypochlorite (NaClO) was tested at different concentrations
under laboratory conditions to evaluate its effect on sun coral mortality.
Concentrations higher than 20 ppm were lethal after sixty hours of exposure,
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however, 150 ppm was the lowest NaClO concentration that caused the
death of 100% of the colonies within few hours (< 5 hours). Solutions in
seawater containing more than 150 ppm of this salt are the best option to
be employed in the management and control of the sun coral in restricted
areas (Altvater et al. 2017). This method has been also applied to control
biofouling caused by mussels (Rajagopal et al. 2002). Acetic acid, a chemical
agent considered somewhat less harmful to the environment, was applied
in full and half concentration to eliminate sun corals by two methods,
complete immersion, and multiple injections, obtaining uneven results.
The immersion method was effective, but the corals died completely just
one month after applying the treatment. Through multiple injection
applications, it was not possible to kill all the polyps in the colonies, which
after a while recovered (Creed et al. 2019).

As other modular organisms (e.g., ascidians and bryozoans), corals are made
up of repeating units (polyps) that transfer energy to each other, exploiting
resources and competing for space more efficiently than solitary invertebrates
(Bak and Luckhurst 1980; Ryland and Warner 1986). In addition, they are
capable of survive despite the death of some of their components, which is
known as partial mortality (Hughes and Jackson 1985). This leads to
colony fragmentation, affecting its dispersal potential and population
dynamics (Hughes et al. 1992). This characteristic, combined with regeneration
abilities (damage recovery and tissue reorganization) allow corals to survive
after traumas of different nature and intensity. However, regeneration
processes can be affected by factors such as environmental conditions,
colony morphology, size and shape of the lesion, periodicity of trauma, and
are species-specific (Holstein et al. 2003). Some evidence of regeneration has
been reported for sun coral fragments, based on records of tissue retraction
and reorganization that trigger the generation of new polyps (Luz et al. 2018),
but no healing processes has been detected so far. Also, Tubastraea shows a
broad tolerance to temperature and desiccation, as indicated by its abundance
in very shallow waters occasionally exposed to air (0.1-0.5 m) (De Paula
and Creed 2005). Based on such information, we investigate here some
characteristics related to the resistance and resilience of sun coral to desiccation.

Desiccation is a technique where the vessel or structure is removed from
the water and left on a hard stand until all biofouling has died. This
procedure is commonly used to treat biofouling on aquaculture and fishing
equipment and has been proposed as a mitigation tool to manage vessel
biofouling risks (Inglis et al. 2012; Hopkins et al. 2015). The method is not
a feasible option for large commercial vessels over 30 m, as the cost for
prolonged dry-dock operation would be prohibitive (Inglis et al. 2012). Other
logistical challenges for using desiccation in biofouling control on large
vessels are the limited number of dry docks, and the availability and cost of
heavy lift vessels (Hilliard et al. 2006; Hopkins and Forrest 2010; Hopkins
et al. 2015). Nevertheless, desiccation may be promising in situations where
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surfaces to be treated—vessels, buoys, floats etc.—are not too large and can
be lifted or transported ashore without major logistic or budget constraints.

Tubastraea spp. live in the infralittoral zone, but populations established
in shallow waters are potentially exposed to desiccation during extreme
low tides. Here we conducted manipulative experiments, under controlled
laboratory conditions, subjecting adult colonies of this coral to different
periods of exposure to air. We expected that the longer corals remained
under desiccation, the higher the mortality or the lower the potential for
recovery, because a greater amount of tissue to be repaired implies an
increasing energy expenditure and deviation from primary metabolic
pathways. We performed the experiments by observing Tubastraea healing
regeneration capacity while recording soft tissue recovery. We aimed to
quantify the gradual increase in tissue damage, with progressive loss of
regenerative capacity as the corals are exposed to longer periods of
desiccation. This allowed us to estimate the minimum exposure time to
desiccation to achieve 100% mortality in sun coral colonies, a relevant
biosecurity information for possible use of desiccation as a mitigation tool
to manage vessel biofouling risks.

