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Chapter1 

General Introduction 
 

1.1 Corals and Coral reef ecosystems 

The coral reef ecosystems are the most ancient and dynamic ecosystems on the 

planet. They are biologically diverse and highly productive ecosystems (Odum and 

Odum 1955). In general, the term ‘Reef’ refers to the continuous underwater lime 

stone structures built by marine organisms. Scleractinian corals are the principal reef 

building organisms and form the reef frame work that serves as a habitat for numerous 

life-forms (Owen et al. 2012). Corals are the colonies of individual polyps which 

secrete an external calcium carbonate skeleton through the process of calcification 

(Smith 1983). The coral calcification process is driven by the symbiotic microalgae 

called zooxanthellae that reside within the coral tissues. The corals are classified as 

hermatypic and ahermatypic corals based on their ability to secrete calcium carbonate 

skeleton and build reefs. Hermatypic corals host zooxanthellae, secrete calcium 

carbonate skeleton and build reefs. Ahermatypic corals are azooxanthellate species 

and do not build reefs (Marshall 1996). The other reef building organisms include 

crustose coralline algae (CCA), encrusting algae and calcareous algae all of which 

secrete hard calcium carbonate and contribute to the reef growth (Castro and Huber 

2003). In addition, sponges, octocorals and other invertebrates also contribute to the 

process of reef formation. 

Since corals are the primary reef building organisms, their growth 

requirements limit the distribution of reefs. Coral reefs are predominantly present 

along the tropical coast lines between the latitudes 30 °N - 30 °S which constitute half 
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of the world’s coast lines (Spalding et al. 2001). The distribution of corals is 

influenced by various factors including temperature, light availability, sediment load, 

substrate type, depth and turbulence, all of which may act independently or 

synergistically to prevent or promote the reef growth (Veron 2000). The upper 

temperature limit for the growth of corals is 30 °C, although certain corals can 

withstand temperatures up to 35 °C. Cold water corals which are found globally at the 

depths >70 m from the coastal Antartica to Artic circle can thrive at a temperature of 

4 °C. Corals thrive well in the shallow, clear waters with maximum light penetration 

since light is essential for photosynthesis by their symbiotic partner zooxanthellae. 

Coral reefs cover <0.5% of the ocean floor (Lough 2008) and serves as home 

to 25% of the known marine population. Coral reefs provide numerous economical, 

ecological, biotic and biogeochemical services that benefit the people living along the 

tropical coastlines and also contribute to the ocean processes. Healthy coral reefs are a 

source of food for millions; protect coastlines from waves, storms and erosion; 

provide habitat for other organisms, spawning and nursery grounds for economically 

important fish species; provide jobs and income to local people from fishing, 

recreation, and tourism; source of new medicines, and are hotspots of marine 

biodiversity (Cesar 2003, Moberg and Folke 1999). The standing stock of fishes in the 

coral reefs comprises a significant portion of the total fish stock in the world ocean 

(Sorokin 1993, McAllister 1994). A healthy coral reef of 1 km
2 

can support over 300 

people in the absence of other protein sources (Jennings and Polunin 1996). The 

export of organic matter and combined nitrogen from coral reefs contributes to the 

productivity of Ocean. Coral reefs forms Islands facilitating the settlement of human 

population (Stoddart 1973); promote the growth of seagrass and mangrove 

ecosystems by dissipating the wave energy and creating lagoon and sedimentary 
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environment (Birkeland 1985, Ogden 1988); serve as a breeding, feeding and 

spawning ground for multiple organisms thereby maintaining the immense biological 

diversity. The role of coral reefs as nitrogen fixers (Sorokin 1993) contribute to the 

productivity of adjacent pelagic communities due to the release of excess nitrogen 

fixed in the reef ecosystem (D’Elia 1988, Sorokin 1990). 

1.2 Changes in coral reef ecosystems and their implications 

Coral reef ecosystems are highly dynamic and extremely sensitive to the 

fluctuations in their environmental conditions. Despite their services, the coral reef 

ecosystems are under continuous degradation globally due to human induced climate 

change and environmental pollution (IPCC 2001, Wilkinson 2008, Riegl et al. 2012). 

The rate of degradation of corals was high enough to thrust the corals to the risk of 

extinction (Carpenter et al. 2008). The carbon dioxide and temperature levels are 

projected to exceed their threshold limit to corals pushing them to extreme conditions 

which they had never experienced before (Hughes et al. 2003). The climate change 

exert its impacts through variety of processes including warming seas, ocean 

acidification, diseases, altered currents, strong storms and rising seas. All these 

processes are capable of degrading corals by inducing physiological stress response 

and mechanical damage. Loss of corals will result in trophic cascades and turns a 

coral dominant reef in to an algal dominant reef losing its aesthetic values and 

functions. 

The ever increasing Sea Surface Temperature (SST) disrupts the coral-algal 

symbiosis resulting in coral bleaching (Brown 1996). Corals, the major reef building 

organisms are the visible bio-indicators alarming the rise in SST. The major bleaching 

event that occurred in 1998 significantly reduced the live coral cover up to 50% 

globally (Wilkinson 2000). Since then, the frequency of bleaching events increased 
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though they were less severe compared to the 1998 event and become a common 

phenomenon globally, reducing the live coral cover in most of the reefs (Spencer et al. 

2000, Marshall and Baird 2000, Arthur 2000, McClanahan 2007a). Coral bleaching 

leads to severe ecological implications including coral mortality, reduced coral 

growth, changes in community structure, decrease in species diversity and decrease in 

reef fish assemblage (Booth and Beretta 2002, Bellwood et al. 2006a, Baird and 

Marshall 2002, Glynn 1996, Ostrander et al. 2000). In addition, coral bleaching also 

weakens the reef frame work and results in the loss of critical habitats for the reef 

fishes (Baker et al. 2008). 

The uptake of CO2 by the ocean reduced the pH of the seawater and it 

influences the biological systems in the ocean. Changes in pH of the ocean 

compromise the role of corals as the primary reef building organisms by affecting the 

coral growth and calcification process making them more vulnerable to natural stress 

(Feeley et al. 2004). The growth of corals and other calcifying organisms has to be at 

pace with the erosion failing which the ocean acidification process will lead to loss of 

corals by eroding their skeleton thereby weakening the reef frame work. In addition, 

high CO2 induces bleaching in corals and also decrease their productivity (Anthony et 

al. 2008).  

Coral diseases linked to climate change are often difficult to predict as several 

factors are involved in inducing the outbreak of diseases (Bourne et al. 2009, 

Ainsworth et al. 2010). Transport of Aeolian dust from Saharan Africa is considered 

to be the outcome of climate change and hypothesized to cause coral disease in 

Caribbean reefs (Shinn et al. 2000). The Sea level rise linked to climate change is not 

a major threat to corals as the projected rates of increase in sea level is low enough to 

keep the fast growing corals at pace (Knowlton 2001). However, the existence of slow 
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growing corals is at risk (Hoegh-Guldberg 1999). The frequency and severity of 

tropical storms is expected to increase in future. Gardner et al. (2005) reported that the 

Caribbean corals require at least 8 years to recover from the damage incurred by the 

storms. Increase in the frequency of the storms will reduce the time available for the 

corals to recover. The other impacts of climate change include changes in species 

composition, primary and secondary production, diversity and community structure 

(Harley et al. 2006). 

Unlike climatic stressors which evoke a chronic response among corals, 

human activities inside a coral reef ecosystem evoke a quick lethal response among 

the coral population. Continuous increase in the coastal population along the tropics 

increased the risk to reefs in the form of sedimentation, pollution, coastal 

development and over exploitation of reef resources (Wilkinson 1999). Collectively, 

all these activities lead to the degradation of corals which will have profound 

implications over the entire reef ecosystem (Hodgson 1999, Halpern et al. 2008). The 

human induced threats have weakened the recovery potential of corals from natural 

stress leading to their mortality and permanent loss (Ravindran et al. 2012).  The reefs 

that occur adjacent to the land are severely affected by sedimentation (Dubinsky and 

Stambler 1996). 

In shallow reefs there is a continuous re-suspension of sediments due to 

currents and tidal fluctuations which allows the sediment to settle on corals. This 

reduces the light available to corals for performing photosynthesis and depletes the 

energy stock of corals (Bryant et al. 1998). Organic and Inorganic pollution leads to 

nutrient enrichment in reefs that encourage algal population and bio-erosion thereby 

weakening the reef frame work (Glynn 1997). The impacts of nutrient enrichment are 

exaggerated with fishing pressure. Increased fishing pressure results in reduced 
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herbivory which in turn promotes the algal growth in a coral dominated ecosystem. 

The macroalgae possess the potential to prevent the recovery of corals post a stress 

event like bleaching; kill the corals by secreting toxic metabolites (Rasher et al. 

2011); trap the sediments and prevent the settlement of new coral colonies (Birrell et 

al. 2005).  

1.3 What is Resilience? 

The term Resilience refers to the ability of a system to absorb the recurrent 

stress and adapt to it without changing to an alternate stable state and maintain its 

functions (Hughes et al. 2010). Several factors including live coral cover and 

diversity, herbivore fish biomass, coral recruitment, Ecosystem connectivity etc plays 

a critical role in strengthening the resilience potential of the coral reef ecosystems 

(McClanahan et al. 2012). Whereas, other factors like over exploitation of reef 

resources, frequent community phase shifts, increase in the frequency of natural 

threats, development of coastal areas adjacent to the reef and poor management of the 

reefs will weaken the resilience potential of the coral reef ecosystems.  

1.4 Need for a Resilience based Management System 

The coral reef ecosystems can recover to their normal state post a stress event 

provided with favorable conditions and no further disturbances from other sources. 

The recovery of corals post a stress event depends on numerous factors including food 

availability (Connolly et al. 2012), reef characteristics, reef connectivity, reduced 

anthropogenic stress (Graham et al. 2011), effective management through Marine 

Protected areas (MPAs) (Mumby and Harborne2010) and a healthy stock of herbivore 

fish population (Mumby et al. 2007). In addition to recovery, the corals have evolved 

adaptive strategies to withstand the stress generated by the processes of climate 

change (Berkelmans 2006). Corals mitigate the thermal stress through adaptive 
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processes including symbiont shuffling (Rowan 2004, Kinzie et al. 2001), 

acclimatization and genetic adaptation (Coles and Brown 2003). Corals also possess 

internal mechanisms to adapt ocean acidification by up regulating the pH at their site 

of calcification (McCulloch et al. 2012). The impacts of climate change processes are 

exacerbated when combined with the impacts generated by local scale regional 

stressors. No adaptive mechanisms have been described to be possessed by corals 

against human induced local threats.  

Majority of the studies describing the impacts of climate change and 

environmental stress deal with individual level changes in response to a single factor 

(Hughes et al. 2003, Harley et al. 2006). Under natural conditions, two or more 

factors interact and act synergistically to drive the organism beyond their threshold 

limit. It is important to address the synergistic effect of climatic and environmental 

factor as the effect of one factor can either strengthen or dilute the effect of other 

factor. MPAs offer protection to the reefs at different scales from human induced 

threats. However, the profound activities of humans inside the reef ecosystem and 

poor execution of the management practices have diluted the potential of MPAs from 

protecting the reefs. The coral ecosystems can be managed by regulating the human 

activities inside it. However, such regulations cannot prevent the changing climate or 

warming seas from taking toll over corals. A resilience based management strategy is 

essential to minimize the impacts generated by the climatic processes thereby to 

facilitate and enhance the natural recovery of corals post a disturbance event.  

1.5 Scientific Knowledge on the corals of Indian Reefs 

India has a vast coast line that extends up to 8000 km. Coral reefs occur along 

the Gulf of Kachchh and Lakshadweep archipelago on the west coast and Gulf of 

Mannar(GoM) & Palk Bay and Andaman & Nicobar Islands in the east coast (Vineeta 
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Hoon 1998) (Fig 1.1). Lakshadweep reefs are coral atolls whereas the other reefs are 

of fringing and barrier reefs. Small patchy reefs occur along the central western coast 

of India between Maharastra and Goa (Venkataraman et al. 2003). Andaman & 

Nicobar Islands in the Bay of Bengal and Lakshadweep Islands in the Arabian Sea are 

the major reef formations in India encompassing a reef flat area of 795.7 km
2
 and 

136.5 km
2
 respectively. Coral reefs are estimated to cover an approximate area of 

2375 km
2
 in India (Venkataraman 2007). 

The Palk Bay reef in the southeast coast of India is the study area chosen for 

this study. It occurs between the Latitude 9°55’-10°45’N and Longitude 78°58’-

79°55’E. The Palk Bay reef is of fringing type located 200-500 m away from the 

shore. The reef is discontinuous and extends about 7 km towards the north eastern 

side of Mandapam peninsula. In total, 63 species of corals belonging to 23 genera 

were reported earlier in Palk Bay with variety of flora and fauna associated with it 

(Pillai 1969). The diversity and distribution of corals and other associated fauna in 

Palk Bay has been well documented (Mahadevan and Nayar 1972, Pillai 1969, Rao 

1972). Few studies have addressed the impacts of Tsunami and bleaching on the 

corals of Palk Bay (Kumaraguru et al. 2005, Kumaraguru et al. 2003, Arthur 2000). 

However, the profound impacts of human activities and climatic factors at individual 

and at community level within the reef ecosystems of Palk Bay have not been 

addressed. 

The corals in Palk Bay are strongly influenced by both the climatic and 

anthropogenic factors apart from the other biological agents. The Northeast (NE) 

monsoonal winds stir up sediments from the substrate increasing the amount of 

sediment settling on corals. This had reduced the live coral cover in Palk Bay and 

restricted the species diversity of corals to massive forms with large polyps which are 
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capable of removing the sediments settling on them (Pillai 1975). Tropical cyclone 

that occurred in 1964 incurred severe mechanical damage to corals and reduced the 

live coral cover in Palk Bay (Pillai 1975). Increase in SST during summer results in 

Coral bleaching. Three major bleaching events were reported in Palk Bay reef which 

significantly reduced the live coral cover (Arthur 2000, Pet-Soede et al. 2000, 

Kumaraguru et al. 2003, Ravindran et al. 2012). 

Sedimentation linked to the monsoonal patterns and tidal flux is the major 

factor affecting the corals in Palk Bay (Wilson 2005). Anthropogenic influences such 

as high fishing pressure, pollution, mechanical damage and high sedimentation have 

largely contributed to coral degradation in Palk Bay. Palk Bay reef was a potential 

fishing ground for small-scale fishermen throughout the year except during the period 

of NE monsoon that falls between October to December every year. The peak fishing 

season in Palk Bay is between January to September and the fishing effort ranges 

between 30 days boat
-1

 in the intensive reef fishing sites and 15±4 days boat
-1

 in 

lightly fished reef sites. The existing reef fishing practices in Palk Bay include 

deploying underwater cages, shore seine, trap nets, bait fishing and throw nets 

(Kumaraguru et al. 2008 ). Of these practices, trap net fishing and cage fishing incur 

mechanical damage to the corals affecting their structural complexity and these two 

practices are followed by majority of the fishermen in Palk Bay.  

The biological agents that pose threat to the corals of Palk Bay include the 

predators and borers. While the predators feed directly on the coral polyps, the borers 

lead to the erosion of individual coral colonies (Ormond et al 1973). The borers 

include sponges, polychaetes, barnacles, bivalves and molluscs. Two species of 

polychaetes (Pillai 1975), 20 species of sponges (Thomas 1972) and 17 species of 

bivalves (Appukuttan 1972) were reported to be the common coral borers in Palk Bay. 
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1.6 Research Problem addressed 

The Palk Bay reef in the Southeast coast of India is influenced by both 

climatic as well human activities to larger extent. The Gulf of Mannar Marine 

Biosphere Reserve (GoMBR) encompasses both Palk Bay and Gulf of Mannar 

(GoM). However, the Palk Bay was less protected compared to the adjacent GoM 

despite its biological significance and species richness. The corals in Palk Bay are 

highly influenced by bleaching, monsoonal pattern and sedimentation (Kumaraguru et 

al. 2003, Ravindran et al. 2012, Wilson et al. 2005). Human pressure in the form of 

reef fish exploitation, careless boat operations and pollution linked with the climatic 

factors such as thermal stress, monsoonal pattern and sedimentation and contribute to 

the degradation of corals in Palk Bay. The level of degradation of corals and the 

factors driving it are the critical problems that have obvious implications in 

formulating policy and improving the management of these ecosystems. Moreover, 

the 1998 bleaching event significantly reduced the live coral cover in Palk Bay. 

Thereafter two other major bleaching events were reported in 2002 and 2010 

(Kumaraguru et al. 2003, Ravindran et al. 2012). There are no systematic studies that 

have quantified the recovery of corals and its resilience in Palk Bay post the bleaching 

events.  

In the proposed study, I attempt to characterize the trend of those factors that 

influence the resilience potential of the Palk Bay reef.  The resilience potential of a 

reef depends on numerous factors including coral recruitment, herbivore fish 

population, community-phase shifts, ecosystem connectivity and effective 

management. Knowledge on the trend of those factors that influence the resilience 

potential of a coral reef ecosystem of concern is essential, as it can help managers to 

avoid ecosystem catastrophes by devising a resilience based management strategy. At 
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present there is no resilience based management system governing the Palk Bay. It is 

important to devise a local management strategy that focuses on the fisheries 

management, limitations of terrestrial input and offering protection to the core and 

adjacent ecosystems (Adam et al. 2011). 

 

Fig 1.1. Map showing the distribution of coral reefs in India. 
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1.7 Major Objectives of the Study 

 To determine the rate and recruitment pattern of corals and the survival 

rate of new recruits in Palk Bay. 

 To determine the community dynamics and their impacts on the coral 

ecosystems of Palk Bay.  

 To determine the bleaching and recovery patterns among the corals of Palk 

Bay. 

 To determine the standing stock of reef fish and exploitation and its impact 

on coral ecosystem of Palk Bay. 
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Chapter2 

Coral recruitment pattern and survival 

of juvenile corals amid recurrent 

stress events 

 
2.1. INTRODUCTION 

Continuing degradation of global coral reefs warrant the need for a resilience 

based management of coral reef ecosystems which in turn require the evaluation of 

key factors that contribute to the recovery and resilience of a degraded reef. Corals are 

the primary reef building organisms and loss of corals deprives the functional and 

economic values of the reef affecting the reef dependents. The 1998 bleaching event 

degraded and reduced the live coral cover up to 50% worldwide (Wilkinson 2000). 

The Caribbean reefs are largely degraded due to hurricanes, overfishing and diseases 

and the live coral cover was reduced up to 90% (Hughes 1994). In Southeast Asia, the 

human activities including destructive fishing, overfishing, pollution, diseases and 

sedimentation from inland sources had largely contributed to the degradation of corals 

(Burke et al. 2006). Community shift towards an algal dominated state due to poor 

water quality and increased human pressure degraded the Florida reefs (Porter et al. 

2002). Large scale mortality of corals in response to any stress event often leads to the 

replacement of corals with macroalgae or other benthic organisms (Bak et al. 1984, 

Alvarado et al. 2004, Norstorm et al. 2009). In order for these reefs to recover to a 

coral dominated state, an adequate supply of coral larvae from other pristine reefs 
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were required that are able to settle and grow successfully resisting the stress 

conditions. 

2.1.1. Coral recruitment and its contribution towards resilience 

The worldwide degradation of corals underscores the need for an effective 

resilience based management system which in turn emphasizes the need for 

identifying the key resilience indicators in a reef ecosystem. Coral recruitment is one 

among the key resilience indicators that determines the health of a reef and helps in 

the development of a policy for an effective reef management (McClanahan et al. 

2012, West and Salm 2003). In general, coral recruitment is defined as the successful 

settlement of the coral larvae over any hard substrate and attaining a size visible to a 

naked eye by growth (Moulding 2005). The sexual reproduction of corals and the 

ensuing larval dispersal enabled the corals to distribute their off-springs over a wide 

geographic area contributing to the replenishment of a degraded coral reef ecosystem. 

Recovery of a coral population in a degraded reef post a stress event like 

bleaching, storm & cyclones and algal blooms depends on numerous factors including 

the regeneration of the affected colonies, self-seeding of the reef by the surviving 

colonies and supply of coral larvae from distant reefs (Obura 2005, Gilmour et al. 

2013). High coral recruitment rate enables a reef to be coral dominant and the 

surviving recruits serve as the seeds for a degraded reef within few years of their 

settlement (Obura 2005). When the coral recruitment rates were high, the reef can 

recover quickly despite the type and severity of the disturbance event (Graham et al. 

2011). Under reduced fishing pressure, successful settlement and recruitment of coral 

larvae has the potential to reverse an algal dominated reef in to a coral dominated reef 

(Elmhirst et al. 2009). Anthropogenic intervention has no significant impact on the 
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recruitment of corals which in turn leads to the recovery of an anthropogenically 

disturbed reef (Sawall et al. 2013). 

2.1.2. Factors affecting coral recruitment 

The recovery potential of a degraded reef becomes undermined when the 

recruitment of new coral colonies becomes inadequate. Availability of coral larvae, 

their successful settlement and post settlement survivability are the three critical 

factors determining the recovery and maintenance of the degraded coral reef 

ecosystems (Ritson-Williams et al. 2009). Several stressors including poor water 

quality, human intervention, predation and climatic conditions influenced the coral 

larvae in different stages of their life history. Ocean acidification reduced the 

availability of Crustose Coralline Algae (CCA) which in turn reduced the coral larval 

settlement and their settlement behavior (Doropoulos et al. 2012). Experimental 

evidences indicate that Ocean acidification has the potential to reduce the fertilization 

rate and settlement success of coral larvae (Albright et al. 2010). Similarly coral 

bleaching which occurs as a result of elevated temperature and radiation has the 

potential to reduce the reproductive output of the corals (Baird and Marshall 2002). 

The abundance and diversity of fishes in a coral reef ecosystem serves many 

purpose including creating substrates for coral recruitment by grazing the turf algae. 

Removal of reef fishes from the coral reef ecosystem influence the recruitment pattern 

of corals by enabling the proliferation of macroalgae over the available hard 

substrates. This in turn poses stiff competition to corals for space and prevents the 

settlement of new coral recruits (Kuffner et al. 2006). Similarly removal of predatory 

fishes, affected coral recruitment by producing a sea urchin dominated grazing 

community which in turn reduced the CCA cover (O’Leary et al. 2012). CCA induce 

the settlement of coral larvae by producing chemical signals (Heyward and Negri 
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1999). However, only few species of CCA facilitate the settlement of coral larvae and 

many other species of CCA possess anti settlement defence mechanism (Harrington et 

al. 2004). In Jamaican reefs, recovery of the herbivory sea urchin Diadema sp had 

promoted the density of new coral recruits (Carpenter and Edmunds 2006). 

