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Abstract

Frequency and severity of coral bleaching events increased in recent years affecting the recovery and
resilience of corals. In this study, influence of bleaching and recovery patterns of corals on the
resilience potential of Palk Bay reef was assessed over a period of two years 2013 and 2014. Individual
coral colonies of five different genera were tagged and monitored for their bleaching and recovery
pattern during 2013 and 2014. Variation in the bleaching and recovery response among different coral
genera were quantified and compared. Also, sea surface temperature (SST) and photosynthetically
active radiation (PAR) were monitored simultaneously and compared. Results showed an increase in
the intensity of SST and PAR in 2014 compared to 2013. Correspondingly, the average percentage of
severely bleached corals was also high in 2014. Favites and Leptastrea spp. were more sensitive,
being the first to bleach. Whereas, Porites spp. exhibited a delayed response to bleaching as the SST
rose above 30 °C. Cyphastrea spp. and some colonies of Leptastrea spp. were unresponsive to
bleaching and remained healthy. The recovery process also varied, as the Favia and Favites spp.
recovered under environmental conditions in which the Porites spp. still continued to bleach.
Subsequent surveys revealed complete recovery of all coral colonies without any post-bleaching
mortality. Results of this study indicated that an increase in the intensity of bleaching conditions did
not have any significant impact on the survivability of corals on a reef which is dominated by stress-
tolerant coral species. This may enhance the resilience potential of the Palk Bay reef by ensuring the
presence of healthy live corals, which in turn contributes to the functional diversity of the reef and its

resistance to the future disturbances.
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1. Introduction

Coral reefs are under severe threat due to the changing climate and local stressors. Mass coral
bleaching associated with increased sea surface temperature (SST), photosynthetically active radiation
(PAR) drive the degradation of corals at a larger scale [1]. Globally, coral bleaching events were
predicted to increase in their frequency and turn out to be an annual event with the present trend of
changing climate and environmental scenarios [2]. As a consequence, the time available for the corals
to recover from the bleached state becomes less and that could be a reason for their mortality and
permanent loss. However, different species of corals respond differently to bleaching stress and the
type of coral taxa present in a reef can influence the overall response of a reef towards bleaching [3].
Determining the bleaching and recovery response in corals to the changing environmental conditions,
will help in identifying the most resilient reefs and also enable to predict the future responses of coral

reef systems to the bleaching related disturbances.

Coral bleaching often results in mass mortality of corals and enable ecological phase shifts [4, 5].
However, numerous studies reported the recovery of corals following major bleaching events [6, 7].
Recovery of corals following a bleaching event depends on several factors such as food availability
[8], replenishment of energy reserves and tissue biomass by the corals [6], availability of new coral
recruits [9], reduced pressure from local and regional scale stressors [10], presence of healthy reef fish
stock [11] and the effective management through marine protected areas [12]. Berkelmans (2002) [13]
demonstrated the linkage between dissolved inorganic nitrogen loading in the reef environment and
the upper thermal bleaching thresholds of corals on the inshore reefs. Improved coral reef management

that minimizes terrestrial inputs will also help the corals to resist bleaching and its related effects [14].

History on the exposure of corals to various stress events is an important aspect in determining the fate
of individuals especially to the thermal tolerance [15]. There were no reports on coral bleaching in
India until the 1998 mass bleaching event that resulted in the significant loss of corals in all the major
reefs of India [16, 17, 18]. A reduction in coral cover of over 80% was reported from Gulf of Mannar
reef located in the southeast coast of India [16]. Post-bleaching recovery processes among corals were
slow and the local processes strongly influenced the recovery process [19]. After 1998, two other
bleaching events were reported in 2002 [20] and 2010 [21, 22] respectively that also contributed in the
reduction of the live coral cover. Although coral bleaching was occasionally reported in the Indian

reefs, local reef users suggest it to be an annual event affecting the corals (Personal communication).

