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CHAPTER 1

INTRODUCTION

Coral reefs are one of the oldest and extremely bizarre communities that

function as a single unit. Despite the fact that coral reefs form only 0.2 per cent of

marine environment, these are home to one-third of known marine species

(Reaka-Kudla, 1997; 2001). Coral reefs are massive limestone structures built by

the animals of Order; Scleractinia (Class Anthozoa) and other calcium carbonate

secreting organisms including calcifying algae. Reefs are well known for high

biological productivity and so they support the major marine life. They also act as

the major carbon sink. In addition they are providing us with many

pharmaceutically important products especially life saving drugs (Pillai, 1997).

India's coral reef system comprises four major components viz., Andaman and

Nicobar Islands, the Gulf of Kachchh, Lakshadweep Islands and the Palk Bay and

Gulf of Mannar Biosphere Reserve. Lakshadweep Islands, a group of scattered

coral reef islands in the Arabian Sea are the only atoll type of reefs in the territory

of India (Jones, 1986).

We are on the verge of great shifts in climate. Multiple stresses on Asian

coral reefs will result in loss of 30% corals within the next 30 years (IPCC, 2007).

Increased sea temperature, chemical runoff from agriculture fields and other

marine pollution were the stresses faced by most of the coral reefs. In addition,

reduction in aragonite concentration due to climate change will also make corals

more vulnerable (Gattuso et al., 1998). However, both climatic and non-climatic

factors have various impacts on corals by increasing their vulnerability and

decreasing resilience to temperature change (Buddemeier et al., 2004). According

to IPCC (2007), a 2°C increase in sea surface temperature than that of 1990s will

result in extinction of coral community.

The oceanic pH goes down, when the amount of dissolved C02 increases

and the availability of carbonate ions to calcifying organisms to form shells and

skeletons may also decrease (Kleypas et al., 1999, 2005; Hoegh-Guldberg et al.,

2007). Moreover, these changes will result in degradation of coral community
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bleaching and reef erosion. Water temperature, circulation patterns, water

chemistry, sea level, the occurrence of tropical cyclones and El Nino-Southem

Oscillation (ENSO) and Indian Ocean Dipole (lOD) events are some of the key

global phenomena and environmental variables affecting coral reef ecosystems.

These variables will affect the distribution of coral reef organisms, the structure of

reef communities, and the function of key ecological processes such as population

connectivity (Munday et al., 2009). Exposure factors like the increase in intensity

of tropical cyclones will have the potential to damage coral reefs.

Cowen et al. (2000) described population connectivity as the exchange of

individuals among geographically separated subpopulations. Both the ecological

and evolutionary time scales connectivity is essential for the survival of marine

metapopulations (James et al., 2002; Cowen and Sponaugle, 2009; Burgess et al.,

2014). Population connectivity plays a domain role in community dynamics and

structure, local and metapopulation dynamics, the resilience of populations to

human exploitation, ecosystem responses to environmental changes, and genetic

diversity (Cowen et al., 2007). Temperature, physical transport & dispersion, and

dependent biological responses such as the pelagic larval duration (FED),

spawning timing, larval behavior, and mortality are the factors controlling the

connectivity among marine metapopulations. The spatial scale of a population

over which it is connected is determined by the pooled effect of these processes

(Gawarkiewicz et al., 2007). The connectivity will vary highly across spatial and

temporal ranges (Cowen and Sponaugle, 2009; Christie et al., 2010; Domingues

et al., 2012). Knowledge on connection among corals reef regions are limited

(Cowen et al., 2000; Sponaugle et al., 2002; Mora and Sale, 2002).

Climate change is likely to affect the scale of dispersal, thus considerably

changing the patterns of biological connectivity in coral reef ecosystems (Munday

et al., 2008). Andrello et al.(2015) suggested that climate change has a greater

impact on connectivity and effectiveness of marine protected area (MPA)

networks, and should receive more attention in future conservation planning and

large-scale population dynamics. With this premises, the objectives of the present

study are -

IS



I. To assess climatic trends and variations in Lakshadweep waters.

II. To evaluate the possible effects of climatic change on larval connectivity

between the reefs.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Climate Change

Climate change is a real phenomenon and is the biggest threat we are

facing today. It can occur naturally or due to human activities. They have a

greater role in refining the infrastructure and functioning of earth's water system.

Its impact is faced by fragile mangrove swamps to great Arctic ice cover (IPCC,

2007). The change in intensity and frequency of precipitation patterns, sea level

rise, ever elevating a number of extreme events such as cloudburst, tropical

cyclones, droughts, floods etc are the outcome of changing climate (Hoegh-

Guldberg and Bruno, 2010; Kundzewicz et al., 2014; Maikhuri et al., 2003). The

earth is warming and is elevating the global temperature elevate to new levels.

The warming which we are facing today is mainly attributed to the increased

greenhouse gases (Dodman, 2009). The continual emission of greenhouse gas

such as carbon dioxide, methane, chlorofluorocarbons will alter Earth's warming

and modifies components of Earth's climate system (Boer et al., 2000).

According to IPCC's 5th assessment report (2014), the greenhouse gas

concentration in Earth's atmosphere reached 49 ± 4.5 Gt C02 eq/year.

The ocean is an important carbon sink. The excess heat emission due to

human activities had increased the amount of absorbance of heat by the world's

Ocean (Reid et al., 2009). The adverse effect of climate change makes oceans

more acidic and upsets the balance of a marine ecosystem. It also alters

evaporation and precipitation cycles as well as broadly affecting the ocean

chemistry, circulation, and ecosystems. Climate-driven warming impacts on

biological productivity by reducing vertical mixing of seawater. Meehl et al.

(2005) reported climate change as the primary cause of change in ocean

circulation, precipitation pattern, sea level rise, increased intensity and fi-equency

of storms. 40% of the sea level rise observed during the past 35 years was from

warming of water.

lA



2.1.1 ENSO

El Nino-Southem Oscillation (ENSO) is the strongest interannual climatic

phenomenon occurring in the Pacific Ocean, which has significant global socio

economic and environmental impacts. ENSO has a greater effect on the ecology

of tropical Pacific and global climate system. This phenomenon generally has two

states: which is known as El Nino (warmer than normal central and eastern

equatorial Pacific SSTs) and which is usually called as La Nina (cooler than

normal SSTs of the same region) (Latif and Keenlyside, 2009). These two distinct

phases repeat in every 2 to 10 years. The El Nino occurred during '2015-2016' is

considered as one of the strongest El Nino event on record (Ineson et al., 2018).

A convective loop formed due to the differential warming in the Pacific called as

Walker Circulation strengthens during La Nina years and weakens during El Nino

years (Power and Smith, 2007). ENSO is classified according to the onset time,

propagation direction, periodicity, or the associated horizontal SST. Between

central and eastern Pacific Ocean, there is a shift in SST anomaly.