Materials and methods

Coral collection and preparation for the experiment

Two species of Tubastraea were previously described for the Brazilian
coast (T. coccinea and T. tagusensis). Colonies collected for this work were
preliminarily identified as T. tagusensis; however, Bastos et al. (2022)
identified three morphotypes from Brazil which were genetically delimited
into two species: T. coccinea (Morphotypes I and II) and Tubastraea sp.
(Morphotype III). Morphotype I has morphological patterns of T. aurea,
but there was no molecular divergence to support the species differentiation
and it continues to be recognized as a morphological variant of T. coccinea.
The third morphotype is both morphologically and genetically distinct
from T. coccinea and is not representative of T. tagusensis despite earlier
records of this species in Brazil. For this reason, we adopted the denomination
sun coral or Tubastraea sp. referring to the dendroid morphotype previously
identified as T. tagusensis.

Sun coral colonies were collected in April 2018 from rocky shores of
Buzios Island, Sao Paulo, Brazil (23°48'11"S; 45°08'21"W), a small island
(755 ha in area), 25 km from mainland, which is inhabited by a small
fishing community made up of about 70 families (Begossi 1996). The
prevailing climate is wet tropical with warm summers, frequent tropical
storms, and dry winters with sudden drops in temperature due to cold
fronts from the southeast. Field work was carried out at two sampling sites,
separated by approximately 3 km, known locally as “Pedra Lisa” and
“Ponta Leste”. At these sites the benthic communities are dominated by
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Figure 1. Tubastraea sp. colonies exposed to air at low tide. Buzios Island, southeastern Brazil. Photographs by Damian Mizrahi.

different species, depending on the substrate orientation: filamentous
algae, Sargassum spp. and zooxanthellate corals (Mussismilia hispida and
Madracis decactis) dominated on upward-facing surfaces, while on vertical
walls and downward-facing areas suspension-feeders invertebrates prevail,
such as bryozoans, encrusting sponges, colonial ascidians, and the cnidarians
Parazooanthus spp. and Carijoa riisei (Mizrahi et al. 2014; Mizrahi et al.
2017; Vinagre et al. 2018). For these sites, we have recorded numerous
colonies of sun corals attached to exposed vertical walls, out of the seawater
at low tides (Figure 1).

A total of 200 colonies were mechanically removed by scuba diving from
the natural substrate with a hammer and chisel, avoiding coral fragmentation.
Specimens of Tubastraea sp. were collected over a 200 m extension area for
each sampling site, at a depth of 2 to 8 m, maintaining a minimum distance
of 3 meters between the collecting points to obtain independent samples.
Once detached from rocky substrate, each colony was immediately packaged
underwater in a ziplock bag filled with seawater for transport. At the
laboratory, the corals were transferred to 500 L tanks and kept in an open
seawater circulation system, with a retention mesh (150 um) at the outflow,
to prevent the escape of larvae and other biogenic materials. Every 3 to 4
days, live zooplankton collected with a 200 pm mesh net was offered as
food supply to the corals. After one month of acclimatization to laboratory
conditions, sun coral colonies with a similar volume and number of polyps,
exhibiting reddish orange coenosarc, free of epibionts or wounds (indicating
good physiological condition), were chosen for the experiments (n = 60).
The volumetric size of each colony was estimated by measuring the liquid
contained in a beaker, displaced after introducing each colony (mean + se
=73.31 + 2.48 g dm™). The number of polyps per colony was counted with
the naked eye; considering polyps with diameter between 0.5 and 1 cm
(mean * se = 64.63 = 1.57) and was not different between groups of
replicates (ANOVA: F, ;= 0.6193, p < 0.7748).