In this study, five genera of the coral colonies including Porites, Favia, Favites, Leptastrea and

Cyphastrea spp. that were abundant in Palk Bay were observed, at regular intervals of every 8 days



for 7 months (March — September) to compare the patterns of response to the annual bleaching events
in 2013 and 2014. Recovery and mortality of corals after the bleaching event were documented as well
the relationship between SST, PAR and severity of bleaching at the study sites were examined. While
observing the coral colonies, SST and PAR were also recorded in 2013 and 2014 to relate their
influence over the severity of bleaching. This study will help to determine the species specific response
in corals to the environmental factors during bleaching events and their recovery to determine the

overall resilience of the system to the changes in the environmental thresholds.
2. Materials and Methods
2.1. Study sites

The study was carried out at Palk Bay reef, located at the southeast coast of India. Palk Bay comprises
a narrow reef, running parallel to the shore in the east-west direction between 9°55° - 10°45°N and
78°58 - 79°55°E. Coral reefs in Palk Bay are of fringing type, located 200 m - 500 m away from the
shore and are discontinuous. The substratum is mostly composed of sand, mud and rubble with an
average depth of 4 m. Palk Bay reef is separated by a narrow channel of 9 m deep that permits the
passage of fishing vessels and large ships. The diversity of corals and other associated fauna and flora
in Palk Bay are well documented [23, 24]. Palk Bay reef also serves as an important fishing ground
for small scale fishermen. Two sites were identified for this study namely Vedhalai and Mandapam as

a representative site of Palk Bay to study the overall bleaching response in corals (Fig. 1).
2.2. Survey method

Coral bleaching, recovery and post-bleaching mortality were observed underwater from March to July
in 2013 and 2014 at weekly intervals following the permanent quadrat method [25] with slight
modifications. An area of 100 m?> was demarcated at vedhalai and mandapam reefs, using 5 mm thick
poly propylene as described in [26] and fixed in permanence. All the coral colonies within the effective
area of the quadrat were tagged for continuous monitoring during the study period. The corals were
photographed using an Olympus ptough 8000 camera in underwater macro mode for identification.
The corals were identified to the genus level using high resolution photographs using the standard

identification keys [27, 28].

Coral colonies were categorized into four types, namely severely bleached (completely turned white);
moderately bleached (became pale in color); unbleached (did not bleach and appears healthy) and
recovering (bleached colonies becoming normal by gaining color). Measure of coral bleaching is
reported as the average percentage of coral colonies that exist in each bleaching category relative to

the total number of coral colonies that were tagged. Observations on the coral bleaching and their



recovery were extended till September with same time interval to account for potential post-bleaching
mortality among tagged coral colonies. Insitu observations were not possible from October to February
due to poor visibility because of the onset of northeast monsoon, characterized by very high wave

action and strong winds.
2.3. Environmental conditions during bleaching

SST and PAR are the two critical factors responsible for coral bleaching. SST over the Palk Bay region
was monitored continuously during the study period between March and July 2013 and 2014. Data on
SST were obtained from a daily 9 km optimum interpolated global SST (MODIS+TMI) dataset
(www.misst.org). From these data, average SST for every eight days was calculated corresponding to

our observation eight days interval in-situ observations and plotted.

PAR is defined as the integration of the solar flux reaching the ocean surface and denoted as Em2d'.
In this study, PAR data at the ocean surface was obtained from the moderate resolution imaging
spectroradiometer (MODIS) satellite. Similar to SST, PAR values averaged for every eight days were
obtained for the period from March to July in 2013 and 2014. The data was downloaded from
http://oceandata.sci.gsfc.nasa.gov. The MODIS-Aqua satellite has ocean bands §, 9, 10, 11, 12, 13, 14
in the visible range and PAR values were derived using these bands with specific algorithms [29]. Data
was flagged off for few days within the study period due to its poor quality. The accuracy of PAR data
from MODIS-Aqua has average errors on the order of 5-8%, with individual estimation errors as high
as 21% [30]. High-resolution PAR measurements were not available in this region. Since the sampling
depth is approximately 2 m in clear water, PAR levels at the depth may not be substantially different

from surface values.
2.4. Analysis

Data on the bleaching and recovery patterns of corals were proportion of coral colonies in each
bleaching category at the given time of field observation. Proportion of coral colonies were determined
by summing up the number of coral colonies in each bleaching category relative to the total number
of coral colonies tagged for continuous observation. Data from Vedhalai and Mandapam reefs were
processed together, since there were no marked variations in the environmental conditions and reef
characteristics between them (Unpublished data). The average proportion of coral colonies in each
bleaching category attained from the quadrats were pooled together to get the overall average values
representative of the entire Palk Bay. Variations in bleaching and recovery response among coral
colonies between the years 2013 and 2014 were determined using analysis of variance after log