ENSO induced sea surface temperature anomalies form a strong dipole

pattern oriented along the zonal direction in the Indian Ocean in the coupled

model, preventing the ENSO signals from reaching the Indian monsoon region

(Achuthavarier et al., 2012). The intensity of ENSO may vary with SST

anomalies of Indian Ocean. Frauen and Dommenget (2012) suggested that the

tropical Indian and Atlantic oceans influenced the dynamics and predictability of

ENSO. Multi-decadal variations in the Pacific, Indian, and Atlantic Oceans have

substantial ENSO components (Compo and Saedeshmukh, 2010).

Predicting an El Nino is a difficult process. There are several indices used

to monitor ENSO event. The most commonly used indices are Nifio 3.4 index and

the Oceanic Nirio Index (ONI) (Wolter and Timlin, 2011). One of the important

factors to improve predictability of the East Asian climate during ENSO may be

the atmosphere-ocean system in the Indian Ocean (Watanabe and Jin, 2002). Wu

and Kirtman (2004) stated that ENSO state was stronger and occurred more

frequently when the Indian Ocean SST in summer was relatively cold (warm).



whereas it is weaker and occurs less frequently when the Indian ocean is

relatively warm (cold). In Indian Ocean, ENSO modulates the convective heating

and Walker circulation over tropical Pacific and Indian Ocean.

One of the key components of the atmospheric bridge driving SST

anomalies is Surface heat flux. Other than SST, atmospheric bridge also

influences on the seasonal evolution of upper-ocean temperatures, salinity and

mixed layer depth (MLD) (Alexander et al, 2002). During the ENSO cycle, there

is an active forcing happening on interannual variability in the Indian Ocean by

wind stress and surface heat flux (Wu and Kirtman, 2004). It is able to describe a

considerable part of the interannual variability in Indian ocean SST as the

response to interannual fluctuations over the Pacific related to ENSO. The Indian

Ocean region also exhibits ENSO-independent interannual variability. Large-

scale SST anomalies may develop in the entire tropical and subtropical Indian

Ocean with a time lag of about 4 months. The ENSO signal is carried into the

Indian Ocean mainly through anomalous surface heat fluxes (Venzke et al,

2000).

Tropical Pacific imparts generous decadal climate inconstancy toward the

western Indian Ocean and by suggestion, may constrain decadal changeability in

different areas with robust ENSO teleconnections (Cole, 2000). An investigation

done by Ashok et al. (2001) reported that depending on the amplitude and the

stage of lOD and ENSO in the Indo-Pacific region, the lOD-actuated abnormal

meridional circulation cell region is either countered or upheld to the ENSO-

instigated anomalous circulation over the Indian region. According to Izumo et al.

(2010) the quick demise of the Indian Ocean Dipole anomaly in November-

December then induces a sudden collapse of anomalous zonal winds over the

Pacific Ocean, which leads to the development of El Nino/La Nina.

Examinations of the Indian Ocean situation in the wider global context by

(Allan et al., 2003) provide strong evidence that 'protracted' El Nino and La Nina

episodes result from interactions between quasi-biennial, if and quasi-decadal

signals in the climate system. The situation in October-December (OND) also

suggests that a propensity exists in the climate system for drought or flooding
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extremes to oceur over central-eastern Africa to central Asia on quasi-biennial to

decadal timescales and that this may particularly he manifested during 'protracted'

El Nino and La Nina episodes. Major consequences for global teleconnection

patterns, and thus have the potential to impact on both regional and remote

climatic signatures.

ENSO has historically influenced the variability of both the lOD and the

Asian monsoon (Abram et al., 2008). According to Ihara et al. (2007), amid El

Nino occasions, there is a noteworthy negative relationship between Indian south

west monsoon and the zonal wind anomalies over the tropical Indian Ocean.

There is a reversal in Indian monsoon- ENSO relationship when the Indian

Ocean is decoupled from the atmosphere. The relationship between north Indian

Ocean's surface wind, surface evaporation and SST had a strong linkage to this

change (Wu and Kirtman, 2004). Recently Pokhrel et al. (2012) reported that a

declining motion of anomalous Walker circulation is experienced during ENSO

phase which diminishes the Indian summer monsoon while an elevating branch of

anomalous Hadley circulation is associated with lOD phase resulting enormous

rainfall during Indian summer monsoon.

Ihara et al., (2007) reported that the zonal wind anomalies eind SST

anomaly gradient over the equatorial Indian Ocean are used as indices that

represent the condition of the Indian Ocean. There is only poor correlation

between Indian summer monsoon rainfall and the index defined by the zonal

wind anomalies. The linear reconstruction of Indian summer monsoon rainfall on

the basis of a multiple regression from the Niho3 and this wind index better

specifies the Indian summer monsoon rainfall than the regression with the only

Nino3. During the typical El Nino (La Nina) event, easterly (westerly) anomalies

are not induced until after boreal autumn, which is too late in the annual cycle to

instigate strong dynamical coupling. ENSO events that develop early (i.e., before

boreal summer) instigate a strong coupled response in the Indian Ocean. There is

a strong linkage between Indian monsoon, Indonesian drought, and Indian Ocean

climatic variability with the association and co-occurrence of ENSO failure of

Indian Monsoon.
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Warming in the Indian Ocean, which is a part of the El Nino signal,

operates as a negative feedback mechanism to ENSO (Kug and Kang, 2006). The

interactive feedback between the ENSO and the Indian Ocean holds the key to the

rapid transition to an opposite phase (Kug et al., 2006). The studies conducted by

Latif and Keenlyside (2009) concluded that there exists a large uncertainty in the

response of ENSO to global warming. Some models simulate an increase in

ENSO amplitude, while others a decrease and some virtually no change.

In a study conducted by Zinke et al. (2005) all coral records show clear

teleconnections between the westem Indian Ocean and the ENSO. The multi-

proxy site analysis enables the detection of the covariance structure between

individual records and climate modes such as ENSO. This method unravels shifts

in ENSO tele-cormectivity of the westem and central Indian ocean on multi-

decadal time-scales (after 1976). Strong ENSO forcing had a strong relationship

with corals in Southwestern Indian Ocean (1880-1920, 1970 to present). In 1999,

Hoegh-Guldberg explained the major coral bleaching experienced in the past

decades had strong relationship with ENSO, especially in 1998.

2.1.2 Indian Ocean Dipole (lOD)

Indian Ocean Dipole (lOD) is a natural ocean-atmospheric coupled

climatic variability occurring in tropical Indian Ocean region which causes many

climatic extremes (Abram et al, 2007). Mostly, lOD are correlated with

significant variation in rain and temperature in countries of Indian Ocean rim. A

reduction in rainfall and warmer land surface anomalies were associated with

positive lOD. There exists introduction of an anomalous anticyclonic circulation

over eastern tropical and the subtropical Indian Ocean at lower levels during

positive lOD (Ashok et al, 2003). During lOD, there exists a strong variability in

troposphere above the Indian Ocean. The lOD is correlated with equivalent

barotropic geopotential anomalies in the extra tropics while rossby waves

detemiine the structure in southern hemisphere. (Saji and Yamagata, 2003).