Experimental procedure: exposure of sun coral to desiccation

For each replicate, a colony was placed into a 1.9 L jar containing filtered
seawater (< 5 pm mesh size) supplied through a continuous open flow system.
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Laboratory conditions were kept controlled with constant temperature (25 °C)
and natural photoperiod, under dim light conditions. After 24 hours of
acclimation, colonies were removed from jars and exposed to air, inside the
laboratory. Relative humidity, monitored every hour by a Campbell Scientific™
hygrograph (sensor mod: CS2215, data logger mod: CR10X), remained
stable within 68.8-78.0%. The experiment was carried out considering nine
treatments (n = 6 each) relating to different desiccation durations: t, = 2 h,
t,=4h,t,=8h,t,=12h, t.=20h, t,= 38 h, t,= 52 h, t,= 72 h, t,= 96 h and

a control trial, t., (without removing the colonies from seawater). After

ctr
exposure to air, each colony was returned to the jar linked to the culture
system for a period of three days, for the observation of partial mortality
and coenosarc loss. Seawater flow contributed to the spontaneous removal
of necrotic tissues from affected polyps, preventing the proliferation of
decomposing organisms such as bacteria and fungi. Then, corals were
transferred to 500 L tanks with an open seawater flow system, under natural
conditions of light and temperature. Each colony was marked for identification,
periodically fed, and monitored every 3-4 days to record the number of
polyps affected by desiccation. The entire experiment lasted for 96 days.
Data were grouped into four categories corresponding to different degrees
of polyp damage: X;) dead polyps, without any living tissue; X,) polyps
with more than 50% of coenosarc loss (no remains in the mouth area); X,)
polyps with up to 50% of coenosarc loss (partially preserved in mouth and
gastrovascular cavity); and X,) healthy and intact polyps (Figure 2). The
initial number of polyps assigned to each category of health condition was
recorded at t, (when corals were returned to seawater after desiccation), to
measure deleterious effects. Replicates of each treatment were monitored
until there was no change in the number of damaged polyps for at least
four inspections (approximately 10 days with no changes). The number of
polyps for each category of health condition (X, to X,) were compared
between the onset (t,) and the end of the experiment (96 days, t,), to detect
possible differences in the soft tissue regeneration of the corals subjected to
the different treatments. Data for variables (X, to X,) were grouped in
different ways for statistical analysis. A one-way ANOVA and a Tukey test
were used to compare (i) the percentage of affected polyps by desiccation
(X; + X, + X,) at t,; (ii) the regeneration rate, as estimated by the
percentage of polyps damaged by desiccation at t, that recover to fully
healthy polyps at t; (calculated here as X,t; = X,t,); and (iii) the ratio of
partially damaged polyps in each colony due to desiccation, calculated as
the quotient between X,/X, for data collected at t,. Comparisons of these
data between treatments were related to evidence of desiccation stress and
effects on coral resilience. Data used to compare (ii) treatments did not meet
the assumption of homoscedasticity, even after applying transformations.
However, since it is an experiment with balanced replicates (n = 6) between
treatments, an ANOV A test was applied, according to Underwood (1997).
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Figure 2. Top and side view of a sun coral colony that has been exposed to desiccation. The polyps
that retain soft tissues extend its tentacles to feed on plankton. According to the degree of damage
suffered, the polyps were classified as: X;: dead polyp (calcareous skeleton fully exposed), X,:
polyps that lost more than 50% of soft tissues (no remains in mouth), X3: polyps that lost up to
50% of soft tissues (partially or completely preserved in mouth and gastrovascular cavity) and
X4: completely healthy polyps. Photographs by Milena C. Silva and Damian Mizrahi.

For (iii) it was necessary to perform a data transformation to y= V(x + 1) to
meet homoscedasticity (Levene test: F = 2.14, p = 0.105). The software
Statistica v.10.1 was used to undertake all statistics.