transformation of the data with year as the fixed factor and the number of coral genera was nested



within the site. Multiple regression analysis was done to determine the combined effects of SST and
PAR over the proportion of severely bleached coral colonies in the years 2013 and 2014 and the

analysis was performed using SPSS statistical software version 22.0.
3. Results

A total of 256 coral colonies representing five genera were recorded from the permanent quadrats
established Palk Bay reef. Leptastrea spp. was dominant (58.1%) followed by Porites spp. (18.1%),
Favia spp. (12.7%), Favites spp. (6.3%) and Cyphastrea spp. (4.5%). The proportion of severely
bleached colonies was high in 2014 compared to 2013, corresponding to the increase in the intensity
of SST and PAR in 2014. Colonies from different genera differed in their sensitivity to bleaching and
Favites spp. and Leptastrea spp. were more sensitive, being the first to bleach. Cyphastrea spp. and

few colonies of Leptastrea spp. were unresponsive to bleaching.
3.1.Bleaching event 2013

There was a statistically significant variation in the temporal pattern of SST during the study period in
2013 (p = 0.0001<0.05). However, the PAR values did not differ significantly during the study period
(p = 0.11>0.05). Mean SST and PAR was
< 30 °C (Mean + SE) and > 50 Emd! respectively, during March 2013 (Fig. 2). Coral colonies
appeared normal without any signs of bleaching during the first two weeks of March 2013. Favites
and Leptastrea colonies were the first to bleach during the third week of March 2013. During this
period, 2.7 £ 17.1% of the colonies belonging to Favites sp. and Leptastrea sp. were moderately
bleached. The mean SST continued to increase above 30 °C and PAR values were stable > 50 Em2d-
I, Correspondingly, the proportion of moderately bleached colonies increased to 10 % by the end of

March 2013.

Mean SST and PAR values were > 30 °C and 52 Em2d-! respectively in the first week of April, when
4.5+ 0.9 % of the colonies of Favites spp. and Leptastrea spp. were severely bleached and 11.8 + 8%
of the colonies comprising Favia spp. and Leptastrea spp. were moderately bleached. Average SST
and PAR values continued to increase > 31 °C and
53 Emd! respectively by the third week of April 2013. Correspondingly, the proportion of severely
bleached and moderately bleached colonies, including Favites spp, Leptastrea spp. and Favia spp also
increased to 11.8 + 6.4% and 17.3 £+ 2.5%, respectively. Though the average PAR values dropped
below 50 Em2d! by the last week of April 2013, the SST was well above 31 °C and increased the

proportion of severely bleached colonies to 13.6 + 8.2%. Massive colonies of Porites spp. started



bleaching during this period and increased the percentage of moderately bleached colonies to 27.3 +

7.5%.

In May 2013, the average SST was above 30 °C and PAR values varied between a maximum of 52.7
+2.65 Em?2d™! to a minimum of 48.9 + 1.15 Em~d-!. Majority of the Porites spp. turned pale in color
and increased the proportion of moderately bleached coral colonies to 43.6 + 23.8 % by the third week
of May. Also, 13.6 + 8.2% of the corals of Favites and Leptastrea spp. were severely bleached.
However, 3.6 = 6.7% of the corals of Favites spp., those were severely bleached showed signs of
recovery during this period. The proportion of recovering coral colonies increased to 8.2 + 2.1% as the
average SST and PAR values dropped below 30 °C and 50 Em2d! respectively by the end of May
2013.