Macroalgae bloom which primarily occurs due to reduced herbivory, nutrient 

enrichment and wide spread coral mortality prevents the settlement and recruitment of 

new coral colonies by competing for space (Hughes 1994, Szmant 2002, Kuffner et al. 

2006). Coral reef ecosystems with high macroalgae cover coupled with less coral 

recruitment and low growth rate of corals were extremely vulnerable to the 

disturbances generated by the processes of climate change (Hoey et al. 2011). 

Macroalgae kills corals and new coral recruits directly in variety of ways including 

smothering, mediating pathogens and secreting allelophobic chemicals (Rasher et al. 

2011). Other than macroalgae, the turf algae in association with sediment inhibit the 

settlement of coral larvae (Arnold et al. 2010, Birrell et al. 2005).  

In general, the density of new coral recruits was low in the areas with high 

sedimentation (Edmunds and Gray 2014, Trapon et al. 2013). Though high level of 

sedimentation has no impact on the gamete development or fecundity (Padillo-

Gamina et al. 2014), it is known to reduce the level of fertilization success by 

preventing the settlement of coral larvae (Perez et al. 2014, Erftemeijer et al. 2012). 

Other natural stressors like cyclones will result in the loss of entire colony or patches 

of tissue within a coral colony which in turn compromise their sexual fecundity 

(Williams et al. 2008). Creating marine reserves and effective enforcement of laws 

minimized the human intervention inside the marine reserves and increased the 

density of new coral recruits which in turn promoted the resilience potential of the 

reef (Mumby et al. 2007).  
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2.1.3. Recruitment failure and its implications in the reef ecosystem 

The inability of a degraded reef to regain their coral population and 

subsequently recover to a coral dominated state is largely due to the changes in the 

fecundity, fertilization success, larval dispersal and recruitment. Failure of any of the 

above process promotes shift in the community composition of corals and reduction in 

the live coral cover (Hughes et al. 2010). Coral recruitment failure leads to a lack of 

growth or retarded recovery of reefs in case of degradation and causes local extinction 

of species post a disturbance event (Hughes and Tanner 2000). Loss of corals also 

weaken the reef structure making it more vulnerable to the natural stressors like 

cyclones, wave action etc. and eliminate the important micro habitats available for 

fishes (Glynn 1997).  

In addition to adequate supply of coral larvae and high recruitment rate, the 

survivability of the juvenile corals in response to the prevailing stress conditions in 

the recipient reef also plays a critical role in determining the resilience potential of a 

reef. The Palk Bay reef located in the southeast coast of India was largely affected by 

the 1998 bleaching event. Thereafter, two other massive bleaching events reported in 

2002 and 2010 in the reef (Kumaraguru et al. 2003, Ravindran et al. 2012). 

Collectively, these events reduced the live coral cover, diversity and density of the 

corals in the reef. Recovery and resilience of the Palk Bay reef is not known as there 

were no systematic studies carried out in those lines. Live coral cover is a simple and 

powerful parameter to evaluate the status and health of a reef. Increase in the live 

coral cover is determined by the growth of the existing live corals and/or addition and 

growth of new recruits. Any process that alters the live coral cover indicates the 

reduction in the health of a reef and denotes their degradation.  So, these parameters 

can be used to determine the resilience potential of a reef. The major goals under this 
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objective was to assess the live coral cover, its diversity and recruitment pattern of 

juvenile corals as an indicator for determining the potential recovery and resilience of 

the coral reef assemblages in the Palk Bay reef through monitoring over a period of 

two years. Three spatially distant reefs were selected along Palk Bay which is 

influenced by the human activities at different levels. The specific goals of this 

objective include (i) to assess the live coral cover, its diversity and coral recruitment 

pattern (defined by the diversity, density, size structure and taxonomic composition of 

the juvenile corals) (ii) to determine the annual coral recruitment rate over the natural 

substrates such as dead coral skeleton and CCA and (iii) to assess the survivability of 

the juvenile corals during the observation period in response to the prevailing stress 

conditions in Palk Bay. This assessment will contribute in the management plan for 

the conservation of Palk Bay reef. 

2.2. MATERIALS AND METHODS 

2.2.1. Study sites 

The study was carried out at three spatially distant reefs (Vedhalai, Mandapam 

and Pamban) along the Palk Bay named on the basis of their near shore locations and 

influenced by different scales of human activities (Fig 2.1). The human activities 

including reef fishing, drifting of boats, trawl boat passage, boat cleaning and shore 

seine operations were moderate in Vedhalai; high in Mandapam and low in Pamban 

reefs (Table 1). Two study sites were selected in each reef and observed for the live 

coral cover, rate and recruitment pattern of corals and survivorship of juvenile corals 

in response to the stress conditions prevailing in Palk Bay. The juvenile corals were 

identified to the genus level. In addition, diversity of adult coral colonies at the study 

sites was recorded to know whether the Palk Bay reef is self seeded or connected with  
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other reefs. Species level identification of juvenile corals and adult coral colonies was 

not possible due to the legal restrictions in the collection of coral samples in India. 

 

Fig 2.1. Map showing the location of the study sites observed for coral recruitment 

pattern and survivorship of juvenile corals at Palk Bay reef. V1 & V2 – Vedhalai; M1 

& M2 – Mandapam; P1 & P2 – Pamban. 

 

Table 1- Human activities and types of disturbances at the study locations along the 

Palk Bay reef. 

Location Disturbance level Types of disturbances 

Vedhalai Moderate Reef fishing; Drifting boats over corals; 

seaweeds culturing 

Mandapam Severe Reef fishing, boat drifting; trawl boat 

operations; boat cleaning; sewage 

discharge; shore seine operations; trap 

net fishing 

Pamban Low Reef fishing 
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2.2.2. Benthic composition 

The percent cover of live corals and other benthic components including dead 

corals, macroalgae, rubbles and sand were estimated following the Line Intercept 

Transect (LIT) method (English et al. 1997). Four 20 m transects were established, 

two parallel to the shore and other two perpendicular to the shore at each study site. 

Benthic forms that falls under the transect were recorded and their average percent 

cover was calculated. 

2.2.3. Coral recruitment pattern 

A modified belt-transect method (English et al. 1997) with a swath of 5 m was 

employed to study the recruitment pattern of the juvenile corals at the study sites. 

Corals of the size ≤5 cm in diameter was considered for this study as it translates into 

both recruitment a  well the  urviva ility for   2yrs with a presumed growth rate of 1-3 

mm diameter every month (Moulding 2005, Bak and Engel 1979). In total, four 20 m 

transects were laid, two parallel and two perpendicular to the shore at each study site. 

All the juvenile corals that fall within the effective width of the transect were 

enumerated, measured to their nearest size (mm) and identified at genus level (Veron 

2000). The average density was expressed as a number of coral juveniles m
-2 

averaged 

over all the four transects at each study site. The taxonomic composition was 

calculated as the percentage of juveniles in each genus relative to the total number of 

juveniles in the other genera. The diversity of adult coral colonies was determined on 

the same transects surveyed for juvenile corals. 

2.2.4. Coral recruitment rate 

The recruitment rate of corals was assessed over the natural substrates such as 

dead coral skeleton and CCA following the permanent quadrat method (English et al. 

1997). The standard method of deploying artificial substrates such as tiles was not 
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employed, as it will not reflect the actual scenario. Moreover, the size of the juveniles 

of ≤5 cm which helped in this approach for the underwater observation. An area of 1 

m
2 

size comprising hard substratum such as dead coral skeleton, CCA etc. was 

demarcated using a portable quadrat and fixed in permanence. In total, 10 quadrats 

were established in each site and each quadrat was placed atleast 5 m apart during 

September 2012. The quadrats were thoroughly examined visually and also digitally 

using a high resolution underwater photography to create a baseline on the presence 

of juvenile corals. The quadrats were re-examined similar way in September 2014 for 

the presence of any juveniles. The juveniles within each quadrat were enumerated and 

pooled across the quadrats in each study site and reported as a number of juvenile 

corals 10 m
-2

 2 years
-1

. 

2.2.5. Survivability of  juvenile corals 

The juvenile corals were tagged initially in September 2013 before the 

commencement of Northeast (NE) monsoon that usually occurs between October to 

December every year and the seawater remains turbid till March of the next year due 

to high level of suspended sediments. A total of 100 juveniles were tagged by nailing 

the numbered poly propylene tags at each study site to study their survival rate in 

response to the NE monsoon associated sedimentation stress. The tagged juveniles 

were visually and digitally observed post NE monsoon during April 2014 to estimate 

their survivability. The survivability was assessed by visually estimating the number 

of juveniles that were alive, dead and partially dead relative to the total number of 

juveniles that were tagged alive before the NE monsoon. Similarly, juveniles were 

tagged during March 2014 and thereafter monitored every month at regular intervals 

till September 2014 for their vulnerability to bleaching and related mortality. 
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Vulnerability is calculated as the percentage of juveniles that were bleached and 

remained unresponsive to bleaching relative to the total number of juveniles tagged. 

2.2.6. Environmental conditions during stress events 

The Palk Bay reef is influenced by both Southwest (SW) and NE monsoon. 

During NE monsoon, the wind generated waves stir up the bottom sediments and 

leave them in suspension thereby increasing the level of suspended sediments in the 

water column and the rate of sedimentation over corals. It is not possible to determine 

the rate of sedimentation by deploying sediment traps due to high wave action and 

poor visibility. Hence the amount of total suspended solids (TSS mg/l) in the water 

column was measured during the NE monsoon period (Oct 13 - Jan 14). In addition, 

TSS was also measured during the pre NE monsoon (Jun 13 – Sep 13) and post NE 

monsoon period (Feb 14 – May 14) to know the level of variation in the amount of 

TSS during different seasons. 

Data on sea surface temperature (SST) was obtained from a daily 9 km 

optimum interpolated global SST (MODIS+TMI) dataset for the period of March 

2014- August 2014 (www.misst.org). The data was a merged product of both day and 

night in the Infrared and microwave wavelengths. From those data, average SST for 

every eight days was calculated and plotted. Photosynthetically Active Radiation 

(PAR) data at the ocean surface with a spatial resolution of 4 km was obtained from 

Moderate Resolution Imaging Spectroradiometer (MODIS) satellite. Similar to SST, 

the PAR values averaged for every 8 days was obtained for the period of March to 

September in 2014. The data was downloaded from the website 

(http://oceandata.sci.gsfc.nasa.gov). MODIS-Aqua satellite has ocean bands 8, 9, 10, 

11, 12, 13, 14 in the visible range and the PAR values are estimated using these bands 

with specific algorithms (Frouin 2002). Data was flagged off for few days within the 

http://www.misst.org/
http://oceandata.sci.gsfc.nasa.gov/
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study period due to its poor quality. The accuracy of PAR data from MODIS-Aqua 

has average errors in the order of 5-8%, with individual estimation errors as high as 

21% (Van Laake and Sanchez-Azofeifa 2005). This PAR data was used, as the high 

resolution PAR measurements are not available in this region. Since the sampling 

depth is around 2 m in clear waters, the PAR value on the surface may not change 

significantly during the downwelling. This PAR value must be giving representative 

information on the available light as the conditions remain same in the water column. 

2.2.7. Analysis 

Analysis of the data included the comparison of diversity, density and 

taxonomic composition of juveniles across the study sites. Shannon diversity Index 

(H’) and Pielou’  evenne   index (J’) wa  calculated for  oth juvenile coral  and adult 

coral colonies and compared. One-way Analysis of Variance (ANOVA) was used to 

test the significance of differences in the density of juveniles between the study sites 

in Palk Bay. The data on the density of juveniles at each study site has been log 

transformed to meet the assumptions of ANOVA including normality and 

homogeneity of variance. K-dominance curve was plotted for generic richness of the 

juveniles at the study sites where the different genera of the juvenile corals were 

ranked in their decreasing order of abundance. The relationship between the generic 

richness of the juveniles and adult coral colonies were analysed by calculating the 

correlations between the abundance of the juvenile corals and adults.  

The study sites at Vedhalai, Mandapam and Pamban were segregated based on 

the taxonomic composition of the juveniles using Bray-Curtis similarity analysis 

under paired linkage. The data was fourth root transformed before the analysis. 

Analysis of Similarity (ANOSIM) was used to test the significance of differences in 

the taxonomic composition of juveniles between the study sites. Similarity percentage 
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(SIMPER) analysis was used to determine the contribution of each individual genus to 

the observed differences in generic composition between the study sites. All the 

analysis was performed using the PRIMER statistical software version 6.1.15 based 

on Warwick and Clarke (1991) and Clarke (1993). 

2.3. RESULTS 

2.3.1. Benthic composition 

The average live coral cover along the Palk Bay reef was 8.25% and it was 

high in Vedhalai and low in Mandapam. The average live coral cover at the study 

sites varied between a minimum of 0.5% ± 7.7 (M2) to a maximum of 12.8% ± 4.5 

(V1). The macroalgal cover was lower than the live coral cover at Vedhalai and 

Pamban and higher at Mandapam. Overall, macroalgae accounted for an average 

cover of 19.01% in Palk Bay and varied between a maximum of 27.9% ± 8.8 (V2) to 

a minimum of 2.1% ± 16.9 (V1) at the study sites. CCA were abundant in Mandapam 

and low in Vedhalai and Pamban. Also, the percent cover of Sand & Rubbles was 

several times higher in Mandapam compared to Vedhalai and Pamban. Average dead 

coral cover at Palk Bay was 27.4% and it varied among the study sites between 43.2% 

± 15.8 (V1) to 8.3% ± 19.1 (M2).  The percent cover of different benthic forms at the 

study sites of Palk Bay was summarized in the Fig 2.2. 
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Fig 2.2. Average percent cover of different benthic forms at the study sites of Palk 

Bay. LC- live corals; DCA- dead corals with algae; MA- macroalgae; CCA- crustose 

coralline algae. 

2.3.2. Juvenile and Adult coral diversity 

The diversity of both juvenile and adult coral colonies were high in Pamban 

followed by Vedhalai and Mandapam. In total, 97 juveniles of 6 genera; 102 juveniles 

of 5 genera and 118 juveniles of 10 genera were recorded fromthe transects 

established at the study sites of Vedhalai, Mandapam and Pamban respectively. The 

mean generic richness of the juvenile corals across the study sites varied between a 

maximum of 10 genera (P2) to a minimum of 3 genera (M1). The corresponding 

Shannon diver ity index (H’, loge based) was typically high in P2 (2.03±0.75) (Mean 

± SD) and low in M1 (0.48±0.8) and the juveniles of different genera were more 

evenly distributed in P1 (0.87) and P2 (0.88) followed V2 (0.83) (Fig 2.3a).  Juvenile 

corals of the genus Leptastrea, Favia, Favites and Porites were prevalent in all the 
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study sites. Other juveniles of Acropora, Goniastrea, Galaxea and Hydnophora were 

present only at the study sites of Pamban and absent at Vedhalai and Mandapam. The 

study sites at Vedhalai and Mandapam were largely dominated by the juveniles of 

Porites and Leptastrea sp whereas the study sites at Pamban was dominated 

byjuveniles of Goniastrea and Acropora sp. 

 

Fig 2.3. Shannon diver ity index (H’) and Pielou’  evenne   index (J’) of the juvenile 

corals (2.3a) and adult coral colonies (2.3b) at the study sites of Palk Bay. Error bars 

indicate standard error. 
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Similar to juveniles, the diversity of adult coral colonies was high in the 

Pamban followed by Vedhalai and Mandapam. In total, 166 colonies of 7 genera; 35 

colonies of 6 genera and 167 colonies of 12 genera were recorded fromthe transects 

established at the study sites of Vedhalai, Mandapam and Pamban respectively. The 

mean generic richness of the adult colonies varied between a minimum of 3 genera 

(M1) to a maximum of 12 genera (P2) and it showed a weak positive correlation with 

the diversity of juveniles corals (r= 0.59). The diversity index of adult colonies was 

high in P1 (2.055±0.4) and low in M1 (1.061±0.59) and adult colonies of different 

genera were more evenly distributed in P2 (0.91) and P1 (0.89) (Fig 2.3b). The 

highest generic diversity of the juveniles and adult coral colonies was evident in P2 

and P1 as per the cumulative percentage of dominance of different genus ranked on 

the logarithmic scale (Fig 2.4a & 2.4b). However, the variation in generic richness of 

the juveniles (One-way ANOVA, F= 0.79; Fcrit= 2.38; p value = 0.58>0.05) and adult 

colonies (One-way ANOVA, F= 1.6; Fcrit= 2.31; p value = 0.15>0.05) was not 

statistically significant between the study sites.  

 

Fig 2.4. K-dominance curve showing the variation in the generic richness of juvenile 

corals (2.4a) and adult coral colonies (2.4b). 

2.3.3. Density and Taxonomic composition of juvenile corals 

Mean density of the juvenile corals was high in Pamban (5.35 recruits m
-2

) 

followed by Mandapam (2.83 recruits m
-2

) and Vedhalai (2.34 recruits m
-2

). The 
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average density of the juveniles differed significantly between the study sites (One-

way ANOVA, F=6.07; Fcrit= 2.25; p value = 0.00005<0.05) and it varied between a 

maximum of 6.2 ± 2.1 m
-2 

(P1) to a minimum of 1.4 ± 2.75 m
-2 

(M1) (Fig 2.5). 

Leptastrea and Porites sp were the most dominant genera contributing >90% to the 

total generic composition of the juveniles at the study sites V1 and M1 and >70% at 

V2 and M2. Goniastrea sp was dominant at P1 and P2 contributing >32% to the total 

generic composition. Juveniles of the Galaxea and Hydnophora sp were present only 

at P2 and each of these genera contribute <2.5% to total generic composition of the 

juveniles (Table 2). 

 

Fig 2.5. Average density of juvenile corals across the study sites of Palk Bay. Error 

bars indicate standard error. 

 Table 2- Taxonomic composition (%) of juvenile corals at the study sites of Palk 

Bay. 

S.No Genus  V1 V2 M1 M2 P1 P2 

1 Goniopora 1.5 0.0 0.0 0.0 0.0 2.4 

2 Leptastrea 81.8 45.2 86.8 12.2 10.9 14.6 

3 Porites 9.1 29.0 7.5 63.3 17.4 12.2 

4 Favia 3.0 9.7 5.7 6.1 26.1 14.6 

5 Favites 3.0 9.7 0.0 16.3 10.9 22.0 

6 Cyphastrea 1.5 6.5 0.0 2.0 0.0 4.9 

7 Goniastrea 0.0 0.0 0.0 0.0 32.6 4.9 

8 Acropora 0.0 0.0 0.0 0.0 2.2 19.5 

9 Galaxea 0.0 0.0 0.0 0.0 0.0 2.4 

10 Hydnophora 0.0 0.0 0.0 0.0 0.0 2.4 
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As per the results of Bray-Curtis cluster analysis under paired linkage, the 

study sites along the Palk Bay reef were grouped into 2 main clusters with 80% 

similarity based on the taxonomic composition of juvenile corals (Fig 2.6). The study 

sites P1 and P2 were grouped together and the study sites V1, V2 and M2 were 

merged in one single group due to the similarity in the taxonomic composition of 

juvenile corals. The study site M3 differed from other study sites in the taxonomic 

composition of juvenile corals and form an individual cluster. SIMPER analysis 

showed that the taxonomic composition of the juvenile corals was highly dissimilar 

between Mandapam and Pamban with an average dissimilarity of 41.80%. Abundance 

of the juveniles of Goniastrea and Acropora sp had largely contributed to the 

observed differences in the taxonomic composition of the juveniles between the study 

sites in Pamban, Vedhalai and Mandapam (Table 3). 

 

Fig 2.6. Bray-Curtis cluster analysis of the study sites at Palk Bay based on the 

taxonomic composition of the juvenile corals. 
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Table 3- Results of SIMPER analysis and One-way ANOSIM (R value and 

Significance level) on the abundance (percent cover) of juvenile corals at the study 

sites of Palk Bay reef. 

Vedhalai vs Mandapam 

R value = -0.25; Level of Significance (%) = 100; Avg. dissimilarity= 21.70 

Benthic component Average abundance Average 

dissimilarity 

% 

contribution 

Cum % 

 Vedhalai Mandapam    

Favites 1.54 1.01 6.01 27.70 27.70 

Cyphastrea 1.35 0.60 4.82 22.21 49.91 

Goniopora 0.55 0 3.20 14.77 64.68 

Porites 2.03 2.24 3.20 14.77 79.44 

Leptastrea 2.80 2.46 3.19 14.71 94.15 

Vedhalai vs Pamban 

R value = 1; Level of significance (%) = 10; Average dissimilarity- 36.10 

Benthic component Average abundance Average 

dissimilarity 

% 

contribution 

Cum % 

 Vedhalai Pamban    

Goniastrea 0 2.09 9.09 25.17 25.17 

Acropora 0 1.77 7.47 20.69 45.85 

Cyphastrea 1.35 0.50 4.39 12.16 58.01 

Leptastrea 2.80 1.79 4.37 12.11 70.12 

Goniopora 0.55 0.86 2.88 7.99 78.11 

Favia 1.54 1.94 1.97 5.47 83.57 

Mandapam vs Pamban 

R value = 0.917; Level of significance (%) = 10; Average dissimilarity- 41.80 

Genus Average abundance Average 

dissimilarity 

% 

contribution 

Cum % 

 Mandapam Pamban    

Goniastrea 0 2.09 10.00 23.92 23.92 

Acropora 0 1.77 8.19 19.59 43.51 

Favites 1.01 1.91 5.24 12.53 56.04 

Goniopora 0 0.86 3.86 9.24 65.28 

Leptastrea 2.46 1.79 3.52 8.43 73.71 

Cyphastrea 0.60 0.50 3.10 7.41 81.12 

 

2.3.4. Size structure of juvenile corals 

The overall distribution of juvenile corals of various size classes varied 

between the study sites. The percentage of juvenile corals of <1 mm and >3 mm size 

were high at the study sites of Vedhalai and Pamban respectively. Whereas, juvenile 

corals of size 1-3 mm was high in Mandapam. The percentage of juvenile corals of <1 
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mm size varied between a minimum of 0 ± 13.8 at M1 to a maximum of 27.3 ± 13.5 

at V1. Similarly, the juvenile corals of the size class 1-3 mm was high in M1 (67.9% 

± 17.8) and low in P2 (32.1% ± 18). Juveniles corals of the size class 3-5 mm was 

high in P2 (51.8 ± 15.7) and low in V1 (19.7 ± 16.4) (Fig 2.7). 

 

Fig 2.7. Average percentage composition of juvenile corals of different size classes at 

the study sites of Palk Bay. 