Ashok et al.,(2004) suggest that decadal modulation of the interannual lOD

events are interpreted by the decadal lOD in the tropics.



Abram et al. (2008) used a coral oxygen isotope records which reveal that

there is an increase in the frequency and strength of lOD events during the

twentieth century, which is associated with enhanced seasonal upwelling in the

eastern Indian Ocean. But there is no consensus on long-term variability of the

lOD. Indian Ocean Dipole modulates the strength of the Walker circulation in

autumn (Izumo et al., 2010). During the middle Holocene, lOD events were

characterised by a longer duration of strong surface Ocean cooling along with

drought which peaks later than expected by El Nino forcing alone (Abram et al.,

2007).

Saji and Yamagata (2003) suggested that lOD events have the potential to

occur independently even though they are often associated with an ENSO event.

However the ENSO events co-occurring with lOD events were much stronger

than non-co-occurring events. Izumo et al, (2010) steered about the prediction of

El-Nino before 14 months from the occurrence of negative lOD events with a

simple forecast model. Hong et al. (2008) reported that, there existed a large

difference in structure of occurrence and temporal evolution between lOD

occurring with or without an ENSO event. In both negative and positive lOD

events without ENSO, the wind anomaly in the eastern Indian Ocean seems to be

responsible for the formation of sea surface temperature anomalies, while the

anomaly in the westem Indian Ocean seems to be the oceanic dynamical response

to the anomaly in the east. During the peak phase of lOD events, the west early

equatorial wind reverses their direction as easterlies. This time the westem part

has warm SST and Cool in the eastern side (Yamagata et al., 2004). The forcing

of the off-equatorial Rossby waves, north of 10°S is directed by lOD which are

mainly come from the anomalous Ekman pumping associated by lOD. Although,

Rossby waves are dominantly forced by ENSO predominantly in the south of

10°S where the lOD activity is less (Rao and Behera, 2005).

The dipole modifies low-level winds and surface pressure, and grows in a

positive feedback loop involving winds, surface pressure, and SST

(Achuthavarier et al., 2012). lOD-monsoon connections imply that the

socioeconomic impacts of projected future changes in Asian monsoon strength
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may extend throughout Australasia (Abram et al., 2007). The Indian monsoon

will get greatly impacted by a small change in lOD (Krishnaswamy et al, 2015).

Thus, lOD plays a key role in modulating the Indian monsoon rainfall, and it also

influences the correlation between the Indian Summer Monsoon Rainfall (ISMR)

and ENSO {e.g. Ashok et al., 2001).

2.1.3 Salinity

Salinity has a great impact on marine biota. A small variation in salinity

may severely affect marine biodiversity, abundance and alter the functioning of

the ecosystem (Schallenberg et al., 2003). The balance between evaporation and

precipitation resulted in variations in salinity and it is a sensitive indicator of

climate change. Both remote forcing and ocean-atmospheric coupling apparently

influence the salinity distribution in the Arabian Sea (Joseph and Freeland, 2005).

Changes in ocean temperature and salinity patterns from global-warming induced

increases in the Earth's hydrological cycle may weaken due to the intensified

double-diffusive mixing (Johnson and Kearney, 2009).

Among the marginal seas of the Indian Ocean, the Bay of Bengal has low

salinity compared to the Arabian Sea, due to the contrast in freshwater forcing of

the two basins of Bay of Bengal (Vinayachandran and Kurian, (2008). According

to Rostek et al., (1993) there is a reduction in the thickness of the near-surface

mixed layer due to the incorporation of salinity effects. In the Bay of Bengal, this

is very obvious, which builds up from June to July and becomes most prominent

by February in the following year. It is found that horizontal advection of salinity

is important during the summer monsoon season in western and eastern Arabian

Sea and during winter in the south-eastern Arabian Sea. While in the Bay of

Bengal it is throughout the year with the exception of pre monsoon season.

During August-September months there is a minimum salinity in the coast

of north-west bay of Bengal due to the influence of massive river outflow. In the

coastal region of the north-westem and south-eastern part of Arabian Sea and the

northern Bay of Bengal, the seasonal variability of sea surface salinity was most

prominent. (Rao and SivEikumar 2003). In the Bay of Bengal, the more saline
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southern bay is separated by the low saline water of the North Bay Monsoon

Current, which flows eastward in the northern Bay consequently plays an

important role in the freshwater budget of the Bay of Bengal (Vinayachandran

and Kurian, 2008). Vinayachandran and Nanjundiah (2009) used Community

Climate System Model (CCSM 2.0) which marked low salinity in the east and

high salinity in the west from the monsoon-driven seasonal sea surface salinity

(SSS) pattern in the Indian Ocean.

Due to the differences in hydrological forcing, the annual average of sea

surface salinity in the Arabian Sea and the Bay of Bengal shows contrasting

distributions (Rao and Sivakumar 2003). The high salinity Arabian Sea Water

circulates along with the Summer Monsoon Current (S-MC) from the Arabia Sea

into the Bay of Bengal (Rixen et al., 2011). During winter-spring time along the

western margin of India the northward flowing coastal currents advect the low-

salinity Bay of Bengal water into the Eastern Arabian Sea and produce a distinct

low-salinity tongue. Its strength is determined by the freshwater flux to the bay

during summer monsoons. Although we can understand the past variations in the

Indian Summer Monsoon from the salinity-gradient in the eastern Arabian Sea

low-salinity tongue (Chodankar et al., 2005).

Du and Zang (2015) suggested that the lOD induces variation in SSS can

be captured using satellites like SMOS (Soil Moisture and Ocean Salinity) and

Aquarius. They added an increase of SSS farther to the south occur during the

upwelling Rossby wave. Hay et al., (2006) calculated past salinity from

reconstructed chlorine content of the ocean. He found that in the past, higher

salinities for the world ocean have profound significances for the thermohaline

circulation. Durand et al. (2007) revealed that in southeastern Arabian Sea, there

is a strong impact between the runoff distribution and the India-Sri Lanka

passage on the realism of the salinity simulated in the area at seasonal timescales.

According to Rixen et al. (2011). In the times of global warming the mechanism

maintaining oxygen concentration above the threshold of nitrate reduction in the

OMZ of the Bay of Bengal could be the reduced propagation of oxygen-depleted

high salinity Arabian Sea Water into the Bay of Bengal. While comparing with

II
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the coupled model simulations of the North Atlantic Ocean, Indian Ocean's

interannual variability of SSS is around five fold larger Vinayachandran and

Nanjundiah (2009).

In the Indian Ocean, significant SST anomalies appear only during lOD

years. SSS anomalies for ENSO years are much weaker than during lOD years.