Results

Desiccation effects

As expected for an organism inhabiting the infralittoral, the percentage of
damaged polyps at t, (X,, X, and X, grouped together for this first analysis)
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Figure 3. Percentage (mean + ES) of polyps that lost soft tissues, X;+X,+X3, in corals
subjected to different periods of desiccation. The control treatment, indicated as “0 h (crtl)”,
estimates the potential effects due to manipulation. Different letters above the bars indicate
significant differences (p < 0.05) between treatments with intermediate effects (n = 6).

was higher in colonies exposed to air for a longer time. The corals exposed
during 2 h of desiccation (Supplementary material Figure S1) remained
unchanged and with signs of good health (coenosarc without wounds,
strong orange coloration and functional mouth and polyps) throughout
the experiment. Similar results were obtained for the control treatment,
meaning that no significant manipulation effects occurred. For treatments
resulting in intermediate damages to corals (0 < % of affected polyps < 100)
the effect of exposure to air differed strongly with time (ANOVA: F,; =
100.2, p < 0.0001). Ad hoc tests showed four response groups (Tukey test:
p < 0.005, Figure 3): a) colonies subjected to 4 h of desiccation had just
over 5% of affected polyps, X, with minimal soft tissue damage (Figure S2),
b) corals exposed 8 h to air suffered damages of varying severity in 32.45%
of their polyps, with individuals being assigned mainly to the X, group and
some to X; and X, (Figure S3), ¢) for the 12 h and 20 h treatments the
amount of affected polyps was statistically similar (about 50% per colony)
but with a trend of a slightly greater effect in corals exposed for 20 h
(Figures S4 and S5), and d) specimens exposed to air for 38 h, 52 h and 72 h
suffered effects in more than 80% of polyps, and again an increasing trend
in soft tissue damage was noticed with longer exposures. For the first case
(Figure S6) some polyps slightly affected by desiccation (X) were still detected,
which were practically absent in the two treatments that lasted longer
(Figures S7 and S8). After 96 h of exposure to air, all polyps completely lost
their soft tissues, i.e., all colonies died, and no recovery occurred (Figure S9).
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Figure 4. Health of sun coral colonies (in percentage of polyps, X,) over time after having
suffered desiccation trauma during different time intervals, indicated in hours (mean + SE) and
represented with different geometric symbols and shades of gray, as indicated in the graph.

Therefore, four days was the minimum time interval required to achieve
complete desiccation and death of colonies by the method described here.

Healing regeneration

Coral colonies more intensely damaged by desiccation recovered at a lower
extent, and the regeneration process occurred mainly during the first two
weeks after reintroduction to seawater, for most treatments (Figure 4).
While the colonies exposed to desiccation for 4 hours fully recovered,
tissue regeneration was reduced to 92% of polyps for corals exposed to air
for 8 h and barely exceeded 63% for those treated for 12 h. Only 43.8% of
the polyps regenerated tissues when the treatment lasted 20 h, and those
colonies exposed to air for 38 and 52 h recovered their soft tissue in only a
few polyps (less than 3%). None of the polyps healed after 72 h of
desiccation, although some of them survived until the end of the
experiment (96 days). Soft tissues were completely lost in colonies exposed
for 96 h, with no signs of healing. For both the shorter exposure to air (2 h)
and the “control” treatment, sun coral colonies were unaffected and
consequently no regenerative process occurred.

Regardless of treatment and replicates, tissue regeneration was not
homogeneous for polyps within the same colony, which is explained by the
initial uneven tissue damage (see example in Figure 5). In addition, the
number of healthy polyps never decreased once recovered, which suggests
optimal maintenance conditions during the experiment.
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Figure 5. Progression in time of a sun coral exposed to desiccation for 8 hours. The two blue
arrows indicate polyps slightly affected by desiccation (X3), with soft tissues in the mouth and
gastrovascular cavity partially preserved, which fully recovery. On the contrary, the red arrows
indicate two polyps with more severe initial damage (X,) that were not able to regenerate
tissues and finally died and were colonized by biofilm. Photographs by Milena C. Silva and
Damian Mizrahi.
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Figure 6. Regeneration rates (mean + SE) in sun coral colonies subjected to different desiccation
treatments (specified in number of hours of exposure to air, on the x-axis). Different letters
above the bars indicate significant differences between treatments for recovery of polyps to
fully health condition (Xy).