2.3.5. Recruitment rate of corals 

In total, 56 juvenile corals were recorded from the permanent quadrats 

deployed at all the study sites of Palk Bay during the study period. The rate of 

recruitment ranged between a minimum of 3 recruits 10 m
-2

 2 yrs
-1 

(M1) to a 

maximum of 12 recruits 10 m
-2

 2 yrs
-1 

(P2) across the study sites (Fig 2.8).  The mean 

recruitment rate of the corals was high in Pamban (12 recruits 10 m
-2

 2yrs
-1

) followed 

by Mandapam (6 recruits 10 m
-2

 2yrs
-1

) and Vedhalai (5.5 recruits 10 m
-2

 2yrs
-
1). 

Though the rate of recruitment showed variation, it does not differ significantly 

between the study sites (One-way ANOVA, F=1.4; Fcrit=2.24; p value = 0.2>0.05). 

The size of the observed juveniles ranged between a minimum of 6 mm to a 
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maximum of 10 mm in diameter.  In-situ identification of the juveniles at species 

level was difficult due to their small size and poorly developed corallites. 

 

Fig 2.8.  Recruitment rate of corals in the natural substrate during the study period of 

two years (2013-14) at the study sites of Palk Bay reef. Error bars indicate standard 

error. 

2.3.6. Survival and Mortality of juvenile corals 

A maximum of 93.1% of the juvenile corals survived the sedimentation stress 

during NE monsoon period. In total, 41 of 600 tagged juveniles were dead post NE 

monsoon corresponding to a relative mortality percentage of 6.9%. Individual 

corallites of the dead juveniles were covered with sediment and sand particles (Fig 

2.9). Mortality in response to sedimentation was high with Favia sp (9.7%) followed 

by Porites sp (8%) (Fig 2.10). An average of 94% juveniles in Vedhalai and 93% 

juveniles each in Mandapam and Pamban survived the sedimentation stress during the 

NE monsoon. Though the survivability and mortality of the juvenile corals varied 

across the study sites along the Palk Bay reef, it did not show a statistically significant 

variation (One-way ANOVA, F=0.351; Fcrit= 2.57; p value 0.9>0.05). The survival 
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and mortality rate of the juveniles in response to sedimentation at each study site was 

summarized in the Fig 2.11.  

 

 

Fig 2.9. Leptastrea sp that was tagged alive before Northeast Monsoon (NE) observed 

dead post NE monsoon. Individual corallites of the juvenile were covered with sand 

particles. 

 

 

Fig 2.10.Average percentage of mortality among juvenile corals of different genera in 

response to the sedimentation and bleaching stress at the study sites of Palk Bay. 
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Fig 2.11. Average percentage of juvenile corals that survived and undergone mortality 

post the Northeast monsoon at the study sites of Palk Bay. 

The juvenile corals that survived the sedimentation stress were continuously 

observed for their survivability in response to bleaching during the summer of 2014. 

Additional juvenile corals of the same genera were tagged to compensate for their loss 

due to sedimentation stress to makeup the number to 600. Similar to the sedimentation 

stress, there is no statistically significant difference in the survivorship of the coral 

juveniles in response to bleaching between the study sites (One-way ANOVA, 

F=1.90; Fcrit=2.57; p value= 0.12>0.05) during summer. Of the 600 juveniles tagged 

in total, 378 were bleached of which only 9 were observed to be dead corresponding 

to a relative percentage of 1.5%. The rate of mortality was high among the Porites sp 

and low with Favites and Leptastrea sp (Fig 2.10). A pooled average of 98.7% of the 

juveniles survived bleaching. No bleaching related mortality was observed among the 

coral juveniles at the study sites of Vedhalai.  Whereas, an average of 2.5% and 1.4% 

juveniles undergone mortality at the study sites of Mandapam and Pamban 

respectively. An average of 54% of the juveniles bleached and 46% were not. The 

average percentage of bleached juveniles were high in Pamban (61% ± 8.2) compared 

to Vedhalai (48.5 ± 5.5) and Mandapam (49% ± 3.8). The percentage of juveniles that 
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were bleached and non-bleached at each study site was presented in the Fig 2.12a. 

Juveniles of Porites sp were highly sensitive to bleaching as 76.5% of them were 

bleached whereas, Leptastrea sp were least sensitive with 35.4% of bleaching. The 

percentage of juvenile corals of different genera that were bleached and non-bleached 

was presented in the Fig 2.12b.  

 

Fig 2.12.Average percentage of juvenile corals that was bleached and unbleached 

during the summer 2014 at each study site (2.12a) and between juveniles of different 

genera (2.12b). 
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2.3.7. Environmental conditions during the stress events 

There were no statistically significant differences in the amount of TSS (mg/l) 

in the water column between the study sites in Palk Bay (One-way ANOVA, F=0.83; 

Fcrit=2.57; p value= 0.6>0.05). Hence the data on TSS was pooled across the study 

sites and the average TSS was compared between the NE monsoon, pre-NE monsoon 

and post-NE monsoon periods. The amount of TSS was high during the NE monsoon 

period ranging a maximum of 290 ± 20 mg/l to a minimum of 240 ± 30 mg/l (Fig 

2.13a). The amount of TSS during the pre and post monsoon periods was 

comparatively low ranging between 34-93 mg/l and it differs significantly from that 

of the amount of TSS during NE monsoon period (One-way ANOVA, df=2; F=16.31; 

Fcrit=4.25; p value = 0.001<0.05).  

 

Fig 2.13.Average TSS (mg/l) during Northeast monsoon and non-monsoon periods at 

the study sites of Palk Bay (2.13a); Average Sea Surface Temperature (SST) and 

Photosynthetically Active Radiation (PAR) during the bleaching period in Palk Bay 

reef (2.13b). 

The monthly variation in the average SST and PAR was presented in the Fig 

2.13b. The average SST gradually increased above 28°C during March 2014 and it 

increased above 30°C in April 2014. It further increased above 30.5°C in May 2014 

and remains persistent till June 2014. The average SST dropped below 30°C during 

the final week of June 2014 and further decreased below 29°C in July and August 

2014. The average SST differs significantly between the successive months of 
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bleaching (One-way ANOVA, df= 5; F=18.3; Fcrit= 2.80; p value= 2.62E-06<0.05). 

Similarly, the average PAR also differs significantly during the bleaching period 

(One-way ANOVA, df= 5; F= 3.36; Fcrit= 2.80; p value= 0.02<0.05). It was very high 

exceeding 51 Em
-2

d
-1

 during March 2014 and it remains high above 50E m
-2

d
-1

 till 

May 2014. It drops below 49 E m
-2

d
-1 

during first week of June 2014.  

2.4. DISCUSSION 

The average live coral cover in Palk Bay reported in this study is low 

compared to the other major reefs in India and subtropical countries. Also, majority of 

the existing live corals were under stress due to turf and macroalgal smothering 

reducing the percent cover of healthy live corals (Manikandan et al. 2014). Presence 

of diverse and healthy live coral cover in a reef enhances its resilience by inhibiting 

the settlement of other species which are known to reduce coral growth and survival 

(Philips et al. 2014). However in Palk Bay, the diversity of the reef building corals 

was greatly reduced from their earlier record of 63 species to 34 species 

(Venkataraman and Rajkumar 2013). Massive and sub-massive forms of corals were 

dominant in Palk Bay which is likely to reduce the refugiums available for the other 

associated organisms such as reef fishes by reducing the substrate complexity 

(Komyakova et al. 2013). In the current scenario, the chances that live coral cover 

will contribute to the recovery and resilience of Palk Bay reef is less and it requires 

adequate supply of coral larvae from other pristine reefs to restore the lost diversity of 

corals. 

Juvenile corals were more diverse and abundant in the less human influenced 

Pamban compared toVedhalai and Mandapam which are moderately and severely 

influenced by the human activities respectively. Ocean currents influence the 

distribution of juvenile corals through larval dispersal pattern at the time of coral 
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spawning (Richmond 1987, Lee et al. 1992, Cowen and Sponaugle 2009). The exact 

time of coral spawning and the number of spawning events in a year is not known in 

the Indian reefs though few reports claim it to be occurring at the end of March every 

year (Raj and Patterson Edward 2010, Jasmine et al. 2013). In the neighboring 

Southeast Asian countries such as Indonesia and Malaysia the mass spawning event 

occurred at different time intervals between April to October (Tomascik et al. 1997, 

Muhammad faiz et al. 2015, Chelliah et al. 2013).  Other than the natural factors, 

human induced disturbances such as reef fishing and boat drifting can affect the coral 

recruitment by reducing the structural complexity and the availability of hard 

substrates which are essential for the successful settlement of coral larvae. The reefs 

in Vedhalai and Mandapam are identified as reef fishing hot spots for small scale 

fi herman’  and it had contributed largely to the reef degradation by transforming the 

healthy live corals into a turf algal smothered ones (Manikandan et al. 2014). In 

addition, other hard substrates such as dead coral skeleton were also smothered by the 

turf algae which have the potential to trap the suspended sediments from the water 

column and prevent the settlement of coral larvae (Birrell et al. 2005). Collectively, 

all these factors contributed to the lower diversity and density of the juvenile corals in 

Vedhalai and Mandapam compared to Pamban reefs. 

The diversity of juvenile corals was similar to the adult coral colonies in 

Vedhalai and Mandapam and dissimilar in Pamban. This implies that the reef in 

Vedhalai and Mandapam is mostly self seeded and the reef in Pamban is connected to 

the other distant reefs in addition to self seeding. Juvenile corals of Porites, 

Leptastrea, Favia and Favites were highly prevalent along the entire Palk Bay reef 

and juveniles of Acropora,Goniastrea, Galaxea and Hydnophora sp were recorded 

only from the Pamban (Fig 2.14).  
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Fig 2.14. Juvenile corals of different species of Acropora (Top & Bottom left)and 

Goniastrea sp (Bottom right) at the study sites of Pamban in Palk Bay reef. Adult 

colonies of the same species were absent in Palk Bay reef. 

However, the adult colonies of the same species was absent in Pamban 

implying that the larvae of these particular species might be transported from other 

distant reefs, most possibly from the Gulf of Mannar (GoM) reefs. This process of 

larval dispersal from a parent reef and its ensuing settlement and growth in a distant 

reef is termed as connectivity and it is a critical component contributing to the 

recovery and resilience of a reef (Mumby and Hastings 2008). The Palk Bay reef is 

separated from the adjacent coral islands of GoM by the Rameswaram Island. Mixing 

of water occurs between Palk Bay and GoM and vice versa through the Pamban pass 

channel and also through a series of submerged banks between India and Srilanka 

during NE and SW monsoon respectively (NIO 2012). The SW monsoon currents that 

occur between May-September are stronger compared to the NE monsoon currents 

during November-February (Shankar et al. 2002). The flow of water towards the 
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west-east direction during SW monsoon might facilitate the transport of larvae from 

GoM to Palk Bay which could possibly have an influence over the distribution and 

diversity of coral juveniles at the Pamban along the Palk Bay reef. 

Juvenile corals of higher size class (3-5 mm) were abundant in Pamban 

compared to Vedhalai and Mandapam. This implies that the survivability of the 

juvenile corals was maximum in the less human dominated reef environments. 

Juveniles of Porites, Leptastrea, Favia and Favites which are reported to be stress 

tolerant (Baker et al. 2008) were highly prevalent in the Vedhalai and Mandapam 

reefs where the human activities were high. This shows that juveniles of less tolerant 

coral species such as Acropora and Goniastrea sp are often unsuccessful and only the 

stress tolerant genera were successful in the human dominated reefs. Though the 

human activities have no direct impact over the reproductive potential of the corals or 

its recruitment, it can indirectly affect the coral recruitment by depleting the coral 

larval sources (Goreau et al. 2000), altering the water currents thereby altering the 

larval dispersal routes, and by creating the local pollution barriers which reduce the 

survivability of the coral larvae (Richmond 1993).  

There are no reports on the density of juvenile corals from the other major 

reefs in India. The density of juvenile corals reported in this study was closer to those 

values reported in Mesoamerican barrier reef (Ruiz-Zarate and Arias Gonzalez 2004); 

Biscayne national park (Miller et al. 2000) and Gulf of Thailand (Yeemin et al. 2009). 

However, the values of juvenile coral densities were reported as high as 28 to 59.5 

recruits m
-2 

in an undisturbed reef ecosystem such as Chagos archipelago (Sheppard et 

al. 2008) and Palymra atoll (Roth and Knowlton 2009). The variation in the juvenile 

coral density between Pamban, Vedhalai and Mandapam along the Palk Bay reef 

demands an explanation. Spatial variation in the juvenile coral densities is explained 
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by numerous factors that include larval production in the parent reef, larval mortality, 

larval dispersal and their settlement and survival (Underwood and Keough 2001). The 

density of juvenile corals was high in the reefs with increased herbivory (Edmunds 

and Carpenter 2001), low turbidity and low sedimentation rate (Ruiz-zarate and Arias 

Gonzalez 2004). Apparently, any of these processes could contribute to lower density 

of juvenile corals in Vedhalai and Mandapam compared to Pamban along the Palk 

Bay reef. The density of the juvenile corals was not dependent on the abundance of 

adult coral colonies in a reef (Edmunds 2000). Hence, the density of juvenile corals 

was low in Vedhalai despite the high live coral cover compared to Pamban. 

Coral recruitment rate during the study period of two years in Palk Bay reef 

was low compared to other major reefs and there are no reports on coral recruitment 

rate from other Indian reefs. Majority of the earlier studies employed the standard 

method of deploying settlement tiles to assess the rate of coral recruitment (Fisk and 

Harriot 1990, Dunstan and Johnson 1998, Adjeroud et al. 2007) which may not reflect 

the actual environmental condition. The rate of coral recruitment was high when they 

were provided with an artificial substratum like settlement tiles (Harriot and Fisk 

1998, Glassom et al. 2004). In this study, the recruitment rate was assessed on the 

natural substrates in order to reflect the original scenario in the reef ecosystem of Palk 

Bay.  Though there is an adequate larval supply, their successful settlement and 

growth determines the annual recruitment rate in a region. A very high sedimentation 

rate (Wilson et al. 2005) and a low herbivory process in Palk Bay reef (Manikandan et 

al. 2014) could possibly have a negative influence over the annual recruitment rate of 

corals in Palk Bay. The shallow nature of Palk Bay reef favors continuous re-

suspension of sediments during NE monsoon, thereby increasing the rate of 

sedimentation over the corals.  In addition, sediment transport from GoM to Palk Bay 
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through the Pamban pass channel during SW monsoon also increased the rate of 

sedimentation over the reef ecosystems of Palk Bay (Rao 2002). Continuous increase 

in the rate of exploitation of reef herbivore fishes in Palk Bay favors the colonization 

and persistence of macroalgae. Collectively, these factors significantly reduced the 

substratum availability for the settlement of juvenile corals (Unpublished data).  

Increase in the frequency of natural stress events like bleaching and predator 

outbreaks in the recent past minimized the time available for the recovery of coral 

populations (Donner et al. 2005) and also affects their fecundity (Baird and Marshall 

2002). Though the new coral recruits were able to settle down and grow, their 

survivability in response to frequent stress events have significant implications over 

the recovery and resilience of a reef ecosystem. In this study, the survivorship of 

juvenile corals was assessed in response to increased sedimentation during NE 

monsoon and bleaching during summer which occurs back to back within a short time 

interval. The rate of mortality was low among the juvenile corals and it is important to 

note that the diversity of juvenile corals were dominated by Leptastrea, Porites, Favia 

and Favites sp all of which were reported to be stress tolerant (Baker et al. 2008).  

The prevalence of stress tolerant juvenile corals and their survivability in response to 

the prevailing stress conditions can potentially contribute to recover the live coral 

cover in Palk Bay reef.  

The survivability of juvenile corals in response to sedimentation largely 

depends on their settlement position. In Palk Bay, majority of the coral juveniles 

settled on the vertical substrate and the Leptastrea sp settled largely under the holes 

and crevices (Personal observations). Also, the juveniles under the holes and crevices 

are highly pigmented to harbor maximum available sunlight under reduced light level 

due to increased suspended sediments in the water column. Apparently, these factors 



43 | P a g e  
 

contributed to the success of juvenile corals in response to increased sedimentation.  

The juvenile corals were observed to be bleached in response to the increase in the 

SST during summer. The average SST increased above 31.5°C apparently higher than 

their normal bleaching thresholds (Fitt et al. 2001). The number of days during which 

the average SST rose above 30°C was also significantly higher during the bleaching 

event in 2014 compared to the bleaching episodes in previous years (Unpublished 

data). During such warm years, the juvenile corals were reported to grow slowly and 

die rapidly changing the generic abundance of juvenile corals in a region (Edmunds 

and Gray 2014). In contrast, the juvenile corals in Palk Bay recovered from bleaching 

despite the prolonged increase in SST above their threshold limits indicating their 

adaptive potential to the temperature stress. 

In conclusion, results of this study suggest that human activities indirectly 

influenced the diversity and distribution of juvenile corals within a reef ecosystem 

which would transform into a serious implication over the community structure, 

recovery and resilience potential of the Palk Bay reef in future. The factors 

contributing to the observed variation in the juvenile coral recruitment pattern and its 

survivability needs further research. The chances that the existing live coral cover will 

contribute to the recovery and resilience of the Palk Bay reef is very low due to the 

continuous decrease in the healthy live coral cover. However, the current study found 

the evidence of reef connectivity in the Pamban region of the Palk Bay reef which 

will contribute to restore the coral diversity. Survival of juvenile corals in response to 

the prevailing stress conditions in Palk Bay is a promising factor of reef resilience and 

will enable the Palk Bay reef to be coral dominant in future. However, low diversity 

of corals will increase the vulnerability of Palk Bay reef to the species specific 
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endemic diseases. Loss of corals in such cases will severely affect the Vedhalai and 

Mandapam reefs where the coral recruitment occurs mostly by self seeding. 
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Chapter3 

Coral community dynamics 

3.1. INTRODUCTION 
The coral reef ecosystems are subjected to sequential disturbances triggered by 

climatic and environmental factors that alter the community structure of a reef. Coral 

reef ecosystems are continuously degraded due to their frequent exposure to severe 

local scale disturbances induced by climate and human activities (Burke et al. 2006). 

These processes collectively changed the face of coral dominant systems into an algal 

dominant one. The corals and other reef organisms exist in a highly balanced state in 

order to maintain the community structure of a reef and its functions (Margaos et al. 

1996). Any imbalance, due to the disturbances will lead to a decline in the live coral 

cover with an associated increase in the macroalgal cover (McCook 1999, Nystrom 

and Folke 2001, Szmant 2002) or other benthic organisms (Norstrom et al. 2009) 

collapsing the structure and entire functions of the reef. 

The resilience of a coral reef ecosystem largely depends on its ability to 

absorb the recurrent stress and adapt to it without changing in to an alternate stable 

state (Hughes et al. 2010). Phase-shifts refers to a shift from one persistent 

assemblage of species to another species. In a coral reef ecosystem, phase-shifts often 

refers to a shift between the Coral and macroalgal populations. Coral - macroalgal 

phase-shifts have been earlier recorded in Great Barrier Reef, Hawaii, Reunion Island 

and Jamaica (Bak et al. 1984). The phase-shifts need not be always between the coral 

and macroalgae and it has been reported to occur with other species including 

sponges, zoanthids and tunicates (Chiappone et al. 2002, Alvarado et al. 2004, 
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Norstorm et al. 2009). Though macro algae are the natural components contributing to 

the high productivity of the reef ecosystems, they are considered to be the dominant 

competitor for space and out-compete other reef organisms including corals. A shift 

towards the macroalgae population could be either reversible or irreversible. 

Recovery of a reef back to a coral dominant state depends on numerous factors 

including the coral species composition, herbivory process and other environmental 

conditions. Reversal of these phase-shifts occurred in some parts of Great Barrier 

Reef (Bellwood et al. 2006b, Diaz-Pulido et al. 2009), Caribbean reefs (Edmunds and 

Carpenter 2001) and Jamaica (Idjadi et al. 2006). However, certain coral reefs fail to 

recover post recurrent disturbances and remain stable in their alternate state mainly 

due to the chronic stressors which prevent their recovery and push the corals beyond 

their threshold limit leading to their mortality.  

3.1.1. What triggers macroalgae bloom? 
The undesirable persistent shift between the coral and algal population are 

often triggered by numerous environmental factors including over exploitation of reef 

herbivore fishes, added nutrients from point and non-point sources in land, coral 

mortality due to bleaching, predator outbreaks and recruitment failure (Bruno et al. 

2009, Hughes et al. 2010, Fung et al. 2011). Any stressor which ultimately results in 

coral mortality and reef degradation leads to macroalgal shifts. Exploitation of 

herbivore fishes beyond their sustainable limit was considered to be the prime factor 

resulting in macroalgal dominance (Jennings and Kaiser 1998, McManus et al. 2000, 

Ledlie et al. 2007). In general, the herbivore reef fish are classified as scrapers, 

grazers and browsers based on its function in the reef (Bellwood 1994). Scrapers 

remove algae, sediment and other material by taking non-excavating bites thereby 

creating a substrate for the settlement of new recruits. Similarly, the grazers feed on 
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epilithic turf algae which in turn limit the growth of macro algae (Bellwood and Choat 

1990). Exploitation of these herbivore fish leads to severe catastrophic phase shifts 

affecting the structure and integrity of the reef.  Nutrient enrichment has promoted the 

growth of macro algae over corals in the absence of herbivory (Thacker et al. 2001, 

Koop et al. 2001, Jompa and McCook 2002). In Jamaica, a combination of 

overfishing, hurricanes and diseases reduced the live coral cover with an increase in 

the macroalgal cover (Hughes 1994). A brief episode of coral bleaching which results 

in coral mortality subsequently leads to the dominance of macro algae (Ostrander et 

al. 2000). 

3.1.2. Implications of macroalgae bloom in coral reef ecosystems 
The impact of macro algae communities in coral reef ecosystems has been 

extensively reviewed and described (Tanner 1995, McCook et al. 2001, Kuffner et al. 

2006). The macro algae can negatively influence the corals by smothering, shading, 

overgrowth, enhancing the coral microbial activity (Smith et al. 2006), being a vector 

harboring potential pathogens and affecting the regeneration of tissues (Bender et al. 