Corals of Favia, Favites and Leptastrea spp. that were severely and moderately bleached regained
their color and recovered to their normal state as the average SST and PAR values dropped below 30
°C and 48 Emd-!, respectively in the second week of June 2013. However, 2.7 + 2.7% of the corals
comprising Porites spp. remained severely bleached, 26.3 £+ 6.5% comprising Porites and Leptastrea
spp. were moderately bleached, 22.7 + 12.4% of the Leptastrea spp. and Favia spp. were recovering
and 48 = 16.5 % of the corals were healthy, including those corals that had recovered from bleaching
by the end of June. Porites spp. were observed to be recovering by the second week of July 2013 as
the average SST and PAR values decreased below 29 °C and 48 Emd-!. Majority of Porites spp. had
recovered and 5.4 + 4.9 % of Porites spp. was still recovering by the end of July. The bleaching and
recovery response of corals in 2013 is summarized in Fig. 3. In total, 33.6 + 30.9% of the coral colonies
comprising Cyphastrea spp. and a few Leptastrea spp. were unresponsive to bleaching and remained
healthy during the entire bleaching episode. Subsequent observations in August and September 2013
revealed the recovery of all bleached coral colonies without any mortality. Multiple regression analysis
revealed that the changes in the proportion of severely bleached coral colonies is highly correlated
with the combined effect of SST and PAR (1> = 0.794). Variation in the SST and PAR, explains 63%
of the variation in the proportion of severely bleached coral colonies (1> = 0.63) and it is statistically
significant

(p value = 0.0005 < 0.05).
3.2. Bleaching event 2014

Overall bleaching and recovery responses of corals in Palk Bay differed significantly in 2014
compared to 2013 (p=0.009). The coral colonies that were tagged in 2013 were observed continuously

for bleaching and recovery response in 2014. Temporal patterns of SST and PAR in 2014 are presented



in Fig. 4. Unlike 2013, both SST (p = 0.0001<0.05) and PAR (p = 0.03<0.05) varied significantly in
their temporal pattern during the study period in 2014. The bleaching and recovery patterns among

corals in 2014 are summarized in Fig. 5.

In March 2014, mean SST was <30 °C and the PAR values were high at a range of 51.03 £ 0.44 Em"
2d! to 54.3 £ 3.71Emd"". Initial signs of bleaching were witnessed during the second week of March,
comparatively earlier than in 2013. In total, 19.1 = 11.03% of corals, including Leptastrea, Favia and
Favites spp were moderately bleached by the second week of March 2014. As the average PAR value
increased > 54 Em2d"! by the third and fourth week of March 2014, 1.8 + 14.5 % of corals of Favites
spp. were severely bleached and 30.9 + 0.77% of corals of Favites, Leptastrea and Porites spp were
moderately bleached. Like 2013, colonies of Cyphastrea spp. and few colonies of Leptastrea spp.

showed no response to the increase in both SST and PAR.

The proportion of severely and moderately bleached coral colonies increased to 8.2 + 8.16 % and 40
+ 9.87 %, respectively, by the second week of April 2014. During this period, average SST fluctuated
between 30 °C - 31.5 °C and average PAR values were > 54 Em2d"!. After that, average PAR values
dropped below 52 Em2d-! by the third week of April 2014. However, average SST increased > 31 °C
and the proportion of severely and moderately bleached coral colonies rose to 15.5 + 0.86 % and 56.4
+ 26.27 % respectively, by the last week of April 2014. In total, 3.6 £ 11.9 % of the Porites spp. was
severely bleached, which increased the proportion of severely bleached colonies to 25.4 £+ 9.04 % by
the second week of May 2014. Besides, 62.7 £ 32.57 % of corals including Porites, Leptastrea and

Favia spp were moderately bleached during this period.

The proportion of severely bleached coral colonies gradually increased to a maximum of 53.6 + 37.24
% by the first week of June 2014 during which the average SST was > 30 °C and PAR were < 50 Emr
2d-!. Recovery signs were observed among the coral colonies during the second week of June 2014 as
the average SST and PAR values dropped below 30 °C and 50 Em2d! respectively. In total, 8.2 + 6.89
% of corals including Leptastrea spp and Favites spp showed signs of recovery during this period.
Though the average PAR values fluctuated between a maximum of 51.5 +0.91 Em2d"! to a minimum
of 47.9 £ 2.69 Em2d’!, the average SST was consistent below 30 °C till the end of June 2014.
Corresponding to this, the proportion of severely bleached coral colonies also reduced to 16.4 + 0.1%

with a simultaneous increase in the percentage of recovering coral colonies to 55.5 + 40.41%.