Comparisons between treatments for healing regeneration rates showed
significant differences (ANOVA: F,,; = 70.4, p < 0.0001) which were
discriminated by a posteriori Tukey’s contrast (p < 0.005) and indicated
with letters in Figure 6. Colonies exposed 8 h to air recovered in a higher
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Figure 7. Comparisons of percentages of polyps with different conditions (X; to X,) in sun
coral colonies after exposure to desiccation for different periods of time (indicated in hours on
the “x” axis), at the start (to, upper graph) and at the end of the experiment (t;, lower graph).
Different letters on the bars indicate similarities and differences between treatments from the
post hoc contrasts for the X;3/X; ratio at ty — data transformed to \/(x3/x2)+1—. The acronym “NR”
indicates no regeneration and “N(X2)” means no records of polyps X,.

percentage (more than double in number of polyps) than those exposed for
12 h, showing a differential response threshold of the coral between these
exposure times. Corals treated for 20 h or longer recovered from damages
in up to 10% of polyps, which means an additional significant decrease in
healing. Since regeneration was null for the 72 h and 96 h treatments (no
recovered polyps), and the 2 h and controls treatments had no affected polyps,
these cases were not included in the comparisons of regeneration rates. The
results for the 4h treatment were not considered either, since at t, polyps
were not affected in more than 50% of their soft tissues (NX,). Data for
treatments without tissue regeneration (NR) were excluded from this analysis.

The comparison between treatments for the proportions of polyps
partially affected by desiccation (X;/X, at t,) shows significant differences
(ANOVA: F, ;= 17.74, p < 0.0001), and the post hoc contrasts (Tukey’s test:
p < 0.005) confirmed a decreasing value of this ratio as exposure time to
desiccation increased (discriminated by letters in Figure 7). The recovering
from X, and X, conditions at t,, to fully healthy polyps X, at t; was uneven
between different desiccation treatments. The longer the exposure time to
desiccation, the more intense the damage inflicted on the colonies, thus
decreasing the percentage of lightly damaged polyps and the regenerative
potential of the corals. Furthermore, no dead polyps (X;) exhibited any
kind of tissue recovery, even when surrounded by healthy polyps, so we
rule out the possibility of any “inter-polyp” regenerative contribution in
such cases (see example in Figure 5).
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Discussion

Here we report, for the first time, data on gradual variation in soft tissue
damage in sun corals exposed to air for different time intervals. In addition,
we identified the minimum period necessary to completely kill this coral
by desiccation, offering biosecurity subsidies for possible management
operations. Most descriptions of natural areas colonized by Tubastraea sp.
report that its distribution is concentrated in shallow waters, from the
intertidal zone to a few meters deep (e.g., Mizrahi 2008; De Paula 2007;
De Paula et al. 2014; Sampaio et al. 2012; Mizrahi et al. 2014; Brito et al.
2017). These colonization patterns, as well as records of sun corals outside
the water column during extreme low tide events (M&M section, Figure 1),
together with the results presented here, are evidence of partial resistance
to desiccation in this coral, despite being a typical subtidal benthic organism.
Although no damage was detected in soft tissues of colonies exposed for 2 h
to air, a prolific secretion of mucus and distention of the tentacular crown
of the polyps was observed after applying this treatment. These are signs of
adaptive behavior to avoid desiccation stress reported for cnidarians
inhabiting tidal pools that frequently remain exposed to the air at low tide
(Ottaway 1979; Stabili et al. 2015). In this study we observed physical
deterioration in Tubastraea sp. due to desiccation after at least 4 h of
exposure to air, a period that must exceed the resistance threshold in this
species. Despite this, there was no severe damage to soft tissues of tentacles,
mouth, or gastrovascular cavity of the polyps in this treatment (Figures 7
and S2) and we recorded complete recovery of the colonies after a few
weeks (Figure 4). Partial mortality due to desiccation was observed in colonies
treated for 8 h or more, in which some polyps lost a large proportion of
soft tissue, with no further recovery (Figures 5, 7 and S3). By applying the
desiccation method described here, 50% mortality (LC50) is achieved in sun
corals exposed to air during a period between 12 and 20 h (Figure 7), but
only after 96 h of desiccation all colonies died completely (Figures 7 and S9).
Several studies reported on tissue repair in cnidarians after some type of
injurious trauma (Holstein et al. 2003; Henry and Hart 2005; Bosch 2007).
Wound healing ability has been linked to asexual reproduction and dispersal
potential of stony corals because they generally break into parts after structural
damage. The fragments derived from the parental colonies regenerate the
damaged areas and adhere to the substrate by tissue proliferation, resulting
in new recruitment (Heyward and Collins 1985; Highsmith 1982; Smith
and Hughes 1999; Lirman 2000). Rapid regeneration in sublethal wounds
plays an important role in the survival of long-lived corals, because such
mechanism prevents inter- and intraspecific competition, predation and
diseases caused by pathogenic endolytic fungi (Wahle 1985; Brown and
Howard 1985; Bentis et al. 2000; Brandt et al. 2013). In addition, overgrowth
of barnacles, hydroids, sponges, ascidians, and algae on injured corals
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indicates loss of competitive potential due to the decrease in the emission
of allelopathic substances (Peyrot-Clausade and Brunel 1990; Titlyanov and
Titlyanova 2008). Thus, competitive abilities related to chemical defense in
sun corals (Creed 2006; Lages et al. 2011) could be significantly diminished
due to the allocation of energy to heal wounds suffered after desiccation.
Here, sun corals showed a greater potential for regeneration during the first
2-3 weeks after suffering desiccation injuries (Figure 4), which correlates with
the survival strategies and high energy costs involved in tissue recovery
proposed by other authors for phylogenetically related corals.