2012). The calcium carbonate deposition during an occurrence of high algal biomass 

is largely attributable to the algal deposition and the so formed reef structure is 

inappropriate for fish habitat and shore line protection (McClanahan 1995). The algae, 

based on their functional properties differ in their effect on corals (Jompa and Mc 

Cook 2003). Recent studies showed the algae secrete toxic chemicals that killed live 

coral tissue (Rasher et al. 2011). The algal turfs trap the sediments and smother the 

corals thereby killing it. Propagation of macro algae during a bleaching episode could 

hinder the recovery of corals after bleaching (Ravindran et al. 2012). The corals were 

capable of recovering to their normal state after a major stress event like bleaching 

and it has been the key for reef resilience. Macroalgae and algal turfs in combination 
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with sediment affect the coral resilience by preventing the settlement of new coral 

recruits (Birrell et al. 2005). Coral recruits require hard substrates including crustose 

coralline algae (CCA) for their successful settlement and growth. However, 

macroalgae pose a stiff competition by smothering the available hard substrates and 

prevent the settlement of new coral recruits (Kuffner et al. 2006).  

Short term propagation of macroalgae was considered to be a normal process 

occurring in a reef (Hughes et al. 2010). Though macroalgae was a natural component 

in the reef ecosystem of Palk Bay, their dynamics and influence over the other benthic 

communities was less studied. The specific goal under this objective was to assess the 

changes in the benthic community structure driven by the macroalgal blooms. The 

study was carried out in two spatially distant locations, Vedhalai and Mandapam 

along the Palk Bay reef for a period of two years, 2013 and 2014. Though there are 

many factors that interact to cause macroalgal bloom, this study focus on the 

influence of such blooms over corals and other reef components and their subsequent 

recovery potential. 

3.2. MATERIALS AND METHODS 
3.2.1. Study sites 

Two spatially distant reefs, Vedhalai and Mandapam along the Palk Bay reef 

were selected for monitoring the community dynamics. Vedhalai was located at the 

western end of the Palk Bay reef stretch and dominated by the live and dead corals of 

the genus Porites, Favia and Favites sp.  The substratum was largely composed of 

broken coral fragments with intermittent sand patches. The depth ranges between a 

maximum of 3 m during high tide to a minimum of 2.3 m during low tide. The reef at 

Mandapam was located at the central part of the Palk Bay reef and dominated by 

CCA. The substratum was largely composed of sand patches and rubbles. Among live 
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corals, Porites and Leptastrea sp were dominant. The depth ranges between a 

maximum of 2.1 m during high tide to a minimum of 1.3 m during low tide. Location 

of the study sites are shown in the Fig 3.1. The reefs at both Vedhalai and Mandapam 

are intensively fished and the standing stock of reef fish is consistently low with 

limited diversity of herbivore fishes (Manikandan et al. 2014). 

 

Fig 3.1. Map showing the reef outline along Vedhalai and Mandapam where the 

permanent quadrats were established to monitor community dynamics. 
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3.2.2. Photo-sampling method 
A total of 200 quadrats of 1 m

2
 size was established permanently in the study 

sites of Vedhalai and Mandapam (100 quadrats in each site) for monitoring the 

community dynamics. These permanent quadrats were precisely demarcated using 

nails for continuous systematic monitoring and each quadrat is parted from each other 

by atleast 2 m. Each quadrat was photographed individually using an Olympus µ-

tough 8000 underwater camera in macro mode. The camera was mounted on to a 

custom made quadrat stand to ensure the proper positioning of the camera over the 

quadrat and to keep the focal distance and sampling area fixed. In addition, the corals 

within the quadrat were photographed individually for identification and the corals 

were identified using the standard keys described by Veron (2000) and Venkataraman 

et al. (2003). Preliminary survey on the percent cover of different benthic forms was 

carried out during September 2012. This data was used as a reference to compare the 

changes in the percent cover of different benthic forms during the subsequent 

observations in 2013 and 2014. Thereafter, the observations were carried out between 

April – September in 2013 and 2014. Other months are not supportive for conducting 

the survey due to monsoon and resultant poor visibility. The photographs of each 

individual quadrat were printed, overlaid on a graph sheet and processed to estimate 

the percent cover of different benthic forms following Manikandan et al. 2014. Those 

live corals which are healthy (HLC) and exhibiting partial mortality due to turf algal 

(LC/TA) and macroalgal colonization (LC/MA) was categorized individually to 

assess the status of existing live corals. The live corals in different states and other 

distinguishable features within the quadrat, both biotic and abiotic was traced in the 

graph sheet and their area cover was calculated with a factor of simple proportion 
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relative to the total area of the quadrat in the graph sheet. The terminology used for 

different benthic categories and their description is given in Table 4. 

Table 4- Terminology of different biophysical forms recorded from the study sites of 

Palk Bay and their codes and description. 

Benthic Categories Code Description 

Sand S Sand patch 

Rubbles R Broken fragments of corals 

Healthy Live Corals HLC Live corals without any infection by 

borers, turf and macroalgae 

Live corals smothered by 

Turf algae 

LC/TA Live coral colony exhibiting partial 

mortality due to turf algal smothering. 

Live corals smothered by 

Macroalgae 

LC/MA Live coral colony exhibiting partial 

mortality due to macroalgal 

colonization 

Macroalgae MA Fleshy/weedy brown, red and green 

macroalgae 

Halimeda HA Calcareous algae Halimeda sp 

Dead Corals with algae DCA Dead Coral still standing, smothered by 

thin fibrous turf algae. 

Crustose Coralline Algae CCA Heavily calcified hard calcareous red 

algae 

Degraded Crustose Coralline 

Algae 

DCCA Crustose coralline Algae turned black 

in color and degraded. 

 

3.2.3. Analysis 
The percent cover of different benthic forms was calculated for each 

individual quadrat and the data retrieved from all the 100 quadrats in a study site was 

pooled to derive the average percent cover of each benthic form at the study site for 

the given time interval. A paired t- test was used to test the significance of variances 

in the temporal pattern of the percent cover of each benthic form during the study 

period. Since the macroalgal bloom reduced the availability of hard substratum, we 

used a linear regression analysis to determine the level of variation in the percent 

cover of hard substratum driven by the variation in the percent cover of macroalgae. 

The average percent cover of macroalgae grouped over the entire study period was 

used as an independent variable and the average percent cover of hard substratum 
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cover was used as a dependent variable. The total percent cover of hard substratum is 

obtained by summing up the percent cover of live and dead corals in Vedhalai; CCA 

and live corals in Mandapam. All the analysis was performed using SPSS statistical 

software, Version 16.0. In addition, Bray-Curtis cluster analysis was done on the 

fourth root transformed data on the percent cover of different benthic forms to find 

out the similarities in the benthic composition over time. Multivariate analysis was 

performed using the statistical software PRIMER Version 6.1.15. 

3.3. RESULTS 

3.3.1. Initial assessment 

Preliminary assessment carried out during September 2012 revealed that the 

coral reef communities at Vedhalai were dominated by Dead corals (49.2% cover) 

and HLC (14.6%), with a moderate cover of sand (11.4%), Macroalgae (8.9%) and 

Halimeda sp (6.3%). In total, 2.3% and 2.1% of the living corals were smothered by 

turf algae and macroalgae respectively. Five genera of corals including Porites, 

Leptastrea, Favia, Favites and Cyphastrea were recorded from the permanent 

quadrats established at the study site of Vedhalai. Corals of Porites and Favia sp were 

largely affected due to turf and macroalgal colonization.  

Similarly, the coral reef communities at the study sites of Mandapam were 

dominated by CCA (48.9% cover), with a poor cover of HLC (1.2%), Halimeda sp 

(4.6%) and dead corals (0.22%). The sand patches were interspersed with rubbles and 

they together contribute 45.08% to the total benthic cover suggesting that the reef 

structure is less complex in Mandapam compared to Vedhalai. In total, 3 genera of 

corals were recorded including Porites, Leptastrea and Favia.No macroalgae was 

recorded from the permanent quadrats established at Mandapam during this 

preliminary assessment. The percent cover of different benthic forms during the 
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preliminary assessment at the study sites of Vedhalai and Mandapam were presented 

in the Fig 3.2a and 3.2b respectively.  

 

Fig 3.2. Average percent composition of different benthic forms at the study sites of 

Vedhalai (3.2a) and Mandapam (3.2b). Error bars represent standard deviation. 

 

3.3.2. Coral community dynamics at Vedhalai 

Caulerpa racemosa bloom was noticed as the observations were started in 

April for the year 2013. The C. racemosa bloom covered majority of the substratum 

and increased the percent cover of macroalgae to 24.6 ± 8.1% (Mean ± SD) during 

April 2013 at the study sites. This had decreased the percent cover of other benthic 

components including HLC. The percent cover of macroalgae further increased and 

reached a maximum of 25.8 ± 9.7% in May 2013. Further observations in June and 

July revealed a reduction in the percent cover of macroalgae to 8.3 ± 7.8%, mainly 

due to their seasonal dieback. The macroalgal cover was further reduced to 7.1 ± 9% 

at the end of observations in September 2013 (Fig 3.3a). Meanwhile, the HLC cover 

reduced to 10.3 ± 1.9% with a corresponding increase in the percent cover of LC/TA 

and LC/MA to 3.4 ± 0.2% and 2.7 ± 0.7% respectively (Fig 3.3b). Temporal pattern 

in the percent cover of different benthic forms at the study sites of Vedhalai varied 

between 2013 and 2014. The variation in the average percent cover of rubbles, 

LC/TA, Halimeda sp and Dead corals in 2013 and 2014 was statistically significant (p 
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value <0.05). However, the variation in the average percent cover of HLC, 

macroalgae, LC/MA and sand was not statistically significant, p value > 0.05  

(Table 5).  

 

Fig 3.3. Temporal pattern in the average percent cover of different benthic forms at 

Vedhalai during 2013 and 2014. 
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Table 5- Results of paired t-test testing the significance of variation in the temporal 

pattern of the percent cover different benthic forms in Vedhalai. 

Biophysical form t value df Level of 

significance (0.05) 

Sand 1.489 5 0.197 

Rubble -2.874 5 0.035 

HLC 0.852 5 0.433 

LC/TA -15.8 5 0.0005 

LC/MA -2.058 5 0.095 

MA 1.052 5 0.3 

HA -7.796 5 0.001 

DCA 16.8 5 0.0005 

 

Like 2013, the macroalgal cover was high during the months of April (27.9 ± 

15) and May (18.9 ± 5.2) due to C. racemosa bloom with subsequent reduction of 

bloom in the following months of 2014. However, the calcareous algae Halimeda sp 

grew gradually in 2014 and their percent cover increased to 46.89 ± 7.6% during the 

final observations in September 2014. It grew as dense patches over the dead coral 

skeletons and other available hard substrates including live corals. No recovery signs 

were observed among the HLC and on the whole their percent cover decreased to 6.21 

± 1.3% compared to the initial cover of 14.6 ± 1.7% with a net reduction of 8.3%  

(Fig 3.4a). The decrease in the HLC cover is associated with an increase in the 

percent cover of LC/TA by 3.68% and LC/MA by 3.14%. Based on the coefficient of 

determination value (R
2
= 0.98), 98% of the variation in the percent cover of hard 

substratum components including live and dead corals is driven by the variation in the 

percent cover of macroalgae (Fig 3.5a). 



56 | P a g e  
 

 

Fig 3.4. Comparison between the average percent cover of different benthic forms 

during the preliminary (Sep-2012) and final (Sep-2014) observations at Vedhalai 

(3.4a) and Mandapam (3.4b). 
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Fig 3.5. Relationship between the variations in the percent covers of macroalgae and 

hard substratum at Vedhalai (3.5a) and between macroalgae and CCA cover at 

Mandapam (3.5b). 

The sampling months were grouped in to five individual clusters based on the 

similarity in the percent cover of different benthic components during the 

observations in Vedhalai (Fig 3.6).  The consecutive sampling months of 2013 i.e. 

April-May, June-July and August-September each forms a single cluster with a 

similarity percentage of 97.7, 98.1 and 98.3% respectively. However in 2014, the 

April month forms a single cluster due to high macroalgal cover. The subsequent 

sampling months May-June and July-Sep forms two individual groups with similarity 
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value of 96.9 and 98.8 % respectively. As per the results of SIMPER analysis, the 

benthic community structure in Vedhalai differed between 2013 and 2014 with an 

average dissimilarity of 11.45%. The abundant growth of Halimeda sp in 2014 and 

the subsequent decrease in the dead coral cover contributed a maximum of 28.7% and 

25.15% respectively (Table 6). 

Fig 3.6. Bray-Curtis cluster analysis of the sampling months based on the average 

percent cover of different benthic components at Vedhalai. 

Table 6- Results of SIMPER analysis on the average percent cover of different 

benthic components at Vedhalai during the study period (2013 & 2014). 

Vedhalai 2013 vs 2014,  Average Dissimilarity – 11.45 % 

Benthic component Average abundance Average 

dissimilarity 

% contribution Cum % 

 2013 2014    

HA 2.44 3.67 3.29 28.72 28.72 

DC 3.77 2.70 1.74 25.15 53.87 

MA 2.74 2.47 1.74 15.19 69.06 

LC/TA 1.43 1.86 1.13 9.91 78.97 

LC/MA 1.47 1.73 0.80 6.99 85.96 

RUBBLES 1.78 2.05 0.75 6.59 92.55 
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3.3.3. Coral community dynamics at Mandapam 

Multiple algal blooms were observed in Mandapam during 2013. Similar to 

Vedhalai, C. racemosa bloom was noted during April 2013 and it increased the 

macroalgal cover to 25.5 ± 8.2% (Fig 3.7a). C. racemosa grew over the CCA 

substrates, smothered them completely and decreased the percent cover of CCA to 

28.9 ± 0.3% compared to 48.9% during the preliminary observation in September 

2012. Unlike Vedhalai, the persistence of C. racemosa was low in Mandapam as it 

was observed to be washed off during the next observation in May 2013. The total 

macroalgal cover was reduced to 2.33 ± 15% with an increase in CCA cover to 41.58 

± 12.6%. However, 2.26 ± 1.4% of the CCA previously smothered by macroalgae was 

degraded. Subsequent observations in June 2013 revealed the growth of other 

macroalgae Enteromorpha flexuosa over the CCA substrates. An average percent 

cover of 8.19 ± 9.1% of E. flexuosa was recorded on the permanent quadrats in 

Mandapam during the Month of June 2013. Further observations revealed a gradual 

increase in the percent cover of E. flexuosa reaching a maximum of 29.9 ± 12.6% 

during August 2013 with corresponding decrease in CCA cover to 16.21 ± 12.4%. In 

addition, 7.1 ± 3.4% of the CCA which were colonized by the E. flexuosa was 

degraded during September 2013 (Fig 3.7b) (Fig 3.8).  
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Fig 3.7.Temporal pattern in the average percent cover of different benthic forms at 

Mandapam during 2013 (3.7a) and 2014 (3.7b). 

 

Fig 3.8. Degraded crustose coralline algae in Mandapam post Enteromorpha flexuosa 

bloom. 
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The variation in the temporal pattern of the percent cover of various benthic 

forms including Macroalgae, HLC, Halimeda sp, Sand, Rubbles and Dead corals at 

the study sites of Mandapam were not statistically significant between 2013 and 2014. 

Whereas, there exists a statistically significant variation in the temporal pattern of the 

percent cover of CCA and degraded CCA (Table 7). When the observations were 

renewed in April 2014, C. racemosa bloom covered the CCA substratum. However, 

their total percent cover accounts for 15.37 ± 5.6%, comparatively lower than their 

total cover recorded during the same period in 2013.  The macroalgal cover reached a 

maximum of 20.98 ± 11.2% during May 2014 and decreased further during the 

subsequent observations. Unlike 2013, there were no multiple algal blooms at the 

study sites of Mandapam. However similar to the study sites at Vedhalai, Halimeda sp 

grew abundantly over the CCA substrates and their percent cover reached a maximum 

of 15.32 ± 6.6% during the final observations in September 2014. 

In total, 11.51 ± 2.1% of the CCA in the Mandapam, earlier colonized by E. 

flexuosa was degraded as the observations were renewed in April 2014. Continuous 

observations revealed a recovery of CCA population as their percent cover rose up to 

33.3 ± 5.2% in August 2014 compared to 22.74 ± 5.3% in April 2014. Comparison of 

the percent cover of different benthic forms between the preliminary assessment in 

September 2012 and final observation in September 2014 revealed a net decline of 

17.28% of CCA (Fig 3.4b). In addition, 9.2 ± 0.14% of CCA was observed to be 

degraded with no signs of recovery.  Based on the coefficient of determination value 

(R
2
=0.67), 67% of the variation in the percent cover of CCA is driven by the variation 

in the percent cover of macroalgae at the study sites of Mandapam (Fig 3.5b).  
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Table 7- Results of paired t-test testing the significance of variation in the temporal 

pattern of the percent cover different benthic forms in Mandapam. 

Biophysical form t value df Level of 

significance (0.05) 

CCA -3.390 5 0.019 

MA 1.053 5 0.340 

HA 0.364 5 0.731 

HLC 0.094 5 0.929 

S&R -1.933 5 0.111 

DCA 0.955 5 0.383 

DCCA -4.298 5 0.008 

 

In Mandapam, the sampling months were grouped in to four individual 

clusters and the sampling month April 2013 forms a separate individual cluster due to 

high macroalgal cover (Fig 3.9). The sampling months August-September 2013 and 

May-July 2013 were merged in to clusters with an average similarity of 97.1 % and 

96.8 % respectively. In 2014, the sampling month April was merged with May and 

June with an average similarity of 96.4 %. Similarly, July-September forms a separate 

cluster with an average similarity of 94.7 %. The benthic community structure 

differed with an average dissimilarity of 11.63% in Mandapam between 2013 and 

2014 (Table 8). The persistence of macroalgae and the simultaneous rise in the 

percent cover of DCCA had contributed a maximum of 34.09% and 30.67% to the 

observed dissimilarity in the benthic community structure at Mandapam. 
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Fig 3.9. Bray-Curtis cluster analysis of the sampling months based on the average 

percent cover of different benthic components at Mandapam. 

Table 8- Results of SIMPER analysis on the average percent cover of different 

benthic forms at Mandapam during the study period. 

Mandapam  2013 vs 2014, Average Dissimilarity = 11.63 % 

Benthic 

component 

Average abundance Average 

dissimilarity 

% 

contribution 

Cum % 

 2013 2014    

MA 2.68 2.02 3.96 34.09 34.09 

DCCA 1.35 2.33 3.57 30.67 64.76 

Halimeda 2.04 1.69 2.51 21.62 86.38 

CCA 3.34 3.35 1.10 9.44 95.81 

 

3.4. DISCUSSION 

Observations on the dynamics of coral reef communities revealed occurrence 

of seasonal macroalgal blooms and their dominance over other benthic forms at the 

study sites of Vedhalai and Mandapam. The macroalgae was observed either to be 
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attached or form a matrix covering all the available hard substrates including live 

corals, dead corals, CCA and rocks. The CCA population showed signs of recovery as 

their percent cover increased post the macroalgal bloom during the final observations. 

Whereas, the HLC population was unable to recover and their percent cover 

decreased. The short term proliferation of macroalgae is a normal reef process and 

considered to have no significant impacts on coral communities (Hughes et al. 2010). 

However, in this study the short term bloom of macroalgae reduced the HLC and 

CCA cover at the study sites of Vedhalai and Mandapam respectively over a period of 

two years. 

The macroalgae C. racemosa grew luxuriantly during the summer months 

(April and May) at the study sites of both Vedhalai and Mandapam in Palk Bay. The 

specific causes of this seasonal bloom of macroalgae is not clear though it is likely to 

be associated with their life history traits, reproductive cycle and environmental 

conditions especially light, water temperature and day length (Hughes et al. 1999).  

Most macroalgae reproduce by means of producing spores and vegetative 

propagation. The spores of macroalgae remain in the reef ecosystem and it starts 

blooming upon the arrival of optimal environmental conditions which is highly 

variable for different species of macroalgae (Harley et al. 2012). Extensive blooms of 

macroalgae, such as Chnoospora and Hydroclathrus were reported in the shallow reef 

flats of Great Barrier Reef during winter (Diaz-Pulido and McCook 2008). Similarly, 

Sargassum sp was reported to bloom during the summer months (Diaz-Pulido and 

McCook 2005, Martin-Smith 1993, Vuki and Price 1998). 

C. racemosa bloom resulted in partial mortality among the HLC colonies 

facilitating the settlement and growth of turf algae and increased the percent cover of 

LC/TA in Palk Bay. Mortality among the live coral colonies generally increases the 
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availability of substratum for the attachment and subsequent growth of turf algae 

(Adjeroud et al. 2009).  Normally, the live corals possess resistance mechanism 

against the attachment and growth of macroalgae, turf algae and borers (Bonaldo and 

Hay 2014, Rasher et al. 2011). However, the mechanism by which the macroalgae 

colonize the HLC remains unclear. Though corals and macroalgae compete for space 

in a reef ecosystem, corals are often successful against macroalgae under pristine 

environmental conditions (Nugues et al. 2004). However under extreme conditions 

like increased temperature and radiation, corals are stressed and their resistance 

potential is compromised enabling the algae to colonize them. In Palk Bay reef, the 

seasonal bloom of macroalgae occurred in the summer months during which the 

corals were reported to start bleaching. In general, bleaching is a stress response in 

corals due to increased sea water temperature and radiation. During bleaching, corals 

expel their symbiotic zooxanthellae due to oxidative stress, starve for nutrients and 

exist in a stressed condition (Gates et al. 1992) which could favored the colonization 

of turf algae and macroalgae.   

Increase in the percent cover of turf and macroalgae and their persistence at 

the study sites of Palk Bay potentially reduced the availability of hard substratum for 

other reef processes such as coral larval settlement and recruitment. The reef 

ecosystem in Palk Bay is a potential fishing ground for small scale fishermen and the 

herbivore fishes are exploited in large quantity compared to fishes of other functional 

groups (Manikandan et al. 2014). Also, it has been reported that the damage incurred 

during reef fishing activities opens up the substratum for the attachment of turf algae 

and macroalgae and its subsequent growth. All these factors had contributed to the 

consistent presence of macroalgae and turf algae even after the bloom gets washed off 

from the study sites in Palk Bay. Increase in the level of dissolved nutrients especially 
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that of nitrogen and phosphorus also increase the biomass of algae during this kind of 

seasonal macroalgal blooms (Lapointe 1999, Hughes et al. 1999).  

The Successive macroalgal blooms in 2013 and the increase in the percent 

cover of Halimeda sp in 2014 had reduced the percent cover of CCA at the study sites 

of Mandapam. CCA are the important components of reef ecosystem and they 

promote the settlement and growth of coral larvae (Morse et al. 1988, Morse et al. 