Subsequently, Favia spp and Favites spp recovered from bleaching. However, recovery was slow
among Porites spp. and  few Leptastrea  spp. which  together  added

19 + 4.01 % to the total percentage of recovering coral colonies by the end of July 2014. Further



observations in August and September revealed recovery of all the tagged coral colonies with zero
percent mortality. Based on multiple regression analysis, 32% of the variation in the proportion of
severely bleached coral colonies is explained by the variation in SST and PAR values in 2014 (r* =
0.32). The proportion of severely bleached coral colonies showed a strong positive correlation with
the SST and PAR values (r = 0.626). Both, SST and PAR contributed statistical significance to the

variation in the proportion of severely bleached coral colonies (F2, 17 = 5.48; p value = 0.015<0.05).
4. Discussion

Results showed that the corals in Palk Bay recovered to their normal state without mortality despite
the increase in average SST and PAR during the study period. Elevated SST is considered to be the
most common factor causing bleaching in corals [31, 32]. However, continuous observations on the
bleaching and recovery patterns of corals along with SST and PAR in Palk Bay suggested that PAR
triggered the bleaching response among corals that is further exacerbated by SST. Production of
reactive oxygen species (ROS) by the symbiotic zooxanthellae in response to an increase in PAR plays
a critical role in triggering bleaching through photo-inhibition of photosynthesis in corals [33].
Comparison of the climatic conditions of the previous bleaching events in 1998 and 2002 with that of
2013 and 2014 showed an increase in the level of bleaching thresholds of corals in Palk Bay. An
average PAR and SST of 47 Em2d! and 30 °C, respectively, resulted in severe bleaching among corals
in the Gulf of Mannar and Lakshadweep reefs in 2002 [34]. In contrast, initial signs of bleaching were
observed only after the average PAR and SST exceeded
50 Em2d! and 30 °C, respectively during the bleaching events in 2013 and 2014 in this study. Increase
in the bleaching threshold among corals might result from adaptation and acclimatization in response
to the previous bleaching events. The ability of corals to shuffle their symbionts towards thermal and
photo-tolerant clades of zooxanthellae [35] is one possible mechanism of resistance to increasing SST

and PAR.

The coral colonies recovered to their normal state without mortality despite an increase in the average
SST and PAR in 2014 compared to 2013. The continued increase in the mean SST in 2014 also
accompanied by an increase in the overall bleaching rate among the coral colonies compared to 2013.
Though the average PAR intensity varied between their minimum and maximum values during the
bleaching event, the SST was > 30 °C for a maximum of 8 and 11 weeks, respectively in 2013 and
2014. Such prolonged temperature anamoly affected the stability of symbiosis between the coral and
their zooxanthellae [36], resulting in the expulsion of zooxanthellae. Though the high SST did not
affect the survivability of corals, other impacts associated with it need to be investigated. For example,

bleaching has been shown to impair the reproductive potential of corals [37].
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Favites and Leptastrea spp. were the most sensitive, being the first to bleach, although the average
SST was <30 °C. Whereas, Porites spp. and Favia spp. bleached only when the average SST rose
above 30 °C. Cyphastrea spp. and few colonies of Leptastrea sp was not affected by bleaching and
remained normal during the entire bleaching episode in both 2013 and 2014. The unresponsive nature
of Cyphastrea spp to bleaching has been previously reported from other reefs in the world [3]. Whereas
for Leptastrea spp, their niche under the holes and crevices of the dead corals and rocks would have
offered protection against radiation and contributed to their resistance to bleaching. Variation in the
susceptibility to bleaching among different coral species is attributed to many factors, including the
type of symbiont associated with corals [38, 39], tissue thickness, colony growth morphology [40] and
the size structure of corals [41]. In addition, Ravindran et al. (2013) [42] reported the presence of UV-
absorbing bacteria in the coral mucus which is suspected of producing UV absorbing compounds
thereby ameliorating the effects of harmful UV radiation during bleaching events. Massive Porites
spp. resists bleaching by withdrawing their polyps to a deeper shaded region [43]. However, elevated
SST and PAR may have overwhelmed the resistance of the massive coral colonies in Palk Bay.
Recovery was slow among the massive corals and recovery signs were observed only after the SST

dropped below 29 °C.