Several papers detail the responses in cnidarians to reduce the size of
lesions (Bak 1983; Meesters and Bak 1993; Kramarsky-Winter and Loya 2000;
Oren et al. 2001; Titlyanov et al. 2005; Denis et al. 2011). For example,
manipulation experiments with Porites compressa allowed estimation of
the effect of wound size on energy costs of healing, as well as ultimate
effects on its growth rate (Jayewardene 2010). Short-term regeneration
rates in Favia favus depend primarily on wound perimeter, but wound area
becomes more important in later healing stages (Oren et al. 1997). Favia
can heal few and small wounds with resources provided only by polyps
surrounding the damaged areas, but several large injuries require the
integration of energetic inputs from the entire colony, which represents a
considerable metabolic demand that compromises fertility (Oren et al.
2001). Our observations concur with this, since sun coral regeneration
rates varied with the intensity, size, and quantity of lesions. Colonies of
Tubastraea sp. subjected to desiccation for 4 h suffered slight damages on
few polyps, which recovered completely (Figures 4, 7 and S2). This shows
the full resilience of this coral after exposure to desiccation for periods
equivalent to the duration of spring low tides in the study area. Colonies
removed from seawater for 8 h had the highest tissue regeneration rate,
with 24% of polyps recovered to full health condition (X,). However, healing
was not complete due to the stress caused by this treatment, and permanent
sequelae, with partial mortality, affected a considerable proportion of the
colonies (Figure 7). Incomplete recovery from wounds in scleractinians
was previously reported by Meesters et al. (1994), who showed that more
intense damage and prolonged stress over time caused deviations in the
typical regeneration response, which in extreme cases led to the partial or
total death of the colony. Our results show that sun coral progressively
loses its healing abilities as exposure to the air is extended for longer
periods. In extreme cases, polyps become incapable of repairing the lesions
inflicted by desiccation (result for 72 h treatment: Figures 6, 7 and S8).