1996, Heyward and Negri 1999, Harrington et al. 2004). Reduction in CCA cover 

could substantially affect the coral recruitment and metamorphosis which has been 

one of the key to reef resilience. With enormous reproductive potential by vegetative 

propagation and propagules production, macroalgae can colonize the available hard 

substrates under favorable conditions. CCA has been reported to control the 

macroalgal population in a reef by providing shelter to micro-herbivores (Paine 1980, 

Steneck 1997) by shedding their thalli and preventing the establishment of 

macroalgae (Johnson and Mann 1986). Contrary to this, observations in this study 

revealed that during macroalgal bloom both C. racemosa and E. flexuosa were 

attached to the CCA substrate. Experimental evidences also indicate that CCA 

suppress the recruitment and the subsequent growth of macroalgae (Vermeij et al. 

2011). However, these results are based on the experiments carried out using a single 

macroalgae Ulva sp and it cannot be generalized for other macroalgal species as the 

interaction of CCA may vary with different algal species and the prevailing 

environmental conditions.  

Availability of hard substratum and the successful settlement and growth of 

coral larvae has been the key for recovery of any degraded reef (Shinn 1976, Gilmour 

et al. 2013). The live corals which turns dead due to an extreme event like bleaching, 

storm damage, predation, diseases etc. can still contribute to the recovery of a 
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degraded reef by serving as a hard substrate for the settlement of new coral larvae 

(Wallace et al. 1986, Norstorm et al. 2007). Seasonal macroalgal blooms and gradual 

increase in the percent cover of calcareous algae Halimeda sp had reduced the 

availability of hard substratum such as dead corals and CCA cover to a large extent at 

the study sites of Vedhalai during the study period of 2 years. In addition, thick mat of 

turf algae was also observed over the dead corals which will trap the fine sediments in 

water column and inhibit the settlement of new coral larvae (Birrell et al. 2005). 

Presence of a healthy stock of herbivore fish population and grazing of turf algal 

substrate can reverse this scenario and favor the successful settlement and recruitment 

of corals (Hughes et al. 2007a). However, the herbivore fish population was assessed 

to be low in diversity and quantity and also exploited in large quantity along Palk Bay 

reef (Manikandan et al. 2014). 

The rate of loss of HLC cover over the study period of two years was high in 

Palk Bay reef. The HLC colonized by macroalgae and turf algae continues to degrade 

without any signs of recovery. Recovery of corals post a stress event like macroalgal 

bloom is rare due to the persistence of macroalgae and exploitation of functionally 

important herbivore fish from the reef (Hughes 1994, Gardner et al. 2003). In Palk 

Bay reef, persistence of macroalgae bloom ranges between a maximum of 45 days to 

a minimum of 30 days and is capable of reducing the HLC cover. Natural recovery of 

corals under favorable conditions will take decades and also depends on the species 

composition of the reef (Hunter and Evans 1994, Idjadi et al. 2006). Recovery of 

corals was rapid in the reefs dominated by fast growing Acropora sp through rapid 

tissue regeneration (Diaz-Pulido et al. 2009). In Palk Bay, species diversity of corals 

was low and dominated by massive corals belonging Porites, Favia and  Favites sp 
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(Unpublished data) and the chances of recovery by means of tissue regeneration 

appears remote.  

In conclusion, the seasonal bloom of macroalgae, underestimated to be a 

normal reef process reduced the total cover of important reef components such as 

HLC and CCA in Palk Bay reef. The annual rate of loss of HLC and CCA is typically 

high and the persistence of macroalgae and calcareous algae reduced the chances of 

recovery of the corals though the CCA population showed signs of recovery. Increase 

in the percent cover of LC/TA and LC/MA further hinders the recovery of corals. 

With limited diversity of slow growing massive corals, it is likely that the Palk Bay 

reef will turn in to an algal reef in future with the continuing trend in the decline of 

HLC population. Experimental studies reported the relation of increased level of 

nitrogen and ammonia with the seasonal algal blooms (Stimson et al. 1996). However, 

in this study the threshold level of nutrients associated with the algal blooms was not 

investigated and the future research should focus on it. 
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Chapter 4 

Bleaching and Recovery patterns of 

corals in Palk Bay 

4.1. INTRODUCTION 

Coral reef ecosystems are under serious threat due to the impacts generated by 

the processes of climate change. The frequency and severity of coral bleaching events 

increased in recent years affecting the resilience potential of the corals. Mass coral 

bleaching associated with increase in the Sea Surface Temperature (SST), 

Photosynthetically Active Radiation (PAR) and diseases drives the degradation of 

corals globally (Brown 1997).  The coral bleaching phenomenon was characterized by 

the loss of color in the coral colonies due to expulsion of symbiotic zooxanthellae. 

Increase in SST often results in an oxidative stress resulting in the production and 

accumulation of reduced oxygen intermediates such as Superoxide radicals, singlet 

oxygen, hydrogen peroxide and hydroxyl radicals and damages the cellular 

components including DNA, lipids and proteins (Lesser 2011). The oxidative stress 

response of corals is exaggerated during the incidence of high irradiances damaging 

the photosystem of symbiotic zooxanthellae affecting their CO2 fixation (Lesser 1997, 

Jones et al. 1998, Warner et al. 1999). 

Coral bleaching was first reported by Vaughan (1914) and later described by 

Glynn (1984). Since then, the coral bleaching has become a common phenomena 

occurring in all the major reefs resulting in a significant loss of live coral cover 

(Spencer et al. 2000, Marshall and Baird 2000, Arthur 2000, McClanahan 2007). The 

frequency of coral bleaching events were predicted to increase in the upcoming years 
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minimizing the time available for the recovery of corals and elevate their risk of 

extinction (Donner et al. 2005, Logan et al. 2014). Apart from this, coral bleaching 

has severe ecological implications including coral mortality, reduced coral growth, 

changes in community structure, decrease in species diversity and decrease in fish 

assemblage (Booth and Beretta 2002, Bellwood et al. 2006a, Baird and Marshall 

2002, Glynn 1996, Ostrander et al. 2000). In addition, coral bleaching also weakens 

the reef frame work and its structural complexity resulting in the loss of critical 

habitats for the reef fishes (Baker et al. 2008). 

Corals can mitigate the thermal stress through a variety of adaptive strategies 

including shuffling their zooxanthellae symbionts towards housing the thermo tolerant 

clades (Baker et al. 2004, Jones et al. 2008, Coffroth et al. 2010, Silverstein et al. 

2012); by acquiring different types of symbionts from the environment in addition to 

the maternally inherited ones (Byler et al. 2013). Corals also increase the expression 

of heat shock proteins, photo protective proteins and antioxidants etc. during the 

bleaching period to make the coral symbiont more thermo tolerant (Robinson and 

Warner 2006, Coles and brown 2003, Sampayo et al. 2008, Van Woesik 2011). In 

addition to the adaptive mechanism evolved by the corals, there are numerous 

environmental factors that reduce the incidence and severity of bleaching by 

minimizing the temperature and radiation reaching the corals (Salm et al. 2001). 

Physical processes such as upwelling of cold waters and stronger currents mitigate the 

coral bleaching by reducing the sea water temperature (Chou 2000, Goreau et al. 

2000) and flushing out the lethal oxygen radicals respectively (Nakamura and van 

Woesik 2001). On the other hand high levels of suspended particles and 

chromophoric dissolved organic materials in the water column attenuate the light 
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reaching the corals and thereby minimize the impacts of coral bleaching (Goreau et al. 

2000, Anderson et al. 2001).  

Coral bleaching often resulted in mass mortality of corals enabling the other 

communities to dominate the reef. Macroalgal phase-shifts were common in the reefs 

that were severely affected by bleaching (Diaz-Pulido et al. 2009, Bruno et al. 2009). 

However, numerous studies reported the recovery of corals post major bleaching 

event (Golbuu et al. 2013, Rodrigues and Grottoli 2007, Gilmour et al. 2013). 

Recovery of corals post a bleaching event depends on food availability (Connolly et 

al. 2012); replenishment of energy reserves and tissue biomass by the corals 

(Rodrigues and Grottoli 2007); availability of new coral recruits (Hughes et al. 1999); 

reduced pressure from the local and regional stressors (Graham et al. 2011); presence 

of healthy stock of reef fishes (Mumby et al. 2007) and effective management through 

marine protected areas (Mumby and Harborne 2010). Berkelmans (2002) 

demonstrated the linkage between the dissolved inorganic nitrogen loading in the reef 

environment and the upper thermal bleaching thresholds of corals in inshore reefs. 

Improved coral reef management that minimizes the terrestrial inputs will help the 

corals resisting the bleaching related effects (Wooldridge 2009). 

There were no records on coral bleaching in India till the 1998 major 

bleaching event. The 1998 bleaching event resulted in the significant loss of corals in 

all the major reef regions of India (Ravindran et al. 1999, Pet-Soede et al. 2000, 

Arthur 2000). Post bleaching recovery process was slow and was strongly influenced 

by the local processes (Arthur 2006). Post 1998, two other bleaching events were 

reported including the one in 2002 (Kumaraguru et al. 2003) and other in 2010 

(Ravindran et al. 2012, Vinoth et al. 2012) which significantly reduced the live coral 

cover. Although, coral bleaching reported occasionally in the Indian reefs, it turned 
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out to be an annual event as revealed by the local reef users. Under this objective, we 

present the results of bleaching and recovery patterns of corals in Palk Bay for two 

consecutive years 2013 and 2014. In addition, we monitored the temporal pattern of 

SST and PAR to analyze their effects on differential bleaching extent among various 

coral species. 

4.2. MATERIALS AND METHODS 

4.2.1. Study sites 

Observations on the bleaching and recovery patterns of corals were carried out 

at Vedhalai and Mandapam along the Palk Bay reef. Location of the study sites was 

presented in the Fig 4.1.  

 

Fig 4.1. Location of the study sites observed for bleaching and recovery of corals. 
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4.2.2.  Bleaching survey method 

Observations on the bleaching and recovery response of corals were carried 

out following the permanent quadrat method (English et al. 1997) with slight 

modifications. An area of 100 m
2
 was demarcated at 6 locations spanning both 

Vedhalai and Mandapam reefs as described in Manikandan et al. 2014 and fixed in 

permanence. All the coral colonies that falls within the effective area of the quadrat 

were tagged for continuous observations. The corals were photographed using 

Olympus µtough 8000 camera in underwater macro mode for identification. The 

corals were identified up to the genus level using high resolution photographs using 

the identification keys described by Veron (2000) and Venkataraman (2003). The 

corals couldn’t be identified at species level due to the legal restrictions in collection 

of coral samples in India. 

In-situ observations on bleaching, recovery and post bleaching mortality were 

carried out between March to September in 2013 and 2014 at weekly intervals. The 

corals upon bleaching were categorized in to four categories namely severely 

bleached (Corals that completely turned white); moderately bleached (Corals that 

turns pale in color); Unbleached (Corals that were unresponsive to bleaching) and 

Recovering (Corals that underwent bleaching and recovering to their normal state) 

(Fig 4.2). The bleaching response of corals was reported as the percentage of corals 

that exist in each different bleaching category relative to the total number of corals 

that were tagged. Observations on coral bleaching and recovery response were carried 

out at an interval of eight days between March to July during the study period. 

Thereafter, the observations were extended till September with same time interval to 

account for a potential post-bleaching mortality among tagged coral colonies. 
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Fig 4.2. Coral colonies in different bleaching category. (a) Severely bleached (b) 

Moderately bleached (c) Unresponsive/healthy; (d) Recovering. 

4.2.3. Environmental conditions during bleaching 

SST and PAR are the two critical factors responsible for the coral bleaching. 

The SST over the Palk Bay region was monitored continuously during the study 

period between March to July in 2013 and 2014. Data on SST was obtained from a 

daily 9km optimum interpolated global SST (MODIS+TMI) dataset (ww.misst.org). 

The data was a merged product of both day and night in the Infrared and microwave 

wavelengths. From these data, average SST for every eight days was calculated and 

plotted since the in-situ observations on bleaching were carried out every 8 days. 

PAR is one of the critical parameter determining bleaching. It is defined as the 

integration of the solar flux reaching the ocean surface and denoted as Einstein m
-2

d
-1

. 

It determines the type and amount of light needed for the growth of corals. In this 
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study, PAR data at the ocean surface with a spatial resolution of 4 km was obtained 

from Moderate Resolution Imaging Spectroradiometer (MODIS) satellite. Similar to 

SST, the PAR values averaged for every 8 days was obtained for the period of March 

to September in 2013 and 2014. The data was downloaded from the website 

(http://oceandata.sci.gsfc.nasa.gov). MODIS-Aqua satellite has ocean bands 8, 9, 10, 

11, 12, 13, 14 in the visible range and the PAR values are estimated using these bands 

with specific algorithms (Frouin 2002). 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 in the order of 5-8%, with an individual estimation errors as high as 

21% (Van Laake and Sanchez-Azofeifa 2005). This PAR data was used as the high 

resolution PAR measurements are not available in this region. Since the sampling 

depth is around 2m in clear waters, the PAR value on the surface may not change 

significantly during the downwelling. This PAR value must be giving representative 

information on the available light as the conditions remain same in the water column. 

4.2.4. Analysis 

Data from all the permanent quadrats were pooled and the bleaching and 

recovery response of corals is expressed as the average proportion of coral colonies in 

each bleaching category at the given time of in-situ observations. The proportion of 

coral colonies in different bleaching category was determined by summing up the 

number of corals that exist in each bleaching category at the time of observation 

relative to the total number of coral colonies tagged for continuous observation. One-

way ANOVA was used to test the significance of monthly variation in the SST and 

PAR in 2013 and 2014 and the bleaching response among corals in 2013 and 2014. 

The data on the proportion of corals in different bleaching category at the given time 

interval was log10(x+1) transformed to meet the assumptions of ANOVA. Multiple 

http://oceandata.sci.gsfc.nasa.gov/
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regression analysis was performed to analyze the relationship between the SST and 

PAR with the proportion of severely bleached coral colonies in 2013 and 2014. The 

proportion of severely bleached coral colonies were entered as the dependent variable 

and the values of SST and PAR were entered as the independent variables. The 

analysis was performed using SPSS statistical software Version 16.0. 

4.3. RESULTS 

A total of 256 coral colonies representing five genera of corals were recorded 

in the permanent quadrats setup in Palk Bay reef. Leptastrea sp was dominant 

(58.1%) followed by Porites (18.1%), Favia (12.7%), Favites (6.3%) and Cyphastrea 

sp (4.5%). The proportion of severely bleached coral colonies were high in 2014 

compared to 2013 corresponding to the increase in the intensity of SST and PAR in 

2014. Corals of different genera differ in their sensitivity to bleaching and the corals 

of Favites and Leptastrea sp were more sensitive being the first to bleach. Cyphastrea 

sp and few colonies of Leptastrea sp were unresponsive to bleaching. 

4.3.1. Bleaching event 2013 

The temporal pattern of SST and PAR during the study period in 2013 was 

presented in the Fig 4.3. There exist a statistically significant variation in the temporal 

pattern of SST during the study period in 2013 (One-way ANOVA, df= 4; F= 12.03; 

Fcrit= 3.05; p value= 0.0001<0.05). However, the PAR values does not differ 

significantly during the study period (One-wayANOVA, df= 4; F= 2.21; Fcrit= 3.05; p 

value= 0.11>0.05). The mean SST and PAR was below 30 °C and above 50 Em
-2

d
-1

 

respectively during March 2013. The coral colonies within the permanent quadrats 

were healthy without any signs of bleaching during the first two weeks of March 

2013. Bleaching was first witnessed among the Favites and Leptastrea colonies 

during the third week of March 2013. During this period, 2.7% of the corals of 
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Favites and Leptastrea sp were moderately bleached. The mean SST continued to 

increase above 30 °C and PAR values were stable >50 Em
-2

d
-1

. Correspondingly, the 

proportion of moderately bleached colonies increased to 10% by the end of March 

2013.  

 

Fig 4.3.Temporal pattern of Sea Surface Temperature (SST) and Photosynthetically 

Active Radiation (PAR) during the bleaching event 2013. 

 

The average SST and PAR was stable above 30 °C and 52 Em
-2

d
-1 

respectively 

during the first week of April. In total, 4.5% of the corals of Favites sp were severely 

bleached and 11.8% of the corals including Favia and Leptastrea sp were moderately 

bleached. The average SST and PAR values continued to increase to a maximum of 

31 °C and 53 Em
-2

d
-1

 by the third week of April 2013. Correspondingly, the 

proportion of severely bleached and moderately bleached coral colonies including 

Favites, Leptastrea and Favia sp increased to 11.8% and 17.3% respectively. Though 

the average PAR drops below 50 Em
-2

d
-1 

by the last week of April 2013, the SST was 
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high above 31 °C and increased the proportion of severely bleached colonies to 

13.6%. The massive Porites sp started bleaching during this period and increased the 

proportion of moderately bleached colonies to 27.3%.  

In May 2013, the average SST was stable above 30 °C and PAR values 

fluctuated between a maximum of 52.7 Em
-2

d
-1 

to a minimum of 48.9 Em
-2

d
-1

. 

Majority of the Porites sp turns pale in color and increased the proportion of 

moderately bleached coral colonies to 43.6% by the third week of May. In addition, a 

maximum of 13.6% of the corals represented by Favia and Leptastrea sp were 

severely bleached. However, 3.6% of the corals of the Favites sp that was severely 

bleached showed signs of recovery during this period. Further recovery was observed 

with Favia and Leptastrea coral colonies as the average SST and PAR values drops 

below 30 °C and 50 Em
-2

d
-1 

respectively by the end of May 2013. Corresponding to 

this, the proportion of recovering coral colonies increased to 8.2%. 

Majority of the corals belonging to Favia, Favites and Leptastrea sp that were 

severely and moderately bleached were completely recovered as the average SST and 

PAR dropped below 30 °C and 48 Em
-2

d
-1 

respectively in the second week June 2013. 

However, 2.7% of the corals represented by the Porites sp were severely bleached; 

26.3% comprising Porites and Leptastrea sp were moderately bleached; 22.7% of 

Leptastrea and Favia sp were recovering and 48% of the corals were healthy and it 

includes those corals that were recovered from bleaching by the end of June. 

Recovery signs were observed with Porites sp by the second week of July 2013 as the 

average SST and PAR values were stable below 29 °C and 48 Em
-2

d
-1

. Majority of the 

Porites sp had recovered and a total of 5.4% of the Porites sp were still recovering by 

the end of July. The bleaching and recovery response of corals in 2013 was 

summarized in the Fig 4.4. In total, 33.6% of the coral colonies comprising 
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Cyphastrea and few Leptastrea sp were unresponsive to bleaching and remains 

healthy during the entire bleaching episode. Subsequent observations in August and 

September 2013 revealed the recovery of all the bleached coral colonies without any 

mortality among the corals. 

 

Fig 4.4.Bleaching and Recovery patterns of corals along the Palk Bay reef during the 

bleaching event in 2013. 

4.3.2. Bleaching event 2014 

Overall bleaching and recovery response among corals in Palk Bay differed 

significantly in 2014 compared to 2013 (One-way ANOVA, df= 1; F= 7.43; Fcrit= 

4.09; p value= 0.009<0.05). Similar to 2013, in-situ observations on coral bleaching 

was started in March 2014 and continued till September 2014. Unlike 2013, both SST 

(One-way ANOVA, df= 4; F= 12.5; Fcrit= 3.05; p value= 0.0001<0.05) and PAR 

(One-way ANOVA, df= 4; F= 3.41; Fcrit= 3.05; p value= 0.03<0.05) varied 

significantly in their temporal pattern during the study period in 2014. 
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Fig 4.5. Temporal pattern of Sea Surface Temperature (SST) and Photosynthetically 

Active Radiation (PAR) during the bleaching event 2014. 

The mean SST was <30 °C and the PAR values were high fluctuating between 

a minimum of 51.03 Em
-2

d
-1

 to a maximum of 54.3 Em
-2

d
-1

 in March 2014 (Fig 4.5). 

The first visible signs of bleaching were witnessed during the second week of March 

comparatively earlier than 2013. In total, 19.1% of the corals of Leptastrea, Favia and 

Favites sp were moderately bleached by the second week of March 2014. As the 

average PAR values were stable above 54 Em
-2

d
-1

 during the third and fourth week of 

March 2014, 1.8% of the corals of Favites sp were severely bleached and 30.9% of 

the corals of Favites, Leptastrea and Porites sp were moderately bleached. Similar to 

2013, Cyphastrea sp and few Leptastrea colonies were unresponsive to bleaching.  

The proportion of severely and moderately bleached coral colonies increased 

up to 8.2% and 40% respectively by the second week of April 2014 (Fig 4.6). During 

this period, the average SST fluctuated between 30-31.5 °C and the average PAR 

values were stable above 54 Em
-2

d
-1

. Thereafter, the average PAR values dropped 
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below 52 Em
-2

d
-1 

by the third week of April 2014. However, the average SST 

increased >31°C and increased the proportion of severely and moderately bleached 

coral colonies to 15.5% and 56.4% respectively by the last week of April 2014. As the 

average SST and PAR values were stable above 30°C and 50 Em
-2

d
-1

, 3.6% of the 

massive Porites sp was severely bleached and it increased the proportion of severely 

bleached coral colonies to 25.4% by the second week of May 2014. In addition, 

62.7% of the corals of Porites, Leptastrea and Favia sp were moderately bleached 

during this period. 

 

Fig 4.6. Bleaching and Recovery patterns of corals at the study sites of Palk Bay 

during the bleaching event in 2014. 

The proportion of severely bleached coral colonies gradually increased and 

reached a maximum of 53.6% by the first week of June 2014. Though the average 

PAR values dropped below 50 Em
-2

d
-1 

during this period, the average SST was high 

(>30 °C). Recovery signs were observed among the coral colonies during the second 
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week of June 2014 as the average SST and PAR values dropped below 30°C and 50 

Em
-2

d
-1

 respectively. In total, 8.2% of the corals of Leptastrea and Favites sp showed 

signs of recovery during this period. Though the average PAR values fluctuated 

between a maximum of 51.5% to a minimum of 47.9%, the average SST was 

consistent below 30°C by the end of June 2014. Corresponding to this, the proportion 

of severely bleached coral colonies reduced to 16.4% with a simultaneous increase in 

the proportion of the recovering coral colonies to 55.5% by the end of June 2014. 