The SSS anomalies are existing as two zonal bands. This includes positive

salinity anomalies south of the equator and negative salinity anomalies to the

north of the equator. Kultz (2015) reported that euryhaline fishes inhabit to the

environment with variable salinity which has a wide range of salinity tolerance.

They are able to control dynamic changes in osmoregulatory strategy with an

evolutionary advantage with adaptive radiation from the speedy changing climate.

2.1.4 Sea Surface Temperature

Chang et al. (1997) proposed that there is an unstable thermodynamic

ocean-atmospheric interaction between wind-induced heat fluxes and Sea Surface

Temperature (SST) which results from the decadal variation in the tropical SST

dipole. A positive correlation of SST was found between tropical Pacific and

Northern Tropical Atlantic while the correlation is negligible in Tropical Pacific

and South Atlantic. Towards the end of a season, combined with the substantial

tenacity of SST in both Oceans, there is a seasonal mean relationship result from

the relatively strong monthly relationship (Uvo et al., 1998).

Along with the strong ENSO teleconnection to the western Indian Ocean and

alternative regions, the tropical Pacific could force decadal climate variability (Cole et al.,

2000). The Tropical Pacific Sea Surface Temperature is closely correlated with

the interannual variation of the Indian monsoon. Clark et al. (2000) found a

positive correlation between SST and monsoon rainfall in the tropical Indian

Ocean while SST has a negative correlation on All India Rainfall Index (AIRI) in

subsequent autumn in the northern Indian Ocean. However, a strong correlation

(0.53) is found among the summer AIRI and the preceding December-February

Arabian Sea SST. There is also a strong relationship between the variability of

the Indian monsoon and Indian Ocean sea surface temperature (SST) variability
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including analysis of potential long-lead predictions of Indian rainfall by regional

SST and the influence of ENSO and decadal variability on the stability of the

relationships. A strong influence is exerted by sea surface temperature (SST)

anomalies in the Eastern Equatorial Pacific Ocean and the Arabian Sea on

withdrawal and length of rainy season prior to the climate shift In the post-

climatic shift period, there is an influence of Indian Ocean SST on withdrawal of

Indian Summer Monsoon and also, a decrease in upper troposphere temperature

gradient over the main Monsoon regions (Sabeerali, 2012).

Munday et al. (2009) suggested that an increase in ocean temperature is

expected to speed up the larval development, which in turn reduces the pelagic

duration and also promotes reef-seeking behaviour. A small rise in temperature is

likely to enhance the number of larvae surviving the pelagic phase while reduced

reproductive output and an increased larval mortality rate may result from

increase in temperature. Sheppard et al. (2002) reveals that in the central Indian

Ocean reef of Chagos, there is an increase in herbivores and detritivores and

reduction in species dependent on corals. The data on SST shows that the mean

SST has risen to 0.65°C since 1950. In Chagos, the critical sea surface

temperature causing larval mortality was 29°C.

Recently, coral reefs have experienced an extraordinary decline as the

world's oceans continued to warm (Cacciapaglia and Van, 2016). During 1998,

approximately 42% of reefs bleached to some extent with 18% strongly bleached

while 54% of reefs bleached to some extent in 2002 with 18% strongly bleached.

Change in the natural nutrient environment of coral reduces their tolerance to

light and heat stress. Modeling done by Berkelmans et al. (2004) on the

relationship between bleaching and maximum SST occurring over any 3-day

period (max3d SST) specifies that a 1°C rise would increase the bleaching rate of

reefs from 50% to 82%, while a 2°C increase would increase the rate to 97% and

a 3°C increase to 100%. These results suggest that even to a small increase in

temperature coral reefs are profoundly sensitive and are likely to suffer large

declines in the absence of acclimatization/adaptation.

2^
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Based on the new coral records Nurhati et al. (2001) suggests that in the

central tropical Pacific low-frequency SST and salinity variations are measured

by different sets of dynamics and that recent hydrological trends in this region

may be related to anthropogenic climate change. Cacciapaglia and van (2016)

predicted that turbidity will protect some coral species more than others from

climate-change-associated thermal stress.

McNeil et al. (2004) predicted that with the future ocean warming, there would be

an increase in annual mean calcification rate of coral which outpace pre industrial

rate about 35% by 2100. (Ainsworth et al., 2016) found that a small increase in

local temperature of 0.5°C in near-future result in loss of ability to mitigate

thermal tolerance which may increase the rate of degradation of the Great Barrier

Reefs. Obura (2005) identifies three concepts of 'thermal protection', 'themial

resistance' and 'thermal tolerance' on affecting coral-zooxanthellae holobiont and

reef vulnerability to thermal stress previously termed 'resistance to bleaching'.

Analysis of archive sea-surface temperature (SST) data by Purkis and Riegl

(2005) confirmed that there is at least a partial link between El Nifio Southern

Oscillation (via Indian Ocean Zonal Mode) and the area was subject to recurrent

and cyclic temperature anomalies at a frequency. Wooldridge et al. (2005)

suggested that in future beyond 2050, the persistence of hard coral reefs capes

will be profoundly reliant on the coral's abilit\' to increase their upper thermal

bleaching limit by 0.1 °C per decade and the management of algal biomass

proliferation during an inter-disturbance interval.

Studies say that bleaching is not only affecting the reef health, and coral

diseases but also the breakdown of reef framework by bioeroders, and the loss of

critical habitat for associated reef fishes and other biotas (Baker et al., 2008).

Palumbi et al., (2014) reciprocally transplant the corals between the reef sites

experiencing distinctive temperature regimes and tested succeeding physiological

and gene expression profiles to conclude the mechanism of temperature tolerance.

Heat tolerance and the reflectance in gene pattern are also contributed by local

acclimatization and fixed effects, such as adaptation.
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2.1.5 Precipitation and Monsoon

The Indian Monsoon, the largest monsoon system on earth drives

Precipitation over India. The differential seasonal diabatic heating of Asia and the

Indo-Pacific Ocean plays a key role in the change in Indian Monsoon (Renter et

al., 2013). The meteorological records on Indian Ocean Monsoon Rainfall are

available generally less than 100 years long. The increase in Sea Surface

Temperature (SST) in the Indian Ocean results in the decrease in monsoon

rainfall over the past century (Bums et al., 2002). According to Shukia and Huang

(2016), ISM predictability from monthly to seasonal scales is mainly contributed

by the pre-monsoon Arabian Sea conditions.

Since the link between Indian Monsoon and global warming is far

unknown. Renter et al.(2013) implies that an increase in global warming doesn't

make changes in South Indian Monsoon rainfall. While the seasonal atmospheric

flow during the monsoon seasons in Southeast Asia and global warming show

varying degree of fuzziness. As a result of Climate change, a delay of 15 days in

the onset of Southeast Asian Monsoon is predicted in near future. (Loo et al.,

2015).