Regeneration in cnidarians improves the chances of immediate survival
but involves high-energy costs and requires redirection of metabolic pathways
from processes such as growth, reproduction, and chemical defense (Hall 1997;
Oren et al. 2001; Anthony et al. 2002; Titlyanov et al. 2005). Depending on
the location and intensity of the wounds, vital functions can be affected in
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different ways and tissue repairing can be uneven, even within the same
colony. In cases in which the structures and mechanisms needed for
incorporation of matter and energy are affected, healing regeneration
becomes deficient. The experimental design applied in this study showed
that sun corals exposed to air for shorter periods had a higher proportion
of healthy or slightly affected polyps (X, and X,), which retained functional
tentacles, mouths, and gastrovascular cavities, and were able to feed on
plankton and assimilate energy, repairing their wounds faster and more
efficiently. On the contrary, longer treatments led to a greater number of
dead or seriously damaged polyps (X, and X,) so that the corals lost the
means to incorporate energy resources for tissue repairing. Damaged polyps
showed a greater ability to regenerate tissue when they retained the structures
necessary to capture plankton, periodically offered as food (Figure 5).

The proportion of polyps that partially lost soft tissue after desiccation
trauma (X,/X,) varied significantly (Figure 7) between treatments, leading
to different rates of healing regeneration in Tubastraea sp. (Figure 6). This
suggests that the feeding capacity of Tubastraea polyps is a key factor for
the recovery of the entire colony. Complementary observations assisted us
to understand the importance of specialized tissues for feeding in the
survival of the entire colony: in cultures of sun corals deprived of food for
several months, we noticed progressive loss of soft tissues (leading to
skeletal exposure), from the base to the top of the corallites (Figure 8).
Once food supply was resumed, the polyps fed by everting the remaining
soft tissue in the mouth and tentacles. After a few weeks of offering a
regular zooplankton supply, the coral colonies fully recovered their soft
tissues, even at their base, re-attaching to the substrate (i.e., bottom of
culture tanks in this case). However, probably the variation of the feeding
capacity of the polyps is not the only determining factor of the speed and
type of regeneration of the corals. Some investigations have demonstrated,
through manipulative experiments, the existence of regulatory factors for
tissue regeneration, which are present in the mouth of cnidarian polyps,
such as in Fungia spp. (Kramarsky-Winter and Loya 1996). After trauma,
coral fragments retaining oral structures managed to repair damaged
tissues and rebuild the original polyps. However, when mouths are
separated from the polyps, a complete reorganization of soft tissues occurs,
and new mouths develop. This is a process associated with bud formation,
which is also verified for coral species when polyp mouths are removed or
covered with putty. After this type of manipulation, instead of recovering
damaged tissues, small new mouths appear next to the original ones (e.g.,
Boschma 1923; Chadwick and Loya 1990; Jokiel and Bigger 1994).
Although there is some evidence of budding after soft tissue retraction and
reorganization in sun corals (Luz et al. 2018), we were unable to observe
these processes, but it should not be ruled out that this may occur after
desiccation stress in these corals.
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Figure 8. Colony of Tubastraea sp. deprived of food for several months, with loss of soft tissues
and exposure of the calcareous skeleton at the base of its polyps. The open mouths and extended
tentacles of corallites during the supply of zooplankton for food show that these structures are
functional. Photographs by Milena C. Silva.

We recorded in the present study resistance to acute stress due to
desiccation, as well as healing abilities through tissue repair in Tubastraea
sp. Although the results of this research suggest that soft tissue
preservation in the mouth of sun coral polyps plays a central role in
curative regeneration after desiccation stress, further studies are needed to
test whether this process is mediated by regulatory signals of cell
replication (budding versus healing regeneration) or simply responds to
the energy absorption capacity of polyps. The information obtained about
gradual variation in soft tissue damage in sun corals exposed to air for
different time intervals, the capacity of tissue regeneration of these
organisms, and the identification of the minimum period (96 h) necessary
to completely kill Tubastraea sp. colonies by desiccation offer general
biosecurity subsidies for possible management operations using exposure
of these organisms to air. It is important to reinforce that the data here
reported were collected under controlled laboratory conditions. In field
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scenarios, under the action of sun, wind and rain, colony mortality could
be faster. However, attention should be paid to shaded locations and areas
with potential for seawater accumulation, where sun coral colonies may
have a longer survival than under the conditions described here.
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