Subsequent observations revealed the complete recovery of Favia and Favites 

colonies. However, the recovery was slow among the Porites sp and few Leptastrea 

colonies and they together added 19% to the total proportion of recovering coral 

colonies by the end of July 2013. Further observation in August and September 

revealed complete recovery of all the tagged coral colonies with zero percent 

mortality. As per the results of multiple regression analysis, 63% of the variation in 

the proportion of severely bleached coral colonies is explained by the variation in the 

SST and PAR values in 2013. Also, the variation in SST and PAR statistically 

significantly predicted the variation in the proportion of severely bleached coral 

colonies, F (2, 17) = 14.4, p value < 0.0005. However among the independent 

variables, only SST added statistical significance to the variation in the proportion of 

severely bleached coral colonies, p<0.05. In contrast, both SST and PAR contributed 

statistical significance to the variation in the proportion of severely bleached coral 

colonies in 2014, p<0.05. Variation in both SST and PAR together explained 39% of 

the variation in the proportion of severely bleached coral colonies and predicted the 

variation significantly, F (2, 17) = 5.4, p value < 0.0005 in 2014 (Table 9). 
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Table 9- Multiple regression analysis of the Sea Surface Temperature and 

Photosynthetically Active Radiation with the proportion of severely bleached coral 

colonies. 

Parameter Beta 

coefficients 

R
2
 F p value 

Bleaching 2013  0.63 14.4 <0.01 

SST 0.827   <0.01 

PAR -0.148   >0.01 

Bleaching 2014  0.39 5.48 <0.01 

SST 0.415   <0.01 

PAR -0.424   <0.01 

 

4.3.3. Differential susceptibilities among corals of different genera 

Corals of different genera differed in their sensitivity to bleaching and 

subsequent recovery process. Based on continuous observations the entire bleaching 

and recovery episode of corals in Palk Bay reef were categorized into three phases. 

Phase I- Time period between the initial signs of bleaching to a severely bleached 

state; Phase II – Time period between the severely bleached state to Initial signs of 

recovery; Phase III – Time period between the Initial signs of recovery to complete 

recovered state. The time lag between the first signs of bleaching to a completely 

recovered state among corals increased in 2014 compared to 2013 (Fig 4.7).In 2013, 

the total time lag varied between a minimum of 50 days to a maximum of 91 days 

whereas, it increased to a minimum of 98 days to a maximum of 112 days in 2014. 

The variation in the bleaching time lag between 2013 and 2014 was high among the 

corals of Favites sp (48 days) followed by Favia sp (42 days). 
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Fig 4.7. Time lag between different stages of bleaching between different genus of 

corals in 2013 and 2014. 

4.4. DISCUSSION 

Results of this study showed that the corals in Palk Bay possess the potential 

to recover back to their normal state without mortality despite an increase in the 

values of average SST and PAR during the study period. Elevated SST was 

considered to be the most common factor causing bleaching in corals (Jokiel and 

Coles 1990, Yee and Barron 2010, Krishnan et al. 2011). However, continuous 

observations on the bleaching and recovery patterns of corals in Palk Bay suggested 

that the PAR is the critical factor responsible for the onset of bleaching among the 

corals and SST further enhanced the bleaching response among the coral colonies. 

Production of Reactive oxygen species (ROS) by the symbiotic zooxanthellae in 

response to an increase in the PAR plays a critical role in triggering bleaching through 

photo-inhibition of photosynthesis among corals (Smith et al. 2005). Comparison of 

the climatic conditions preceding the previous bleaching events in 1998 and 2002 

with that of 2013 and 2014 showed an increase in the level of bleaching thresholds of 
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the corals in Palk Bay. An average PAR and SST of 47 Em
-2

d
-1 

and 30 °C resulted in 

severe bleaching among the corals in Gulf of Mannar (GoM) and Lakshadweep reefs 

(Sridhar et al. 2012) in 2002.Whereas, the initial signs of bleaching were observed 

only as the average PAR and SST exceeded 50 Em
-2

d
-1

 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 their adaptation and acclimatization patterns 

in response to the previous bleaching events. The ability of corals to shuffle their 

symbionts towards thermal and photo tolerant clades of zooxanthellae (Jones et al. 

2000) will increase the resistance potential of corals against the increasing SST and 

PAR. 

Comparison of the SST and PAR values revealed an increase in the values of 

both average SST and PAR in 2014 than 2013. Despite an increase in the intensity of 

bleaching conditions, all the corals recovered to their normal state without mortality. 

The corals existed in their severely bleached state for a prolonged period and also 

took more time to recover to their normal state in 2014 compared to 2013. The 

percentage of severely bleached corals was also higher in 2014 than 2013.  This could 

be attributed to the prolonged increase in the SST in 2014 compared to 2013. Though 

the PAR fluctuated between their minimum and maximum values during bleaching, 

the SST was stable above 30 °C for a maximum of 8 and 11 weeks respectively in 

2013 and 2014 and it increased the proportion of bleached coral colonies. Prolonged 

increase in the temperature could significantly affect the stability of symbiosis 

between the corals and zooxanthellae (Glynn and Croz 1990) resulting in their 

expulsion. However in Palk Bay, the prolonged increase in SST did not affect the 

survivability of corals. However, other impacts associated with the prolonged increase 

in SST needs to be investigated. Earlier, coral colonies were reported to exist in a 
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bleached state for 7 months and recovered in Florida (Szmant and Gassman 1990). 

Though this had no effect on the survivability of coral colonies, it impaired the 

reproductive potential of the corals.  

Corals of Favites and Leptastrea sp were more sensitive being the first to 

bleach though the average SST was <30 °C. On the other hand, no signs of bleaching 

were observed with the corals of Porites, Favia and Cyphastrea sp though the average 

PAR was >50 Em
-2

d
-
1 and the signs of bleaching were observed with these species 

only when the average SST rose above 30 °C. Corals belonging to the genus 

Cyphastrea are not affected by bleaching and remained healthy during the entire 

bleaching episode in both 2013 and 2014. Variations in the susceptibility of bleaching 

among different coral species were reported earlier in which the variation was 

determined by many factors including species assemblage (Marshall and Baird 2000); 

type of symbiont associated with corals (Rowan et al. 1997, Glynn 2001) and tissue 

thickness and colony growth morphology (Loya et al. 2001). Apart from the species 

specific characteristic of corals that aid to resist bleaching related stress, there were 

other external factors which found to be influencing the bleaching response of corals. 

West and Salm (2003) reviewed the external factors that contribute to the resistance 

potential of corals against bleaching. In addition, Ravindran et al. (2013) reported the 

presence of UV absorbing bacteria in the coral mucus which is suspected to produce 

UV absorbing compounds which is hypothesized to subsidize the effects of harmful 

UV radiation during the bleaching events. 

The varied bleaching and recovery response among corals might be due to 

their size class. The thermal tolerance limit of individual coral colonies were often 

attributed to the symbiotic zooxanthellae clades associated with corals (Sampayo et al. 

2008). Apart from the type of zooxanthellae clades, the size of coral colonies also 
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determines the ability of corals to resist bleaching. Corals of large size class were 

highly resistant to bleaching (Harriot 1985) compared to the corals of other growth 

forms. Also, the massive corals like Porites sp protect the symbiotic algae by 

withdrawing their polyps to a deeper shaded region (Jones et al. 2000). However, the 

SST and PAR values increased continuously that could have compromised the 

resistance and defence potential of the massive coral forms and triggered bleaching 

response in them. Simultaneous recovery process was slow among the massive corals 

and the recovery signs were observed only after the SST drops below 29°C. 

There was no post bleaching mortality among the corals in Palk Bay unlike the 

previous bleaching events observed during 2002 (Kumaraguru et al. 2003). Though 

this appears to be a positive sign of resilience, the zero mortality was largely due to 

the presence of thermal resistant coral species in abundance compared to the 

thermally sensitive ones.  The reef area of Palk Bay has been largely reduced since 

1996 with simultaneous increase in the area cover of seaweeds and sand (Sridhar et al. 

2010). In connection to this, the species diversity of corals was reduced to a greater 

extent possibly due to natural selection of those species which could tolerate the stress 

prevailing in Palk Bay. Earlier, a total of 63 sp of corals of 23 genera was reported 

from Palk Bay (Pillai 1969).  However, recent survey recorded a reduction in the 

species diversity of corals to 34 species of 15 genera (Venkataraman and Rajkumar 

2013). Massive corals belonging to Porites, Favia and Favites sp were abundant in 

Palk Bay which was reported to be thermally tolerant (Baker et al. 2008). Though 

Leptastrea sp were abundant in terms of number of colonies compared to other 

massive forms, they occur as small encrusting colonies and occupied less area 

compared to other massive forms of corals. Their niche under the holes and crevices 

of the dead corals and rocks would have offered protection against the radiation and 
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contributed to their success over bleaching induced stress. In general, the 1998 

massive bleaching event resulted in a widespread coral mortality and community 

structural shift in majority of the reefs (Loya et al. 2001). The impacts of 1998 

bleaching event and the subsequent recovery was not documented in Palk Bay reef 

and there was no clue about the factors responsible for an increase in the relative 

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

Increase in the frequency of stress conditions such as bleaching can influence 

the corals by minimizing the time available for corals to recover from the stress and 

lead to their mortality. In contrary, Brown et al. (2002) stated that exposure of corals 

to frequent stressors reduce their susceptibility to bleaching. The bleaching events and 

their frequency were not well documented in Indian reefs due to the lack of intensive 

field research in the country. Three major bleaching events reported in the Indian 

reefs since 1998 (Ravindran et al. 1999, Arthur 2000, Kumaraguru et al. 2003, 

Ravindran et al. 2012). In reality, coral bleaching occurs every year in Palk Bay and 

Gulf of Mannar reefs as reported by fishermen and local reef users and it remains 

unnoticed by scientific communities. Frequent bleaching events and the presence of 

regular stress conditions render the coral host with the potential to resist the bleaching 

related stress by shuffling their symbiotic algal partner (Buddemeier et al. 2004) and 

acclimatization to the environmental stress respectively (West and Salm 2003). The 

reef environment in Palk Bay is often stressful mainly due to excessive sedimentation, 

increased anthropogenic activities (Manikandan et al. 2014) and high temperature 

during summer (Wilson et al. 2005, Ravindran et al. 2012). Though the corals in Palk 

Bay were unable to resist the bleaching stress despite the frequent stress conditions, 

they were able to recover back to their normal state. Survival and recovery of corals 

during and post a bleaching event was largely influenced by the prevalence of 
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secondary stressors such as overgrowth of macroalgae, diseases and predator 

outbreaks (Miller et al. 2006, Carilli et al. 2009). Overgrowth of macro algae was 

reported to hinder the recovery of corals during the 2010 bleaching event in Palk Bay 

(Ravindran et al. 2012). Absence of such macroalgae overgrowth also aided the rapid 

recovery of corals post the bleaching event in 2013 and 2014. 

In conclusion, the results of this study indicated an increase in the stress values 

that triggered bleaching among corals did not have a significant impact over the 

survivability of corals in a reef which is dominated by stress tolerant coral species. 

This in turn will enable the Palk Bay reef to be coral dominant and contribute to the 

recovery of coral populations. However, this study focused only on the survivability 

of the corals. The survival of corals post bleaching have the capacity to enhance the 

resilience potential of the reef by ensuring the presence of corals and its contribution 

towards the functional diversity of a reef and defend against the disturbances. 
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Chapter5 

Reef fish stock, exploitation and its 

implications on the corals of Palk Bay 

 
5.1. INTRODUCTION 

Reef fishes are the important components of coral reef ecosystem contributing 

to their community and functional structure. The complexity of the reef habitat and 

the availability of food favor the settlement of reef fishes and contribute to the 

abundance, diversity and distribution of the reef fish population in a coral reef 

ecosystem (Gratwicke and Speight 2005). The interaction between the corals and 

fishes has both positive and negative implications over corals. The reef fishes depend 

on corals for their food and shelter and feed on coral tissues and mucus affecting the 

coral growth. New coral recruits are removed by the grazing fishes affecting their 

distribution. Grazing fishes significantly reduce the algal population by feeding on 

them and prevents their overgrowth on corals (Ogden and Lobel 1978, O’ Leary et al. 

2013). Reef fishes contribute to the recycling of nutrients in the reef ecosystem 

through defecation (Meyer and Schultz 1985).  Corallivore fishes produce sediment 

by feeding on the calcareous skeleton of corals which in turn contributes to the 

formation of reef and lagoon bases (Hixon 1997). Reef fishes excrete precipitated 

carbonate which contributes to the inorganic carbon cycle in the reef ecosystem.  

Herbivory by reef fishes is an important reef process that maintains 

equilibrium between the corals and macroalgae (Mumby 2006).  Diversity and 

abundance of the herbivore fish in a coral reef ecosystem provides numerous benefits 

that help in maintaining the community and functional structure of the reef (Burkepile 
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and Hay 2008). Certain herbivore fishes regulate the algae population and other 

specific herbivores play an important role in reversing the phase-shifts. The herbivore 

reef fish are classified as scrapers, grazers and browsers based on their function in the 

reef (Bellwood 1994). Scrapers remove algae, sediment and other material by taking 

non-excavating bites and create a substrate for the settlement of new coral recruits. 

Similarly, the grazers feed on epilithic turf algae which in turn limit the growth of 

macroalgae (Bellwood and Choat 1990). Browsers feed on individual algal 

components and remove only the algae and its associated epiphytes. They play a 

critical role in controlling the algal population over corals and also in reversing the 

coral-algal phase shifts (Green et al. 2009). Absence of herbivore fishes due to 

overfishing enables the macroalgae to overtake corals affecting the reef structure and 

integrity (Done 1992, Hughes et al. 2007a). 

Coral reef fishes are the major source of protein for at least 85% of the people 

living in the coastal areas (UNEP 2004). More than 80% of the world’s shallow reefs 

were severely exploited (Wilkinson 2002) to meet the growing demand for reef fish. 

Herbivore reef fish exploitation strengthens the algal competition with corals leading 

to their mortality, and turns a coral dominant reef into an algal reef (Hughes et al. 

2007b, Diaz-Pulido et al. 2009). The algae, based on their functional properties differ 

with their effect on corals (Jompa and McCook 2003). Recent studies showed the 

algae secrete toxic chemicals that killed live coral tissue (Rasher et al. 2011). The 

algal turfs killed the corals by trapping the sediments and smothering them. The corals 

were capable of recovering to their normal state after a major stress event like 

bleaching and it has been the key for reef resilience. Macroalgae and algal turfs in 

combination with sediment affect the coral resilience by preventing the settlement of 
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new coral recruits (Birrell et al. 2005) and recovery of corals after a stress event like 

bleaching.  

While exploitation of functionally important herbivore fish can have direct 

impact on corals, exploitation of predatory fishes resulted in trophic cascades and 

collapses the food web in a reef ecosystem (Wilson et al. 2008). Exploitation of reef 

fish had resulted in the outbreak of non-reef building taxa such as sea urchin 

Echinometra mathaei in Kenyan reefs (McClanahan and Shafir 1990) and crown of 

thorns star fish in Fiji (Dulvy et al. 2004). Structural complexity of the reef is critical 

to the biomass and species richness of the reef fish (Wilson et al. 2012). Mechanical 

damage to the corals during the reef fishing activities reduced the structural 

heterogeneity of the reef and decreased the shelter available for non-targeted 

herbivory fish making them vulnerable to predation (Dayton et al. 1995). 

Palk Bay region which encompasses a narrow reef in the southeast coast of 

India is a potential fishing ground with an average annual production of 85000 tonnes 

(Kumaraguru et al. 2008). Scientific literature on the fishery potential of Palk Bay is 

limited and there are no reports on the contribution of coral reefs to the total fish 

production in Palk Bay. Reef fishing in Palk Bay was active throughout the year 

except during the Northeast (NE) monsoon that falls between October to December 

every year. The peak fishing season in Palk Bay is between January to September and 

the fishing effort ranges between 30 days boat
-1

 month
-1 

in the intensive reef fishing 

sites and 15 ± 4 days boat
-1 

month
-1

 in lightly fished reef sites. Reef fishing in Palk 

Bay employs artisanal fishing gears like hooks and cages. In addition, some 

destructive fishing methods were practiced including suspended trap net method. In 

this method, the net is deployed enclosing a particular patch of corals and the corals 
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are beaten up using large wooden pestle to bring out the hidden fishes leading to their 

destruction. 

Healthy stock of reef fish in a coral reef ecosystem is one of the key resilience 

indicators (McClanahan et al. 2012). Knowledge on the standing stock of reef fish and 

the quantity of reef fish being exploited is important to regulate the fishing activities 

inside a coral reef ecosystem and thereby to ensure the presence of healthy stock of 

reef fishes for performing the reef functions. Under this objective, the standing stock 

of reef fish (defined by the number of fishes 200 m
-2

 reef area) and their diversity was 

recorded from the selected study sites in Palk Bay reef. In addition, quantity of reef 

fish exploited (defined by wet weight in Kg) and their diversity was recorded from the 

Palk Bay reef. The percent cover of different benthic forms, their diversity and the 

abundance of healthy live corals, live corals smothered by turf and macroalgae were 

observed across the reef fishing sites of Palk Bay with varying fishing effort and it 

was compared with the control reef site in Gulf of Mannar (GoM) where the reef 

fishing was banned for more than three decades to evaluate the impacts of reef fishing 

over the coral communities in Palk Bay reef. In addition, the reef fish stock and 

diversity of reef fishes has been recorded in the control reef site. 

5.2.MATERIALS AND METHODS 

5.2.1. Study sites 

In a snorkeling and SCUBA diving survey, two sites were observed each in 

Vedhalai (VDRF1 and VDRF2), Mandapam (MDRF1 and MDRF2) and Pamban 

(PBRF1 and PBRF 2) for their reef fish assemblage, coral community structure and 

coral status (Fig 5.1). A reef (MRC) near Manoli Island in the GoM was observed as a 

control site where reef fishing was banned for the more than three decades. The GoM 

reef encompasses 21 islands fringed with coral reefs and it was the first Marine 
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National Park in Southeast Asia. The fishing effort in Palk Bay reef was high in the 

western part comprising Vedhalai and Mandapam and low in the eastern part 

comprising Pamban and Rameshwaram. The reef fishing effort in the Vedhalai, 

Mandapam and Pamban locations were summarized in Table 10.  

 

 

Fig 5.1. Map showing the study locations in the Palk Bay and Gulf of Mannar Reef, 

Southeast coast of India. (VDRF 1 Vedhalai reef 1; VDRF 2 Vedhalai reef 2; MDRF 1 

Mandapam reef 1; MDRF 2 Mandapam reef 2; PBRF 1 Pamban reef 1; PBRF 2 

Pamban reef 2; MRC Manoli Reef Complex). 

 

 

 

 

 



95 | P a g e  
 

Table 10- Reef fishing effort in the intensively fished and lightly fished reef sites of 

Palk Bay. 

S. No Details Vedhalai and Mandapam 

reef 

Pamban reef 

1 Duration of Fishing January-September January- September 

2 No. of Fishing days month
-1

 30±1 15±4 

3 Fishing methods Cages, Shore seine, hooks, 

Trap nets 

Shore seine, Hooks, 

hand picking 

4 Hours of Operation 5±2 hours 3±1 hours 

5 No. of Boats 20±5 15±5 

6 No. of Fishermen’s  45±10 30±10 

 

5.2.2. Reef fish survey 

The standing stock of reef fish at the study sites was assessed following the 

reef fish visual census method on a belt transect (English et al. 1997). Two permanent 

transects of 50 m length with a width of 2 m on either side of the transect were laid, 

one parallel to the shore and the other perpendicular to the shore on the selected study 

sites in each reef, giving a total of 4 transects at each reef. The effective width of the 

transect was 4 m and the total area covered was 200 m
2
. The transect was left 

undisturbed for 15 minutes to enable the fishes to retain their normal behavior. The 

density of reef fishes was enumerated by swimming slowly along the transect and 

recorded as total number of fishes in 200 m
-2

 area. The fishes were identified to the 

highest taxonomic resolution possible in the field and identified up to species level 

using photographs and videos. Survey on the standing stock of reef fish was 

conducted between March – September in 2013 and 2014. Reef fish stock assessment 
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was not done between October to February due to rough weather conditions and poor 

visibility.  

5.2.3. Reef fish exploitation 

The diversity and the quantity of commercially exploited reef fishes in the 

Palk Bay reef was surveyed through a questionnaire with fishermen involved in reef 

fishing, under water observations in the fish traps and at the fish landings in Palk Bay 

on daily basis during the active fishing season in the years 2013 and 2014. The 

quantity of reef fish being exploited was averaged over the number of fishing days 

and the number of fishermen involved in reef fishing. Since the diversity of fishes 

being exploited and their quantity differs every day, the fishes were categorized as 

Scrapers, Grazers and Carnivores based on their functional group and reported as 

average kilograms (wet weight) of fish exploited in each functional group per day per 

fisherman. The reef fishes being exploited were identified following the standard 

identification keys (Allen et al. 2003, Rao 2004). 

5.2.4. Coral community assessment 

The community structure of the corals was analyzed following the photo 

quadrat method described by English et al. (1997) with slight modifications. A square 

shaped area of 100 m
2 

was demarcated using a 5 mm thick polypropylene rope 

consisting of 100 individual 1 m
2 

grids at each study site. Each of the 1 m
2
 quadrat 

was photographed using Olympus µ tough 8000 camera in an underwater macro 

mode. The quadrat images were processed manually by classifying different benthic 

forms including the abiotic forms like sand and rubbles and tracing them on a graph 

sheet. The area covered by each benthic form was measured with the factor of simple 

proportion relative to the total area of the quadrat in the graph sheet. The corals were 

identified to the genus level using the keys described by Veron (2000). 
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Status of the live coral colonies at the study sites was estimated following the 

belt transect method. A 50 m transect line was laid parallel to the shore at each study 

site and the observations were made following the belt transect survey, with a swath 

of 2.5 m on either side of the transect making the effective observed width as 5 m. 

The coral colonies, either live or partially live that falls within the transect were taken 

into consideration and categorized using a three point scale namely Healthy live coral 

(HLC), Live coral colonized by turf algae (LC/TA) and Live coral colonized by 

macroalgae (LC/MA). 

5.2.5. Analysis 

Shannon Index (H’) (loge based) was calculated for each study reef using the 

species richness and abundance (average density) of reef fish population for the years 

2013 and 2014 and it has been compared. Further the diversity indices values (H’) 

was converted in to Effective number of species (ENS) using the conversion (exp
H’

) 

described by Josts (2007) to observe the significance of differences between the 

annual variations in reef fish diversity during the study period. The reef fish density 

was averaged across the transects and study sites for each reef and is reported as 

average fish density of that particular reef. One way Analysis of Variance (ANOVA) 

was done to test for significant differences in reef fish density during the entire study 

period and for the contribution of herbivore and carnivore fishes to the total fish 

density. The values of reef fish density was log transformed to meet the assumptions 

of ANOVA. K-dominance curve was plotted using PRIMER statistical software  

V-6.1.2 for species abundance data to determine variation in reef fish density and 

diversity across the study sites.  