Seth et al. (2013) projected that with the response to anthropogenic

activities the global monsoon is predicted to increase in precipitation, intensity,

area. He had found a redistribution of rainfall from early to late monsoon season.

Gupta et al. (2003) suggests that there is a persistent link between the North

Atlantic region and Asian monsoon. Krishnan and Sugi (2003) found that inter-

decadal fluctuation of Pacific Ocean sea surface temperature (SST) have a

coherent inverse relationship on the Indian monsoon rainfall during the last

century. A decreased summer precipitation in the westem North Pacific is

associated with the enhanced precipitation over the Arabian in summers (Conroy

and Overpeck, 2011).

Meehl and Washington (1993) found an increase in the surface

temperatures and evaporation with greater mean precipitation in the south Asian

summer monsoon region. Association with the land and Ocean temperature in the

monsoon region, a trend of increased interannual variability of Indian Monsoon is
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observed. During SW monsoon, the high salinity Arabian Sea Water circulates

from the Arabia Sea into the Bay of Bengal circulates along with the Summer

Monsoon Current. May (2004) revealed an increase in the intensity of heavy

rainfall events in the near future with a large increase over the tropical Indian

Ocean and Arabian Sea, Pakistan and Northwest India as well as in Northeast

India, Myanmar, and Bangladesh.

During the last four decades, the lOD and the El Nino/Southem

Oscillation (ENSO) have complementarity effect on the interannual variability of

the Indian Summer Monsoon Rainfall (ISMR). If the ISMR-ENSO correlation is

high (low), then the ISMR-IOD correlation is low (high) (Ashok et al., 2001).

Shukla and Huang (2016) suggest Indian summer Monsoon have a major

connection with El Nino-Southern Oscillation (ENSO). Krishnan and Sugi (2003)

analyzed that, the vulnerability to drought is more in Indian Monsoon when El

Nino events coincide during warm phases of the Pacific interdecadal variability

on the contrary when La Nina events occur during cold phases of the Pacific

interdecadal variability, wet monsoons are more likely to prevail. Ihara et al.

(2007) reveals that the Indian summer monsoon rainfall and the zonal wind

anomalies have a significant negative association over the equatorial Indian

Ocean during El Nino events. Levine and Turner (2012) say that through the

development of Somali Jets, ENSO is feeding back to the monsoon.

2.2 Coral Connectivity

2.2.1 Seasonal and annual pattern of current system in the Northern Indian

Ocean

Indian Ocean has a complex wind as well as circulation patterns (W>Ttki

1973). The results from the studies conducted by Mojgan et al. (2017) says that

the trend of wind speed is reduced from 1981 to 2015 while there is a

considerable change in wind patterns. Also, there is a noticeable increase in sea

surface temperature is observed over Indian Ocean. This phenomenon confirms

the effects of global wanning and the Current patterns in the Indian Ocean. Shape
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of land masses as well as configuration of ocean bed was affecting the ocean

currents. The major climatic factors affecting current system are wind patterns,

temperature and salinity (Shetye et ah, 1994).

Indian Ocean is extremely differing from other ocean because of its land

locked pattem by Indian sub continent. Also, monsoon winds in these regions had

peculiar effect on Indian Ocean. The major northern Indian Ocean currents are

southwest monsoon currents, northeast monsoon current. Equatorial counter

current, Somali Current. Prior to the arrival of monsoon, Indian Ocean becomes

warmer among the world oceans (Clemens et al. 1991). This time, the Somali

current will reverse its direction (Schott, 1983). Compared to other oceans, the

presence of winter and summer monsoon winds changes flowing direction of

Northern Indian Ocean currents twice a year.

The monsoon currents are open ocean currents which seasonally reverse

its pattem between Bay of Bengal and Arabian Sea (Eigenheer and Quadfasel,

2000). This seasonal reversal in the surface circulation results in nutrient rich

upwelling in Arabian Sea along its coast (Murtugudde et al., 2007). These

currents extend over Somalia to eastern Bay of Bengal. During May to

September, the south west monsoon currents flow eastward while the north east

monsoon currents move westward during the month of November to Febmary.

The NE monsoon current is primarily geotropic current regulated by Ekman drift

(Shankar et al., 2002). They first develop around Sri Lanka and moves eastward

and during December to March in their mature phase, they flow to westward

towards southern Bay and form two branches in Arabian Sea. One of these

currents move around Lakshadweep high. On the other hand, South west

monsoon develop around southern bay during May then during its matured period

they reach at Arabian Sea and finally join with Somali Current. They move

eastwards and south east wards around Lakshadweep low then to Sri Lanka and

finally reach Bay of Bengal (Shetye et al., 1994).

Ocean currents have greater importance in climate studies. Different

ocean current data are available now a day (e.g. OSCAR, HYCOM GOM10.04,

HYCOM GLBaO.08, AVISO DUACS, and Pacific ROMS-CoSiNE). We can
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access ocean current data from Satellite and modeled datasets. Among satellite

data OSCAR provides high resolution current data approximately 37 km at

equator (Sikhakolli et al, 2013). While, there are modeled data available that have

more resolution than satellite data. HYCOM is a near real time global model

having resolution about 9 km (Winther and Evensen, 2006). HYCOM is more

accurate and had similar resolution that of satellite (Earth et al., 2008). Joseph

and Ravichandran (2012) validated 0.25 x 0.25 HYCOM model with buoy data

and concluded that HYCOM perform well in reproducing zonal current data in

equatorial region.

2.2.2 Occurrence and extent of life history stages and pelagic larval

duration in corals

In Lakshadweep waters around 12 family and 130 species of scleractinian

corals were reported (Pillai and Jasmine, 1989, Rajasuriya et al., 2002). Acropora

and Porites were the most dominant coral species in Lakshadweep waters (Nobi

et al., 2014). Pelagic larval duration (PLD) is an important component while

studying larval connectivity which detennines rate of dispersal. Larval dispersal

had a key ambiguity in connectivity study. PLD varies with species to species. In

case of close proximity island, if the spawned larvae are moving with shorter

surface current it will increase connectivity between the islands while, on the

other hand, decreases connectivity with distant islands. Pelagic larval duration,

movement of larvae, its survival and competency will significantly influence the

connectivity of larvae (Paris et al., 2007). According to the model developed by

(Black, 1993) the larvae are assumed to be settled if they attain competent before

flushed from the source reef.

2.2.3 Studies on pattern of larval connectivity between reefs elsewhere in

the world

Connectivity usually refers to "the demographic linking of local

populations through the dispersal of individuals among them as larvae, juveniles

or adults". Larval connectivity is a whole life process (Pineda et al., 2007). The

study of larval connectivity among corals is more dynamic and complex.
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Knowledge on connectivity pattern will be helpful in planning efficient spatial

management strategy for marine ecosystem and conservation (Mayorga-Adame et

al., 2017). Connectivity among larvae is inherently driven with the help of some

physical and biological factors. The physical environmental conditions such as

current speed and direction, salinity and temperature are the factors determining

the arrival patterns to the reefs. The biological factors that affect connectivity are

competency period, swimming behavior, larval dispersal distance & duration,

health & abundance of source population and availability of downstream habitat.