There was no post bleaching mortality among the corals in Palk Bay unlike the previous bleaching
events observed during 2002 and 1998 [16, 44]. Though this appears to be a positive sign of resilience,
the zero mortality was largely due to the presence of thermotolerant coral species in abundance
compared to the thermally sensitive ones. The total reef area of Palk Bay has been widely reduced
since 1996 with a simultaneous increase in the area cover of seaweeds and sand [45]. In connection to
this, the species diversity of corals also reduced to a greater extent, possibly due to natural selection of
those species which could tolerate the stress conditions prevailing in Palk Bay. Earlier, 63 species of
corals of 23 genera were recorded in Palk Bay reef [23] and at present only 34 species of 15 genera
were recorded [46]. It took ten years after the 1998 bleaching event for the Sesoko reef to recover its
coral species diversity [47]. However, there are no signs of recovery of coral species diversity in Palk
Bay reef. Thermally tolerant Porites, Favites and Favia spp. [48] are relatively abundant and Acropora
corals are scarce in Palk Bay reef. Though Leptastrea spp. was abundant concerning the number of
colonies compared to other massive forms, they occurred as small encrusting colonies and contribute
least to the live coral cover. The 1998 bleaching event and the subsequent coral recovery was not
documented on Palk Bay reef, giving no clue about the factors responsible for an increase in the relative

abundance of massive and encrusting coral species over other forms of corals.



Frequent bleaching events may minimize the time available for corals to recover and lead to their
mortality. Whereas, Brown et al. (2002) [49] suggested that exposure of corals to frequent stressors
can reduce their susceptibility to bleaching. Bleaching events and their frequency are not well
documented on Indian reefs due to lack of intensive field research in the country. Three major
bleaching events have been reported on Indian reefs since 1998 [16, 17, 20, 21]. However, coral
bleaching occurs every year in Palk Bay and Gulf of Mannar reefs as reported by fishermen and local
reef users and it remains undocumented by scientific communities. Frequent bleaching events and the
presence of regular stress conditions render the coral host with the potential to resist bleaching related
stress by shuffling their symbiotic algal partner [50] and acclimatizing to the environmental stress [51,
52]. The reef environment in Palk Bay is often stressful due to excessive sedimentation, increased
anthropogenic activities [26] and high temperature during summer [21, 53]. Though the corals in Palk
Bay were unable to resist bleaching despite frequent stress conditions, they were able to recover back
to their normal state. Survival and recovery of corals during and after bleaching event is largely
influenced by the prevalence of secondary stressors such as overgrowth of macroalgae, diseases and
predator outbreaks [54, 55]. Overgrowth of macroalgae was reported to hinder the recovery of corals
during the 2010 bleaching event in Palk Bay [21]. The absence of such macroalgae overgrowth aided
the rapid recovery of corals following the bleaching event in 2013 and 2014.

In conclusion, our study showed that an increase in the intensity of bleaching conditions during 2013
and 2014 triggered and lengthened the bleaching response among corals without any mortality.
Abundance of thermal tolerant coral colonies and absence of Acropora corals suggested that Palk Bay
reef faced frequent bleaching events in the past that lead to a shift in the coral species composition
towards the thermally tolerant ones. Though these thermal tolerant corals experience bleaching, they
were able to recover back to their normal state without mortality. This may enhance the resilience
potential of the reef by ensuring the presence of healthy live corals, which in turn contributes to the

functional diversity of the reef and its resistance to the future disturbances.
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Figure 1: Map showing the locations of study sites at Vedhalai and Mandapam reef along Palk Bay
where the permanent quadrats were setup for continuous observations.
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Figure 2: Temporal pattern of Sea Surface Temperature (SST) and Photosynthetically Active
Radiation (PAR) during the bleaching event in 2013. Error bars indicate standard error.
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Figure 3: Bleaching and recovery response among coral colonies at Palk Bay reef during the bleaching

event in 2013.
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Figure 4: Temporal pattern of Sea Surface Temperature (SST) and Photosynthetically Active
Radiation (PAR) during the bleaching event in 2014. Error bars indicate standard error.
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Figure 5: Bleaching and recovery response among coral colonies at Palk Bay reef during the bleaching
event in 2014. Error bars indicate standard error.
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