The coral community data were compiled to form a matrix showcasing the 

percent cover of different benthic forms in the study sites. The data was subjected to 
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the multivariate analyses to understand the present status of coral community 

structure. Principal component analyses (PCA) was done for different life-form 

categories observed in order to determine the most important benthic form 

contributing to the changes in the community structure. Bray-Curtis cluster analysis 

under the paired linkage was made to test the similarity between the intensive reef 

fishing sites, minimal reef fishing sites and control site. Principal Coordinate Analysis 

(PCoA) was done for segregating the study sites based on their similarity in the 

community structure. The relationship between the herbivore fish density and 

abundance of the healthy live corals was delineated using correlation analysis. All the 

statistical analysis was performed using the statistical software PAST, version 2.15. 

5.3.RESULTS 

5.3.1. Reef fish diversity 

In total, 38 species of reef fish of 21 genera were recorded from the selected 

study sites of Palk Bay. Herbivore fishes were less diverse comprising 14 species of 7 

genera compared to the carnivore fishes which comprise 24 species of 14 genera in 

Palk Bay. Diversity Index (H’, loge based) was typically high in Pamban measuring 

2.96 followed by Vedhalai (2.80) and Mandapam (2.56) in 2013. However in 2014, 

the diversity index decreased to 2.93 in Pamban; 2.67 in Vedhalai and 2.53 in 

Mandapam. One way ANOVA showed significant differences between the annual 

variations in the effective number of species among the study sites (One-way 

ANOVA, df= 2; F= 33.1; Fcrit = 9.5; p value = 0.009<0.05). The temporal pattern of 

the diversity index of the reef fishes during the study period in Palk Bay reef was 

presented in the Fig 5.2. 
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Fig 5.2. Temporal pattern of the Shannon Weiner Diversity index (H’, loge based)of 

the reef fish diversity at Palk Bay in 2013 and 2014. 

In total, Pamban comprise 33 species of reef fish of 18 genera followed by 

Vedhalai and Mandapam each comprising 27 species of 17 genera. Carnivore fishes 

were dominant over the herbivore fishes in terms of abundance and diversity at all the 

study sites. Herbivore fishes of 8 species of 5 genera were recorded in the Vedhalai; 

11 species of 7 genera in Mandapam and 13 species of 7 genera in Pamban. Herbivore 

fishes of Scarus, Siganus and Canthigaster sp were abundant at all the study sites 

compared to the other herbivore fishes. Vedhalai comprises 19 species of carnivore 

fishes belonging to 12 genera. Mandapam and Pamban comprise 16 species of 11 

genera and 20 species of 12 genera respectively. Apogon fasciatus, Synodus indicus 

and Terapon jarbua were abundant compared to the other carnivore fishes at all the 

study sites.  
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The reef fish diversity was high in the control site at GoM with a diversity 

index (H’) of 3.57 compared to the study sites at Palk Bay. In total, 50 species of reef 

fish belonging to 36 genera were recorded in the control site. The species richness 

was high among the carnivore fishes and it comprises 37 species of 29 genera 

compared to herbivore fishes which comprise only 13 species of 7 genera. Herbivore 

fishes of Scarus sp were the major contributor to the total herbivore fish density and 

Chaetodon collarae was dominant among the carnivore fish population. The diversity 

index of reef fishes in the control site decreased from 3.57 in 2013 to 3.51 in 2014. 

The list of reef fishes recorded in the Palk Bay and GoM study sites were presented in 

the Table 11. 

Table 11- List of reef fishes recorded in the study sites of Palk Bay and Gulf of 

Mannar. (+) indicates presence, (-) indicates absence. 

S. No Functional 

group 

Species Vedhalai Mandapam Pamban GoM 

1 Herbivores Acanthurus lineatus - - - + 

2 

 

Abudefduf septemfasciatus + + + + 

3 

 

Abudefduf vaigiensis + - - + 

4 

 

Acanthurus leucosternon - + + + 

5 

 

Acanthurus mata + + + + 

6 

 

Acanthurus nigrofuscus - - + + 

7 

 

Canthigaster solandri + + + - 

8 

 

Chaetodon deccusatus - + + + 

9 

 

Chlorurus gibbus - + + + 

10 

 

Scarus ghobban + + + + 

11 

 

Scarus gibbus + + + - 

12 

 

Scarus rubroviolaceous - - + + 

13 

 

Siganus canaliculatus + + + - 

14 

 

Siganus javus + + + + 

15 

 

Siganus lineatus - + + + 

16 

 

Zebrasoma veliferum - - - + 

 

Carnivores 

     17 

 

Acanthurus bleekeri - - + - 

18 

 

Apogon fasciatus + + + + 

19 

 

Apolemichthys xanthurus + - - + 

20 

 

Arothron immaculatus + + - + 

21 

 

Balistoides viridescens - - - + 
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22 

 

caranx heberi - - - + 

23 

 

Chaetodon collarae + - + + 

24 

 

Chaetodon octofasciatus - - - + 

25 

 

Chaetodon pleubis - + + + 

26 

 

Chelinus undulatus - - + + 

27 

 

Chiloscyllium griseum - - - + 

28 

 

Dascyllus reticulatus - - - + 

29 

 

Diagramma pictum - + + + 

30 

 

Diodon holocanthus - - - + 

31 

 

Epinephalus arolatus - - - + 

32 

 

Epinephalus cocoides + + + + 

33 

 

Epinephalus fasciatus + - + + 

34 

 

Epinephalus malabaricus + + + + 

35 

 

Ghathodon speciosus - - - + 

36 

 

Halichoeres nigrescens - - - + 

37 

 

Hemigymmus melapterus - - - + 

38 

 

Heniochus acuminatus - - - + 

39 

 

Labyoides dimicliatus - - - + 

40 

 

Lutjanus deccusatus + + + + 

41 

 

Lutjanus ehrenbergii + - + - 

42 

 

Lutjanus fulviflamma + + + + 

43 

 

Lutjanus fulvus + + + + 

44 

 

Lutjanus malabaricus + + - - 

45 

 

Mulloidichthys vanicolensis - - - + 

46 

 

Paraupeneus macronema - - - + 

47 

 

Pempheris molucca - - - + 

48 

 

Plectorhincus lineatus + - - + 

49 

 

Plotorus lineatus - - - + 

50 

 

Pomacentrus caeruleus + + + + 

51 

 

Psammoperca waigiensis + + + + 

52 

 

Pterocaesio chrysozona - - - + 

53 

 

Pterois volitans - - + + 

54 

 

Sargocentron rubrum + + + + 

55 

 

Synodus indicus + + - + 

56 

 

Terapon jarbua + + + - 

57 

 

Terapon puta + + + - 

58 

 

Upeneus vittatus - - - + 

 

The diversity and density of reef fishes varied along the study sites with varied 

fishing effort. Reef fishes of very few genera belonging to the Abudefduf, Scarus, 

Siganus, Apogon, Epinephalus, Lutjanus, Pomacentrus and Psammoperca were 

recorded from all the study sites. Rest of the species showed discrepancy in their 



102 | P a g e  
 

distribution between the study sites.  The difference in species richness and density 

during 2013 and 2014 was shown in the Fig 5.3 where the cumulative percentage of 

dominance of species is ranked on a logarithmic scale. The highest species diversity 

was evident in the control site at GoM followed by the Pamban at Palk Bay. 

 

Fig 5.3. K-dominance curve showing variation in the species richness of the reef fish 

population at the study sites of Palk Bay and Gulf of Mannar in 2013 and 2014. 

5.3.2. Reef fish density 

Density of reef fishes in Palk Bay during the study period was presented in the 

Fig 5.4. The mean density of reef fish (200 m
-2

 area) in 2013 was 55.28 ± 1.73  

(Mean ± SD) in Vedhalai; 39.64 ± 13.90 in Mandapam and 65.71 ± 12.1 in Pamban. 

Carnivore fishes were the major contributors to the total fish density accounting for 

77.5% in Vedhalai reef; 80% in Mandapam reef and 67.2% in Pamban reef. The mean 

density of carnivore fish population differs between a maximum of 50.5 ± 7.6 to a 

minimum of 39 ± 3.8 fishes 200 m
-2

 in Vedhalai; 38.5 ± 6.7 to 24.5 ± 0.9 in 

Mandapam; 46 ± 2.3 to 41.5 ± 2.14 in Pamban between the subsequent observations. 

Herbivore fishes contribute less to the total fish density accounting for 22.48% in 

Vedhalai; 20% in Mandapam and 32.7% in Pamban. The mean density of the 

herbivore reef fish population differs between a minimum of 9.5 ± 2.9 to a maximum 

of 15.5 ± 3.02 fishes 200 m
-2

 in Vedhalai; 6.5 ± 1.4 to 10 ± 2.07 fishes 200 m
-2

 in 
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Mandapam; 16.5 ± 5 to 29.5 ± 8 fishes 200 m
-2

 in Pamban. Changes in the reef fish 

density does not differ significantly between the subsequent observations in a 

particular year at all the study sites (p value = 0.9>0.05, 2013; p value = 0.8 >0.05, 

2014). 

 

Fig 5.4.Average density of Reef fishes at the study sites of Palk Bay during the study 

period. 

Observations in 2014 revealed decline in the total mean fish density at the 

study sites of Palk Bay. The mean reef fish density declined to 46.75 ± 4.3 in 

Vedhalai; 38.91 ± 12.2 in Mandapam and 62.75 ± 13.27 in Pamban. The decline in 

the total fish density between 2013 and 2014 was not statistically significant (One-

way ANOVA, df= 1; F= 0.15; Fcrit= 7.7; p value = 0.7>0.05). However, the 

contribution of herbivore fish to the total fish density increased up to 33.3% in 

Vedhalai ; 23.55% in Mandapam and 33.2% in Pamban in 2014 (Fig 5.5). The mean 

density of the herbivore fish population in 2014 ranges between 10 ± 5.5 to 19 ± 3.4 



104 | P a g e  
 

fishes 200 m
-2

 in the Vedhalai; 2 ± 7.1 to 15.5 ± 6.3 fishes 200 m
-2 

in Mandapam and 

13 ± 0.6 to 23 ± 2.1 fishes 200 m
-2 

in Pamban. Similarly the carnivore fish population 

ranges between 22 ± 6.3 to 38.5 ± 7.3 fishes 200 m
-2

 in Vedhalai; 10.5 ± 19.25 to 39 ± 

9.2 fishes 200 m
-2 

in Mandapam and 27.5 ± 14.41 to 50.5 ± 8.5 fishes 200 m
-2

. In 

general, the contribution of carnivore fishes towards total fish density differs 

significantly from that of herbivore fishes (p value <0.05) during the entire study 

period (Table 12).  

 

Fig 5.5. Contribution of herbivore and carnivore fishes to the total fish density at the 

study sites of Palk Bay in 2013 and 2014.  

Table 12- One way ANOVA revealing significant differences between the 

contribution of carnivore and herbivore fishes towards total fish density. 

Year Study site df F value F crit p value 

(0.05) 

2013 Vedhalai  1 242.1 4.7 2.5x10
-9

 

 Mandapam 1 188.3 4.7 0.1x10
-9

 

 Pamban 1 128.4 4.7 0.9x10
-9

 

2014 Vedhalai  1 31.3 4.9 0.0002 

 Mandapam 1 16.6 4.9 0.002 

 Pamban 1 34.1 4.9 0.0001 

 

The average density of reef fish in the control site was several times higher compared 

to the other study sites in Palk Bay which are influenced by reef fishing. The mean 
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density of reef fishes ranges a maximum of 242 ± 4.5 in 2013 and 233 ± 4.5 in 2014. 

Similar to Palk Bay, carnivore fishes were abundant contributing 63.2% and 59.2% to 

the total fish density in 2013 and 2014 respectively. However, the percentage of 

contribution of herbivore fishes had increased to 40.7% in 2014 compared to 36.7% in 

2013. 

5.3.3. Reef fish exploitation 

The list of commercially exploited reef fishes and their functional group were 

presented in the Table 13. An average of 8.9 ± 3.5 kg of Scrapers; 3.21 ± 2.1 kg of 

Grazers and 3.89 ± 1.4 kg of carnivores were exploited day
-1

 fisherman
-1 

in 2013. The 

average catch rate of scraper fishes including Scarus ghobban, Scarus ruboviolaceous 

and Scarus gibbus differs between a minimum of 5.75 ± 3.17 kg to a maximum of 

14.71 ± 5.78 kg day
-1

 fisherman
-1

. The average catch rate of scrapers differed 

significantly compared to that of grazers and carnivores (One-way ANOVA, df= 2; 

F= 14.7; Fcrit= 3.5; p-value = 0.0001<0.05). Among grazing fishes Signaus javus, 

Siganus canaliculatus and Siganus lineatus were targeted in large quantity and the 

catch rate differs between 2.08 ± 1.13 to a maximum of 5.4 ± 2.18 kg day
-1

  

fisherman
-1

. Similarly, among carnivore fishes Epinephalus, Lutjanus, Lethrinus and 

Psammoperca sp were maximum targeted and the catch rate differs between  

1.91 ± 1.98 to 5.1 ± 1.20 kg day
-1

 fisherman
-1

. 

The average catch rate of scrapers increased to 11.08 ± 5.2 kg in 2014 

comparatively higher than their average catch rate in 2013. However, increase in 

average catch rate of scrapers was not statistically significant (One-way ANOVA, df= 

1; F value = 1.98; Fcrit= 4.74; p value = 0.18 > 0.05). In 2014, the average catch rate of 

scrapers ranged between a minimum of 8.3 ± 2.78 to a maximum of 14.98 ± 3.89 kg 

day
-1

 fisherman
-1

. Similarly, the average catch rate of grazers and carnivores ranged 
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between 2 ± 0.96 to 3.89 ± 0.92 kg day
-1

 fisherman
-1

 and 6.81 ± 3.34 to 1.06 ± 2.4 kg 

day
-1

 fisherman
-1

 respectively (Fig 5.6). 

Table 13- List of commercially exploited reef fishes from Palk Bay reef. 

S. No Species Functional group 

1 Acanthurus bleekeri Zooplanktivore 

2 Acanthurus mata Zooplanktivore 

3 Acanthurus xanthopterus Grazer 

4 Epinephalus sp Carnivore 

5 Lutjanus deccusatus Carnivore 

6 Lutjanus fulviflamma Carnivore 

7 Lutjanus malabaricus Carnivore 

8 Lutjanus rivulatus Carnivore 

9 Psammoperca waigiensis Carnivore 

10 Scarus ghobban Scraper 

11 Scarus gibbus Scraper 

12 Scarus riboviolaceous Scraper 

13 Siganus canaliculatus Grazer 

14 Siganus javus Grazer 

15 Siganus lineatus Grazer 

 

 

Fig 5.6. Temporal pattern of exploitation of reef fishes of different functional groups 

at Palk Bay in 2013 and 2014. 
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5.3.4. Coral community structure 

 Corals at the study sites of intensively fished Vedhalai and Mandapam were 

severely degraded owing to the mechanical damage, algal turf and macro algal 

colonization. Community structure analysis revealed majority of the corals were dead 

and the existing live corals exhibited partial mortality due to the colonization of turf 

and macroalgae. The percent cover of different benthic forms at the study sites were 

presented in Fig 5.7. Dead corals colonized by turf algae (DC/TA) predominates 

VDRF 2 and MDRF 1 accounting for 56.2% and 33.1% respectively. Whereas, VDRF 

1 and MDRF 2 was dominated by LC/TA which contributes 26.7% and 30.4% 

respectively. The rubbles cover was noteworthy in the intensive reef fishing sites 

compared to the control site MRC, as they provide direct evidence for the mechanical 

damage that arose due to the drifting activities of the fishermen in the reef fishing 

sites. The percent cover of LC/H was less than 3% in the intensive reef fishing sites 

except VDRF 1 (7.8 %). Algal competition by macro and turf algal assemblages on 

live corals were noticed more in intensively fished Mandapam reef sites than the other 

sites. More than 8% of live corals in the intensive reef fishing sites were colonized by 

the macro algal species like Caluerpa racemosa, Padina and Sargassum sp. Diversity 

of the live corals were dominated by massive colonies of Porites, Favites and Favia 

sp, whereas corals of other genera such as Acropora sp were dead due to turf algal 

colonization. Six species of corals belonging to four genera were recorded from the 

study sites of intensively fished Vedhalai and Mandapam. 
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Fig 5.7. Area cover of different reef community forms along the intensive reef fishing 

(VDRF 1, VDRF 2, MDRF 1 and MDRF 2) and mild reef fishing sites (PBRF 1 and 

PBRF 2) of Palk Bay and control site (MRC). CCA - Crustose coralline algae; R/MA 

- macroalgae attached to rubbles; DC/MA- dead coral colonized by macroalgae; 

LC/MA- live coral colonized by macroalgae; DC/TA- dead coral colonized by turf 

algal assemblage; LC/H- healthy live coral; LC/TA- live coral colonized by turf algal 

assemblage).  

The impacts of intensive reef fishing at Vedhalai and Mandapam reefs 

spreaded out to the Pamban reef (PBRF 1 and PBRF 2) despite the minimal fishing 

pressure. Live corals of 12.8% and 18.4% exhibited partial mortality due to turf and 

macro algal colonization in PBRF 1 and PBRF 2 respectively. Similar to the intensive 

reef fishing sites, DC/TA was dominant in both PBRF 1 (39.3%) and PBRF 2 (29.6%) 

reducing the availability of bare substrate for coral recruitment. The impacts of reef 

fishing were low in PBRF 2 compared to PBRF 1. It can be attributed to the level of 

proximity of these sites from the intensive fishing sites.  The live coral cover was high 

in PBRF 2 (17.9%) compared to PBRF 1 (7.1%). The taxonomic composition of 

corals was higher in the Pamban reef compared to the Vedhalai and Mandapam reefs. 

Ten species of corals of six genera were recorded in PBRF 1 and PBRF 2. Massive 
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Porites sp was abundant followed by Favia and Favites sp in these study sites. The 

Principal component analysis (PCA) revealed that the MRC and PBRF 2 contributed 

more live corals, according to the observation made in this study (Fig 5.8). The 

percent cover of LC/H was high in MRC and it accounts for 24%. However, LC/TA 

and LC/MA together contributes 12% and DC/TA contributes 17.3% to the total 

benthic community composition. Ten species of corals from seven genera was 

recorded in MRC, comparatively higher than the study sites influenced by reef fishing 

at Palk Bay. The diversity of corals at the study sites were summarized in the Table 

14. 

As per the results of Bray-Curtis cluster analysis under paired linkage the 

study sites were grouped into three major groups with more than 60% similarity, 

based on the benthic forms observed in this study (Fig 5.9). The Mandapam reef site 

(MDRF 1) was merged with Vedhalai reef sites (VDRF 1 and VDRF 2) due to similar 

composition of benthic life-form categories. Similarly, the Mandapam reef site 

(MDRF 2) was merged with Pamban reef site (PBRF 1). Due to similar composition 

of LC/H and LC/MA, PBRF 2 and MRC were merged in one single group. Hence, 

these two sites were separated from other sites in the Principal Coordinate analysis 

(PCoA) (Fig 5.10). It also showed a clear difference between intensive fishing reef 

and Non-fishing reef sites. 
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Fig 5.8.Principal component analysis (PCA) of the reef communities at the study sites 

of Palk Bay and Gulf of Mannar. 

Table 14- List of coral species recorded at the study sites of Palk Bay and Gulf of 

Mannar. (‘+’ indicates presence and ‘-’ indicates absence). 

Coral sp MRC VDRF 1 VDRF 2 MDRF 1 MDRF 2 PBRF 1 PBRF 2 

Acropora 

cyatherea 

- - - - - + + 

Acropora formosa - - - - - + + 

Cyphastrea 

microphthalma 

- + + - - - - 

Echinopora 

lamellosa 

+  - - - - - 

Favia pallida + + + + + + + 

Favia speciosa + + + + + + + 

Favites halicora + + + + + + + 

Goniastrea sp + - - - - - - 

Montipora foliosa + - - - - - - 

Porites annae + - - - - + + 

Porites lobata + + + + + + + 

Porites lutea + + + + + + + 

Symphyllia 

radians 

- - - - - + + 

Turbinaria peltata + - - - - - - 

Platygyra sp - - - - - + + 

 



111 | P a g e  
 

 

Fig 5.9. Bray-Curtis cluster analysis of the study sites at Palk Bay and Gulf of 

Mannar. 

 

Fig 5.10. Principal Coordinate analysis of the study sites at Palk Bay and Gulf of 

Mannar with varied fishing efforts. 
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5.3.5. Status of live corals 

The percent cover of LC/H varied compared to LC/TA and LC/MA across the 

study sites which are free and influenced by reef fishing pressure (Fig 5.11). The 

percent cover of LC/TA ranges between a maximum of 96% to a minimum of 84% 

and LC/H accounts for <10% at the study sites of intensively fished Vedhalai and 

Mandapam. Porites sp was largely affected by turf algae compared to the other coral 

species. The percent cover of LC/H to that of LC/TA at the two sites of Pamban 

varied with their proximity to the intensively fished Vedhalai and Mandapam.  

PBRF 1 lies in close proximity to the intensive reef fishing sites and hosts 63% and 

36% of LC/TA and LC/H respectively. Whereas PBRF 2 lies far from the Vedhalai 

and Mandapam and encompass 31% and 49% of LC/TA and LC/H respectively. The 

control site hosts high LC/H (77%) compared to those sites influenced by reef fishing 

in Palk Bay. However the percent composition of LC/MA was high in MRC (21%) 

and PBRF 2 (20%) compared to the intensively fished Vedhalai and Mandapam. A 

significant positive correlation exists between the herbivore fish density and the 

percent cover of healthy live corals. Based on the coefficient of determination value 

(r
2
=0.840), it was evident that almost 84% of the variance in the dependent variable 

(i.e. Herbivore fish count) is explained by the derived regression equation, and mere 

16% is unexplained (Fig. 5.12).  
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5.11. Percent cover of live corals of different states in the study sites (LC/H healthy 

live coral; LC/TA live coral colonized by turf algae, LC/MA live coral colonized by 

macroalgae). 

 

Fig 5.12. Regression analysis of herbivore fish count with percent cover of healthy 

live corals in the study sites. 
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5.4.DISCUSSION 

The Gulf of Mannar Marine Biosphere Reserve (GOMBR) comprises both 

GoM and Palk Bay reefs. However, they have been offered different levels of 

protection. In GoM, reef fishing and the other human activities around the coral 

islands are strictly regulated. No such regulations were imposed on Palk Bay and 

eventually reef fishing turns out to be a potential life source for small scale 

fishermans. Comparison of the diversity and the numerical density of reef fishes in 

Palk Bay and GoM reveal the potential of the conservation status. The reef fish 

density in GoM was several times higher than the study sites at Palk Bay. Part of this 

high diversity of reef fishes can be attributed to the conservation status, live coral 

cover and habitat type. Maintenance of high diversity and density of reef fishes is 

essential for normal reef functions (Hixon 1997).  