Distance between archipelago and local oceanographic variables also influences

larval connectivity (Knittweis et al., 2009). Across different reefs, the length of

average connectivity varies significantly (Thomas et al., 2014). Coral bleaching

and acidification will also impact connectivity by increased fragmentation of reef

habitat (Munday et al., (2009). Different studies suggest that, population

connectivity had a fundamental role in resilience and management strategies as

well as local and metapopulation dynamics (Hastings and Harrison, 1994;

Botsford et al., 2009). Paris et al. (2007) revealed that change in population

connectivity may occur by self-recruitment impacted from larval behavior.

Munday et al. (2009) used a biophysical model, which says that the reduced

Pelagic Larval Duration (PLD) have a greater effect on connectivity patterns and

are depends on the distribution of suitable habitats for settlement.

Scientific knowledge on behavior of dispersal has improved from recent

empirical studies. An efficient approach to examine role of circulatory pattern in

larval transport and connectivity between reefs is by using computer based

simulations (Kendall et al., 2016). Generally hydrodynamic model is used to

predict the dispersal patterns. But it lacks some information on larval biology. We

can estimate the potential connectivity by simulating the larval transport among

source and destination (Kendall et al., 2016).

Local population dynamics of corals were first modeled by Hughes (1984)

and then Roughgarden et al. (1985). Treml et al. (2008) followed eulerian

advection approach for modeling coral larval dispersal between reefs. The

elements of larval dispersal matrices can be identified by tracking larval particles
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from biophysical circulation modeling (Botsford et al, 2009). Using six

microsatellite markers, Nakajima et al. (2009) predicted that Acropora digitifera

had connectivity of 5-25 km apart. Almany et al. (2009) mentioned that, the

decrease in distance between reefs make more connectivity. According to Boston

et al. (2012), there will be a fivefold decrease in probability of successful

dispersal over 1 km between populations. In 2013, Paris et al. (2007) developed a

Connectivity Modelling System (CMS) which can be used for tracking different

floating particles in ocean. This model is highly recommended for larval

monitoring and other migration. Kaplan et al. (2016) developed an R package

'ConnMatTools' for studying uncertainty about connectivity between larvae.

They tried three techniques viz. natural chemical markers, artificial chemical

markers, and parentage analysis for estimating connectivity. These techniques had

a great contribution in future connectivity studies. Kendall et al. (2016) estimated

future larval connectivity using Hybrid Coordinate Ocean Model (HYCOM)

which results decreased connectivity with change in current pattern and also

predicted poor connectivity with reduced PLD.

2.2.4 Influence of climate on coral larval transport

The amount of larval dispersal varies among and within species. Some

larvae disperse within a little distance while others took 100s of kilometers.

Climate change had the potential to affect larval transport and dispersal (Munday

et al., 2008). Climate change will alter circulatory patterns of currents which carry

the coral larvae from source to destination. Rate of larval development increases

with increase in sea surface temperature that in turn results in decreased PLD and

early reef seeking behavior (Munday et al., 2009). Greater the increase in

temperature, a major expected change will influence reproductive phenology

(e.g., shift in the spawning season) and results larval mortality (e.g., changes in

the exposure to lethal temperatures) (Lett et al., 2010). While judging individual

response, there is shift in abundance and distribution of corals with the impact if

temperature (Harley et al., 2006). This may also acts on connectivity and

dispersal patterns by modifying reproductive output, swimming behavior, larval
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transport, and mortality (Lett et al., 2010). Gerber et al., (2014) confirms a

reduction in functional connectivity through reduction in potential dispersal from

change in ocean climate. He has also suggested more closely spaced protected

area to overcome spatial scale reduction in connectivity due to climate change.

Change in nutrient availability will also affect growth of coral larvae. An

investigation conducted by Koop et al., (2001) stated that, the increase in nitrogen

content will suppress the larval growth and subjected to mortality while, increase

in phosphorus enhanced the larval settlement.

si
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CHAPTER 3

MATERIAL AND METHODS

3.1 Study Area

The study was conducted in a region of the south eastern Arabian Sea

constituting the waters around the Lakshadweep atolls i.e., 69° W, 7° S, 77° E, 15°

N Grid. Lakshadweep is an archipelago with hundred thousand of islands, located

225 to 450 km away from southwest coast of India (Mallik, 2017). Lakshadweep

coast extends to 132 km (Venkataraman, 2008) and consists of 35 islands of

which 11 are inhabited. Minicoy, Agatti, and Amini are the chief islands which

built up by corals having fringing type reefs very close to their shores.

Lakshadweep is the only atoll type reef in India having 107 species of hard corals

(George & Jasmine, 2015) with lagoon of 4,200 km~. It has over 101 species of

birds (Pande et al. 2007), 603 species of marine fishes, 52 species of crabs, 82

species of seaweed, 2 species of lobsters, 12 species of bivalves, 48 species of

gastropods Venkataraman and Wafar, 2005; Apte, D. 2009). The island has a

tropical humid climate and plentiful seasonal rainfall.

The Lakshadweep Sea or Laccadive Sea is a warm sea, bordering India

(including its Lakshadweep islands), Sri Lanka, and the Maldives. Lakshadweep

Sea has clear water, excellent coral reefs with diverse fishes, white sand beaches

with coconut trees. It is located about 400 kilometres from the west coast of India,

with majority of the islands lying to the north of the 9° navigation channel except

southern island, the Minicoy which lies in the north of the Maldives. The sea

surface temperature is quite constant over the year, with an average of 26-28 °C

during the summer season and 25 °C during winter. In the centre and northern

part of the sea, the salinity is 34%o (parts per thousand) and in the south it is about

35.5%o. The direction of wind throughout the year in Lakshadweep sea is mostly

north-west. Higher wind speed experienced during summer monsoon ranges from

5-8 m/s (Prakash et al., 2015).
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Figure 1: Location map of the study area

3.2 Collection and Compilation of Data

Reef data throughout Lakshadweep archipelago were collected from

Millenium coral Reef mapping project (Andrefouet et al., 2006). The reef data

were divided in 4 km x 4 km raster using Qgis 3.3.3 to create the habitat module

of the reef. The reefs were divided based on bathymetry from General

Bathymetric Chart of the Oceans (GEBCO); (http://www.gebco.net) to find the

connectivity of deep and shallow Acropora species. Acroporids were highly

studied as well as dominant species in this archipelago usually occur between 0

to 15m depth. Based on the data of the reef area, each cell of the grid was

assigned a percentage of the reef. To find the local connectivity, the nodes were

3^
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again subgrouped based on different islands in this region. Due to the low

resolution in this area, we consider some of the small islands together as a single

polygon (for example Bangaram with Agatti and Kadamat with amini) and also

considered three seamounts for the study and named as seaN 1 and seaN2 for the

two northern seamounts and seaSl for the southern one. The current data were

collected from Hybrid Coordinate ocean model (HYCOM-Global 1/12 degree

horizontal resolution) (Bleck, 2002). The CMS was coupled to the Global

HyCOM in the Laccadive Sea to predict the probability of dispersal and

connectivity of Acroporids in the region from 2015-2018. Particles were released

from each spawning sites on and around full moon days of april and march using

three dimensional velocity field.

3.3 Trend Analysis

3.3.1 Mann Kendall analysis

A comparison of the trend of SST in the marginal seas surrounding India

was performed. Monthly 1^ latitude-longitude gridded hundred year data of Sea

Surface Temperature (SST) from 1913 to 2012 were gathered from International

Comprehensive Ocean - Atmosphere Data Set (ICOADS) (Woodruff et al.,

2011). Mann Kendall trend analysis has been performed to find the trend of SST.

It is a non parametric test which helps to find the trend in a time series. Data were

processed using 'ncdf4' package in R. IHO's standard has been followed to find

the limits of the Oceans (IHO 1953, 2001). All the statistical analysis were

performed using R ver 3.4.2 (R core, 2017). 'KendalP (McLeod, 2005) and

'Trend' (Pohlert, 2016) packages were also utilised. The SST climatology of each

sea has been plotted separately as Box plots using R. To know the monotonicity

of the trend. Seasonal Mann Kendall test has been also performed. Mapping and

spatial demarcation by clipping the data were performed in ArcGlS ver 9.3

software. Inverse Distance Weighting (IDW) using ArcGIS 9.3 has been used to

interpolate the results to find spatial variation. 25 year SST climatology data for

different quarters of the century as well as 25 years Kendall's trend value for

different quarters of the century were plotted.
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3.3.2 Empirical orthogonal functions

Empirical orthogonal functions (EOFs) are powerful and sophisticated

techniques that are used to determine the dominant patterns of sea surface

temperature (SST) variance in Northern Indian Ocean. EOF is a numerical

computation based on a statistical theory which is widely used in climate studies

in order to understand various spatial and temporal patterns in a climate system. It

is possible to find underlying teleconnections using EOF analysis. If the EOF

mode explains more than 50% variance at the centre of action then there exists a

real teleconnection. The main objective of EOF is to attain decomposition of a

continuous space-time fields into its some orthogonal modes or functions, which

represents the changeability in the spatio-temporal pattern of original dataset. In

this study EOF is used to identify the patterns in the spatio-temporal trend of sea

surface temperature and salinity.

We can express time series data as:

D(m,n)=Sf=i Ai(ri)Fiim)

where, m is the spatial dimension and n is the temporal dimension, Ai is the

temporal amplitude and Fi is the eigenfunction.

We can achieve EOF analysis through singular value decomposition

(SVD) method. Before applying SVD, we should remove spatial and temporal

means from the dataset, which helps to extract spatial features like fronts, gyre

and temporal variability.

We can decompose any matrix D^xn^s:

D = USV^

Here, U and V are the orthogonal matrices and S is the diagonal matrix.

We get EOF or spatial patterns from each column of U while, V provides

principal component related to which indicates the average time series. The 140

years data from January 1870 to December 2017 data of SST has been collected

from HadlSSTI (Rayner et al., 2003) imagery having l" resolution and sea
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surface salinity data of 114 years were collected from EN4.2.0 (Good et al.,

2013)..

3.3.3 Time series analysis

To understand the underlying forcing of the data over time, time series

graphs of average SST, SST anomaly, lOD and ENSO have been plotted. Using

Multivariate ENSO index, years of strong El Nino and La Nina events were

identified. Similarly, the positive and negative lOD events were also identified

using Dipole Mode Index.

3.4 Population Connectivity

The simulation of larval connectivity of Lakshadweep atolls has been

done using Connectivity Modelling System (CMS; Paris et al., 2013), an

individual based which track movement of particles in the ocean. It is a

probabilistic, Lagrangian framework based open source biophysical model

coupled with GlS-based habitat, biological module, and local or regional currents.

CMS uses output from HYCOM and track movement of larvae with time.

Our study has been conducted on Acroporids which are dominant species

in this archipelago. They usually occurs between 0 to 15m depth. They spawn

around march and april in this region (Jasmine et al., 2013; Howells et al. 2014,

Kaplan et al. 2016). Acroporids are fast growing and are more resistant to

environmental changes (Renema et al., 2016). Therefore resilience based works

are easy to implement on acroporids. We have simulated the connectivity of coral

(Acroporids) larvae for the months March and April of 2015 to 2018 in two

climate scenarios viz., 1. the current scenario with pelagic larval duration of 100

days and mortality of 50 days and 2. the climate change scenario with pelagic

larval duration of 60 days and mortality of 30 days. We have used graph theory

which will help us to understand the main linkage between the islands. For this

study, a total of 1831 coral reef polygons were developed with 4km nodes and

were used as the source and sink zone. Particles were released randomly from

each nodes and they were tracked and their individual positions were recorded
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every year. Additionally, the dispersal and settlement of particles on suitable

habitat with specified biological parameters were examined in both the scenarios.

If the larvae in the simulation failed to reach suitable habitat, they will continue to

move. The simulated particles are allowed to settle to the suitable habitat once

competency period has reached.

The released particles includes biological parameters such as mortality,

PLD, competency period, and settling on the coral substrate. The available data

on PLD of Acroporid species indicates that they ranges from -3.5 to 140 days

(Ayre and Hughes, 2000; Baird 2001; Baums et al. 2005). This will vary

geographically. In this study the maximum PLD of 100 days is considered for a

normal scenario (Conolly & Baird, 2010; Munday et al., 2009; O'Connor et al.,

2007). Full moon peak spawning was simulated by releasing planulae over 11

days following a Gaussian distribution. The planula's competency period was set

from 4-100 days, with an exponential mortality of 50 days half-life. CMS

Lagrangian dispersal kernels, connectivity matrices, and network analyses were

carried out using Matlab R2018a.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Trend of Sea Surface Temperature
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Figure 2: 100 year SST trend of northern Indian Ocean by Mann Kendall test.

A general indieation of hundred year SST trend from 1913 to 2012 of

northern Indian Oeean is represented in the Fig. 2. The interpolated map showed a

maximum positive trend around the study area. Most of Laeeadive sea is showing

very high trend over these years. Thus, the high positive trend due to rise in

temperature explains an unusual heating experience over the past few decades.