The western part of the Palk Bay that includes Vedhalai and Mandapam reefs 

spans a reef area of 4.85 km
2
. Observations revealed that the diversity and density of 

the herbivore reef fishes within this area was low than the reef fishes of other 

functional groups. The ratio of exploitation of functionally important herbivore fish 

was high compared to the carnivore fish owing to their commercial value. With a little 

diversity of the large herbivore fishes in Palk Bay, the Scarus and Siganus species 

plays an important role in regulating the algal population. However these fishes are the 

primary targets of fishermen and were exploited in larger quantities compared to other 

carnivore fishes. Exploitation of a particular group of fishes in large number can result 

in the outbreak of a single species which can exert unforeseen effects on the 

ecosystem. 

While exploitation of functionally important herbivore fishes can have direct 

impact on corals, exploitation of non-functional groups and predatory fishes may 
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exert unpredicted catastrophes affecting the ecosystem function (Dulvy et al. 2004). 

Most fishing techniques and fishermen target the larger individuals in populations to 

yield maximum biomass and this reduced the proportion of large and matured 

individuals in a population. Reef fish exploitation have severe ecological implications 

affecting the inorganic carbon cycle in reef ecosystems (Jennings and Wilson 2009), 

collapse the food web (Wilson et al. 2008), outbreak of non reef building taxa such as 

sea urchin (McClanahan and Shafir 1990) and crown of thorns star fish (Dulvy et al. 

2004). The consequences of reef fishing were restricted to the loss of corals and no 

such outbreaks of non-reef building taxa were observed in Palk Bay reef.  

It is obvious from the results that turf and macroalgal colonization that arised 

out of the existing fishing practices was the major factor driving the degradation of 

corals in the reef fishing sites of Palk Bay. The competition between the corals and 

algal communities was seen as a vital process in structuring the reef community 

(McCook et al. 2001). However, the dominance of one form over the other due to 

external stress results in severe catastrophes that will affect the entire ecosystem. 

Current fishing practices such as deployment of trap nets and cages around the 

healthy coral colonies resulted in mechanical damage of corals. All these practices 

created dead patches on the surface of the healthy coral colonies which facilitated the 

settlement of borers and algal spores and their subsequent colonization over corals 

(Fig 5.13). These actions coupled with removal of herbivore reef fishes exacerbated 

the development of algae over the corals. It was noticed that >90% of the live corals 

existing in the intensive reef fishing sites were mechanically damaged, either partly or 

wholly, and colonized by the algal turf and macroalgae. The impacts of reef fish 

exploitation were not solely restricted to the intensive fishing sites, but also to its 

neighboring coral ecosystems despite the minimal fishing pressure. Of the 100 m
2
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area analyzed in the Pamban (PBRF 1 and PBRF 2), >40m
2
 of area spanning live 

corals and dead corals were colonized by algal turfs. Added to this, the abundance of 

herbivore and other reef fishes were comparatively low in the Pamban reef.  

 

Fig 5.13. Colonization of turf algae over corals. (a) Dead patch on the coral Favia 

pallid formed due to the drifting activity of the boat; (b) turf algal colonization over 

the dead patch of the coral; (c) turf algae spreads to the healthy portion of coral 

thereby affecting the entire colony. 

The impact of algal communities over corals has been widely described 

(Tanner 1995, McCook et al. 2001, Kuffner et al. 2006). The reefs with high 

terrestrial inputs are often dominated by algal turfs. Birrell et al. (2005) proved that 

algal turfs in combination with sediments prevent the settlement of coral recruits. In 

addition, the filamentous turf algae upon interaction with corals results in a chronic 

stress, overgrowth and mortality (Cetz-Navvaro et al. 2013). The macroalgae can 

negatively influence the corals by smothering, shading, overgrowth, enhancing the 

coral microbial activity (Smith et al. 2006), being a vector harbouring potential 

pathogens and affecting the regeneration of tissues (Bender et al. 2012). The calcium 

carbonate deposition during an incidence of high algal biomass is solely attributable 

to the algal deposition and the so formed reef structure is inappropriate for fish habitat 

and shore line protection (McClanahan 1995). Nutrient enrichment due to pollution 

and reduction in herbivory fish has been considered as prime factors triggering the 

algal dominance in reefs. Experimental evidence indicate that exploitation of large 
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herbivory fish have profound impacts in a coral ecosystem than nutrient enrichment 

(Miller et al. 1999). The exploitation of reef herbivory fish may exacerbate the effects 

of turf algal assemblage over the corals by affecting their recruitment and resilience 

potential. 

Herbivore fishes are highly susceptible to the gears used in artisanal fishing 

practice (McClanahan and Cinner 2008).  The reef fishing practices that exist in Palk 

Bay include deploying underwater cages, shore seine, trap nets, bait fishing and throw 

nets. Reef fishing using these artisanal fishing gears is largely seen as a harmless and 

effective method while their indirect effects have been ignored. Of these practices, 

trap net fishing and cage fishing methods are followed by majority of the fishermen in 

Palk Bay which incur mechanical damage to the corals. In addition, the other 

activities associated with reef fishing such as drifting of boat over the reef to locate 

the cages, anchoring of boats over corals and beating up of corals using large wooden 

logs to disturb the fishes that hides under the holes and crevices to lure them into the 

traps adds up to the mechanical destruction of corals affecting their structural 

complexity. Structural complexity of a reef is critical to the biomass and species 

richness of the reef fish (Wilson et al. 2012). Mechanical damage to the corals during 

the reef fishing activities could reduce the structural heterogeneity of the reef thereby 

decreasing the shelter available for non-targeted herbivory fishes making them 

vulnerable to predation (Dayton et al. 1995).   

Connectivity between the coral ecosystems plays a critical role in the 

resilience of degraded reef ecosystems by means of larvae and nutrients supply from 

one reef to the another (Mumby and Hastings 2008).  Connectivity between the coral 

ecosystems will be affected by the reduction in the density of reef fishes. The mobile 

organisms like fishes play an important role in connecting the ecosystems (Nystorm 
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and Folke 2001, Lundberg and Moberg 2003) by transferring the essential and 

limiting nutrients and minerals from the adjacent ecosystems to the other coral 

ecosystems under stress (Geesey et al. 1984, Meyer and Schultz 1985) thereby 

enhancing the resilience potential of the reef. In addition, they also prevent the phase 

shifts in the disturbed coral ecosystems through grazing (Hughes 1994). Apart from 

the neighbouring coral ecosystems, the mangroves and sea grass also plays a vital role 

in maintaining the reef resilience as these ecosystems were used as nursery habitats by 

the herbivory fishes. However these ecosystems are also threatened to a greater extent 

due to reef fish exploitation (Waycott et al. 2009, Alongi 2008). 

Palk Bay, being an area of biological significance and species richness was 

less conserved compared to the adjacent Gulf of Mannar Marine National Park 

(GOMNP). Establishment of a Marine Protected Area (MPAs) similar to GOMNP 

ensures the conservation of Palk Bay. However, the profound impacts of human 

activities inside an ecosystem have diluted the conservation efforts of the MPAs. 

Fishing activities inside a protected area is regulated by imposing strict fish catch 

regulations and encouraging the use of traditional fishing gears. However, there are no 

standards describing the threshold limit of fishing intensity that may disrupt the reef 

resilience (Mumby et al. 2007). Knowledge on the abundance of herbivory fish 

populations in an ecosystem of concern and a long term data on the amount of reef 

fish being exploited is important, as it can help the managers to avoid ecosystem 

catastrophes (Lokrantz et al. 2009, Nystrom et al. 2008) by devising a resilience based 

management strategy (Graham et al. 2011) . At present there is no resilience based 

management system limiting the exploitation of reef fish in Palk Bay. It is important 

to devise a local management strategy that focuses on the fisheries management, 

limitations of terrestrial input and offering protection to the core and adjacent 
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ecosystems (Adam et al. 2011) in order to maintain their connectivity and achieve the 

coral reef resilience in the face of global climate change. 

In conclusion, continuous observations on the reef fish density, diversity and 

exploitation in Palk Bay does not reveal statistically significant differences during the 

study period. However comparison of the above parameters with GoM revealed very 

high variations in reef fish density and diversity proving the potential of conservation 

status. The coral status and their community structure showed marked differences 

along the reef fishing intensity gradients. Sustainability in the rate of exploitation of 

reef fishes in Palk Bay despite the low standing stock of reef fishes demands an 

explanation. The rate of production of reef fishes in Palk Bay is not known. It is 

hypothesized that the required number of fishes for performing the ecosystem 

functions was not available in Palk Bay as both the processes of reef fish production 

and exploitation compensate for each other and keeps the standing stock of reef fishes 

consistently low in the ecosystem.  

Removal of the herbivore reef fish exert severe impact over reef building 

corals leading to their mortality mainly due to lack of control over macroalgal and turf 

algal propagation over live corals. Moreover, continuous exploitation of reef fish in 

the adjacent reefs also rules out the replenishment of the reef fish stock in the study 

area.  Reef fish being a connector between communities makes their absence, a delink 

of trophic dynamics in the reef environment and makes the communities especially 

the corals vulnerable for various stressors. Since the resilience potential of an affected 

reef largely depends on the supply of new recruits of the depleted communities from 

the neighboring reefs, it becomes important to maintain a no fishing zones of reef fish 

in the neighborhood of reef fishing hotspots. In addition, long term data on diversity, 

quantity, age, size structure and sex of the reef fishes exploited and the associated 
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changes with the coral community is essential to develop standards that aids in 

evolving an effective management practice. In order to minimize the damages caused 

by current fishing practices,  refined methods involving fish luring devices (FLDs) or 

fish aggregating devices (FADs) has to be used. In a long term, as the demand for reef 

fish increases, the exploitation also will increase. So, it is essential to promote 

alternative livelihood for the fishermen in Palk Bay in the cultivation of seaweeds of 

nutraceutical and pharmaceutical interests. This not only conserves the natural 

resources but also minimizes or prevents the damages to the reef.  
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Chapter6 

Final Summary & Conclusions 
6.1.Current scenario of Palk Bay reef 

The ecological footprint of both climatic and anthropogenic activities was 

evident in the Palk Bay reef through this study. The climatic factors included 

bleaching, monsoon triggered sedimentation, seasonal bloom of macroalgae and the 

anthropogenic activities such as reef fishing activities and exploitation of herbivore 

fishes in large quantity influenced the corals of Palk Bay. Through this study, it is 

inferred that the seasonal bloom of macroalgae and reef fishing activities are the two 

major disturbances to the corals in the Palk Bay reef. Scientific literature on the coral 

reef ecosystem of Palk Bay is limited to diversity and the status of corals and its 

associated flora and fauna. There are no comprehensive reports on the reef processes 

and its functions in Palk Bay except for that of bleaching and sedimentation 

(Ravindran et al. 2012; Wilson et al. 2005). The live coral cover in Palk Bay reef was 

reduced to a larger extent post the 1998 and 2002 bleaching event (Kumaraguru et al. 

2003). Recovery of corals post 1998 bleaching event was also slow and hindered by 

the bleaching events that occurred in 2002 and 2010. All these events collectively 

decreased the live coral cover and their diversity in Palk Bay reef. In total, 34 species 

of Scleractinian corals was recorded recently in Palk Bay reef (Venkatraman and 

Rajkumar 2013) comparatively lower than the earlier report of 63 species (Pillai 

1969).  Diversity and density of the corals also varied spatially across the Palk Bay 

reef.  
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Though the Palk Bay reef forms a part of Gulf of Mannar Marine Biosphere 

reserve (GoMBR), it is less protected compared to the Gulf of Mannar (GoM). The 

reef in GoM is separated from the Palk Bay reef by the Mandapam peninsula and 

Rameshwaram Island. Moreover, GoM comprises Islands fringed by reefs up to a 

depth of about 12 m that serve as a suitable habitat for the corals to settle and grow 

whereas, Palk Bay lacks such a vast substratum and comprise a narrow discontinuous 

fringing shallow reef of not more than 200 m wide that runs parallel to the shore. The 

reef ecosystem of Palk Bay serves as a potential fishing ground for small scale 

fishermen. The reef fishing activities were highly active between January to 

September in a year though the fishing effort varied between the different time period. 

The average annual production of fishes in Palk Bay accounts for 85000 tonnes 

(Kumaraguru et al. 2008). However, there are no reports on the contribution of reef 

fishes to the total production of fishes in Palk Bay.  

6.2.What factors drive the degradation of corals in Palk Bay? 

Results of this study showed that the seasonal bloom of macroalgae that 

occurred during the summer months at the study sites of Palk Bay reef significantly 

reduced the healthy live coral cover during the study period of two years. The annual 

rate of loss of healthy live corals accounts for 4% yr
-1

. The macroalgae, upon 

interaction with healthy live corals had resulted in partial mortality among them and 

lead to subsequent turf algal colonization. The macroalgae kills the coral tissues 

through various mechanisms such as smothering, secretion of toxins and allelopathic 

chemicals (Rasher et al. 2011) and mediation of pathogens (Smith et al. 2006). Corals 

also possess resistance mechanism against algal colonization through variety of 

mechanisms including shading, stinging, secretion of allelopathic chemicals and 

mucus secretion (McCook et al. 2001). However, their resistance mechanism was 
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compromised under variable environmental conditions especially during an increase 

in seawater temperature (Ward et al. 2007). In this study, the macro algal bloom was 

reported to occur during summer months in which the Sea Surface Temperature rose 

above 30 °C. This could probably surpassed the resistance potential of corals against 

macroalgae.  

The macroalgae bloom concomitantly increased the percent cover of live 

corals colonized by turf algae and macroalgae during the study period. The rapid 

growth rate of turf algae often contributed to their success over the corals under 

enriched nutrient conditions (Vermeij et al. 2011). The role of nutrients in enhancing 

the growth of turf algae over corals in Palk Bay reef has not been addressed in this 

study. However, higher concentration of Phosphate and Nitrate was reported in the 

Palk Bay reef especially during the northeast and southwest monsoon period (Sridhar 

et al. 2008). Turf algae affected the corals by trapping more sediments from the water 

column which in turn will smothers the corals and cause tissue mortality (Nugues and 

Roberts 2003). The Palk Bay reef environment is characterized by high level of 

suspended sediments during NE monsoon and generally the rate of sedimentation 

over corals was also high (Wilson et al. 2005).  Abundant presence of reef fishes 

especially that of grazers and scrapers can control the turf algae by scraping the coral 

substrates with turf algae and by taking non-excavating bites of the coral skeletons 

(Bellwood and Choat 1990). This in turn will create a bare substrate facilitating the 

settlement of new coral recruits. However the reef fish population in Palk Bay was 

consistently low and the available fishes of scraper (Scarus sp) and grazer (Siganus 

sp) functional groups are exploited in larger quantity. Increased exploitation kept the 

standing stock of reef fishes consistently low and the quantity of fishes that are 

required for performing the normal reef functions are not available in Palk Bay. This 
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further promoted the colonization of turf algae over corals in Palk Bay leading to their 

degradation. 

Reef fishing in Palk Bay was based on artisanal fishing gears like hooks and 

cages. In addition, some destructive fishing methods were practiced including 

suspended trap net method. In this method, the net was deployed enclosing a 

particular patch of corals and the corals were disturbed by banging them using a large 

wooden pestle to bring out the fishes from their shelters that lead to the destruction of 

corals. A healthy coral colony was mechanically damaged due to drifting of the boat 

by the fishermen over the corals to locate the fish cages deployed under water. This in 

turn creates a dead patch over the healthy corals which facilitate the colonization of 

turf algae and its subsequent colonization of the entire colony.  

The macroalgae and calcareous algae continuously increased in their cover 

and colonized the hard substrates such as dead coral skeleton and crustose coralline 

algae at the study sites of Palk Bay. This lead to the reduced diversity and density of 

the juvenile corals at the study sites of Vedhalai and Mandapam. Low stock of reef 

herbivore fishes aided the proliferation of the macroalgae over the available hard 

substrates without being grazed upon. The Seasonal bloom of Macroalgae, persistence 

of macroalgae in the system, Reef fish exploitation and the destructive reef fishing 

methods collectively contributed to the degradation of corals in Palk Bay reef. 

6.3. Promising factors of Resilience in Palk Bay reef 

The evidence of connectivity, survivability of juvenile corals in response to 

the prevailing stress conditions and the ability of corals to recover from bleaching 

despite an increase in the bleaching thresholds without mortality will contribute to the 

resilience potential of Palk Bay reef. Presence of the juvenile corals of Acropora, 

Goniastrea, Galaxea and Hydnophora and the absence of adult coral colonies of the 
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same species suggested that the larvae of these particular species of corals might be 

transported from other reef and settled in Palk Bay reef. This phenomenon of larval 

transport from a parent reef and its subsequent settlement in a distant reef is termed as 

connectivity (Chia et al. 1984) and it is largely influenced by the local and regional 

hydrodynamics.  The phenomenon of sea water exchange between Gulf of Mannar 

and Palk Bay (Shankar et al. 2002, NIO 2012) and rich diversity of corals around the 

Gulf of Mannar Islands might be a possible source of coral larvae to the Palk Bay 

reef. The species diversity of corals was largely reduced in Palk Bay post the 

bleaching events in 1998 and 2002. Only, 34 species of 15 genera exist in Palk Bay at 

present (Venkataraman and Rajkumar 2013) compared to their earlier records of 63 

species of 23 genera (Pillai 1969).  The current recruitment pattern of corals will help 

in restoring the lost species diversity of corals in Palk Bay to some extent.  

Though the recruitment pattern varied spatially across the Palk Bay reef, the 

increased survival rate of the juvenile corals will aid in the restoration of lost live 

coral cover in Palk Bay. The successful settlement of the new coral larvae and the 

survival of juvenile corals up to their reproductive age withstanding the stress 

conditions were yet other critical factors determining the resilience potential of the 

reef. In Palk Bay, >90% of the juvenile corals were able to survive the stress 

associated with high level of sedimentation during NE monsoon and bleaching during 

the summer. The increased survival rate of juvenile corals will enable themselves to 

be the source of larvae in another few years and subsequently lead to the 

establishment of coral population and its dominance in the reef ecosystems of Palk 

Bay.  

The bleaching and recovery patterns of corals in Palk Bay showed that the 

corals were able to recover to their normal state post bleaching without mortality. 
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Comparison of the environmental conditions during bleaching showed an increase in 

the level of bleaching thresholds among the corals in Palk Bay. The success of corals 

over bleaching related stress can be attributed to the absence of secondary stressors 

post bleaching which  are the main reason for the  beaching  related mortality  in Palk 

bay (Ravindran et al. 2012)  and natural selection of the species in Palk Bay which are 

more thermal tolerant. Five genera of corals belonging to Porites, Favia, Favites, 

Leptastrea and Cyphastrea were predominantly present along the Palk Bay reef all of 

which were reported to be thermo tolerant (Baker et al. 2008). Cyphastrea sp was 

unresponsive to bleaching and other genera of corals exhibited a differential bleaching 

response. The differential response among corals of different genera might be due to 

their different thermal tolerant limits which is determined by the type of zooxanthellae 

clades associated with the corals (Sampayo et al. 2008), regulating their genes and 

expression of heat shock proteins (Palaumbi et al. 2014) and their frequent exposure 

to bleaching stress conditions (Brown et al. 2002). The wide spread prevalence of 

stress tolerant juveniles and adult coral colonies and their ability to withstand the 

stress is a positive sign of resilience which will contribute to the coral dominance in 

the Palk Bay reef despite the prevailing disturbances.  

6.4. Future Research focus 

The coral recruitment pattern in Palk Bay suggested the presence of 

connectivity in the eastern part and its absence in the western part of the reef. The 

exact time of coral spawning, the success rate of the coral larvae and the water current 

conditions that influence the transport of larvae is not known. Further research 

addressing these parameters will help in identifying the source of coral larvae to Palk 

Bay reef and pave way for its effective conservation. Though the new coral recruits in 

Palk Bay were able to survive the stress conditions associated with bleaching and 
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sedimentation, their impact on the reproductive potential and the physiological 

processes of coral recruits needs further investigation. Seasonal bloom of macroalgae 

is identified as one of the potential threat to the corals in Palk Bay. However, the 

causative factor for the seasonal bloom of macroalgae was not identified. Though the 

literature supports the enrichment of nutrients as a main reason behind macroalgal 

blooms, it is essential to focus on the other parameters such as light and temperature 

which is suspected to play a critical role in triggering macroalgal blooms. The 

exploitation rate of reef fishes was increasing between years though the standing stock 

of reef fishes was consistently low. The average annual production of reef fishes in 

Palk Bay is not known. From this study, it is hypothesized that the average production 

of reef fishes was high enough to compensate for its exploitation so as to maintain the 

stable low standing stock by which the reef functions could not be performed 

normally. Though the bleaching process did not affect the survivability of the corals, 

its impacts on the physiology and reproductive potential of the coral needs further 

investigation. 

6.5. Strategy for enhancing the resilience of Palk Bay reef 

An effective management strategy and tools are essential to combat the 

decline of coral population and to enhance the resilience potential of the Palk Bay 

reef. 

6.5.1. Monitoring 

Long term monitoring of the biophysical status and environmental parameters 

was essential to assess the condition of the Palk Bay reef periodically and to check the 

efficiency of the conservation measures introduced to conserve the reef. Long term 

monitoring will give early signals regarding disease outbreaks, bleaching and other 

stress events which in turn help to mitigate them effectively. Continuous monitoring 
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will also help in assessing the adaptive potential of the corals to the stress events like 

bleaching and sedimentation. In addition, effective monitoring will help in identifying 

the potential source of coral larvae, its conservation and connectivity patterns among 

corals. 

6.5.2. Reef management 

The Palk bay reef can be managed for resilience by the following ways. 

 Training the local communities and involving them in monitoring the reef health. 

 Promoting research activities focusing on reef processes, functions and reef response 

to the changing climate and local stressors 

 Regulating the human activities by strengthening and effective enforcement of the 

laws 

 Creating no fishing zones and promoting alternate livelihood for fishermen thereby to 

reduce the fishing pressure and ensure the availability of healthy stock of reef fishes 

 Minimizing the land based activities which will reduce the sediment and nutrient 

input in to the reef ecosystem. 

 Through ecological restoration whenever the natural recovery process is slow and 

impeded. 
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