Among the four marginal seas of India, Lakshadweep sea is experiencing

more fluctuation in SST which stresses the corals of these area and makes them

more vulnerable. Such an increase in SST makes the coral undergo severe

bleaching. Persistent increase in SST due to climate change would affect the

survival of Lakshadweep corals threatening the extermination of the atolls from

h2-
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mean HadlSSTl SST 30-120E 20--30N (hadisstl 30-120E 20--30N n)

the face of the earth. Heron et al (2016) has observed that 2016 was the warmest

year on record. Later, World Meteorological Organisation reported 2015, 2016

and 2017 as the wannest years of Earth. Nevertheless, 2017 was the warmest

without the occurrence of El Nino.
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Figure 3: Time series map of average SST over northern Indian Ocean from

1870 to 2017.
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Figure 4: Time series map of average SST anomalies from 1870 to 2017.
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Analysis of time series data of sea surface temperature in the Northern Indian

Ocean (fig. 3 and 4) indicates a linearly increasing pattern of SST trend after

1960s. An increase of 1.5*^0 in SST was experienced during the past century. The

current average temperature observed from the graph was around 28.75^C which

can shoot above 29°C within a decade.
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Figure 5: Temporal representation of lOD index
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Figure 6: temporal representation of ENSO index

2020

In order to understand the impact of ENSO (fig. 5) and lOD (fig.6) on

Indian Ocean SST, temporal representation of ENSO and lOD events were

performed. In the fig. 5, the positive values represent the warm ENSO phase (El

Nino) and negative values represent the cold ENSO phase (La Nina). A large

scale teleconnection was evident from the results. The El Nino of 1998 and 2016

hk
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were the highest ranked event on the decade. Several mass bleaching events were

reported in these years among the study area.

eofi monthly HodlSSTI SST
1870:2017

60^2 monthly HodlSSTI SST
1870:2017

<>0.8 -0.8 >0.4 -0.2 0.2 0.4 aS 0.8 -0.05 0.05 0.15 0.25 0.35 0.55 0.85 0.75 0 85 0.95

Figure 7.a: First spatial mode

EOFI of SST from 1870-2017

Figure 7.b: Second spatial mode

EOF2 of SST from 1870-2017.

EOF analysis has indicated that above 80 % of variability was explained

by EOFI and E0F2. In the spatial map produced EOFI (figure 7.a) is showing

weak dipole pattern at the northern latitudes against the southern. However, EOF2

(figure 7.b) clearly shows a strong positive mode along the Oman coast and Bay

of Bengal while there is strong negative trend towards the southwest side of

Indian Ocean.
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The major axis showed a SST anomaly fluctuating from -0.3°C to +0.6°C

. The variation of SST has comparatively increased and showed linearly

increasing trend after 1960s (fig. 8). PC2 also showed variation but there is a lack

of trend. A strong influence of El Nino and La Nina was evident from PC2 (fig.

9). After two consecutive La Nina during 1974 to 1976, northern Indian Ocean

was badly affected by El Nino teleconnection around 1978. Later, the frequency

of El Nino had increased and the years 1992 to 1994 appeared as a three

consecutive El Nino years. This led to abnormal positive trends around these

years. The massive El Nino event which led to the first mass coral bleaching

experienced by the world during 1997-1998 is clear from PC2 graph. Moreover,

other El Nino events which led to significant but lesser mass coral bleaching

events during 2010 and 2015-2016 years are also evident from PC2 graph.
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4.2 Trend analysis of Salinity
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Figure 10.a: First spatial mode

EOFl of SSS from 1900 to 2016

Figure 10. b: Second spatial mode

EOF2 of SSS from 1900 to 2016.

An analysis of Empirical orthogonal function of SSS has been performed

to understand the contrasting trend among the Indian Ocean. The figures 10.a and

lO.b, represents the first and second EOF mode and its temporal amplitude of the

salinity. The data for past 116 years explains 90 % of the variation. In the case of

salinity, the EOFl itself shows two prominent modes. One is towards southern

India and other near to Indonesian islands along the equator. The positive

anomaly around Sumatra Indonesian region was greatly influenced by the

positive lOD events along with El Nino teleconnection.
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Figure 11: First temporal mode PCI of SSS anomaly
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The Fig. 11 represents the majority of variance of SSS and the fig. 12

represents the subsequent greatest SSS variation. In the last two decades as

compared to average salinity for this century, salinity has been staying on the

higher side. In PCI SST shows a high correlation with the incidence of lOD

events. This is evident from the drop of SSS in 1920.

MS
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4.3 Connectivity among the reefs

The modularity (fig. 13) in the former scenario with a PLD of 100 days

and mortality of 50 days indicates that the regional self-recruitment is high in

most of the reefs. There is a good connectivity between each reefs and all the

reefs shows high potential to act as sources and sinks. The rate of self-recruitment

is high in these regions. The SeamountN2 had high betweenness centrality which

means they are used frequently as the critical node for dispersal. Therefore

SeamountNl have a key ecological role in larval dispersal of this region. They act

as both source and sink for Lakshadweep acroporids in all of the studied years.

I;
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Figure 13: Modularity of Lakshadweep Acroporids 2015 - 2018.
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Figure 14: Modularity of Lakshadweep Acroporids with respect to climate

change. Vertices represent islands; edges represent larval exchanges (elockwise

along arc); size of the vertex indicates the proportion of regional self-recruitment;

shade indicates the betweenness centrality (darker shades indieate higher values).

The thickness of the edge represents the probability of migration.

Oceans absorb more heat from the atmosphere which leads to £in increase

in the SST. The coupled ocean atmospheric phenomena enhances this effect.

When temperature increases, the metabolic rate of larvae also increases which in

turn hastens the larval development. This will also likely to increase mortality rate

of larvae and decrease the pelagie larval duration. This can finally affect the

connectivity between the reefs. Thus the connectivity patterns ehanges. In such

cases, some of the larvae may not be able to reach new reefs. If there is an

intermediate reef, new connectivity pattem will be formed. Absence of reefs

acting as a sink will results in the death of that larvae. Fig. 14 shows the pattem of

connectivity with respect to climate change. The result revealed a southward
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migratory pattern of larvae. Also the regional self-recruitment of most studied

reefs has declined with climate change.
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Figure 15: Connectivity matrix of Acroporids with respect to climate change

High migratory pattern is evident when we simulated larval connectivity

with PLD of 60 days and mortality of 30 days. Marked shift in the connectivity

network has been found between the reefs. Acroporid larvae from most of the reef

shows a trend of southward movement with a migratory pattern compared to

actual connectivity. From the network it is evident that most of the Lakshadweep

islands are receiving larvae from Maldives islands in the later scenario. Also the

regional self-recruitment shows a decreasing pattern with climate change. The

two seamounts in the northern part of Lakshadweep is an active source and sink

for acroporids, but this has been observed to be getting decreased with the
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warming. Therefore, conservation based decisions should be required for this

regions.

Minicoy Island is isolated from Indian territory at the south with the

presence of nine degree channel. Our results says that Minicoy receives some

larvae from most of the southern reefs while they are not sharing larvae with any

of the northern islands.

For the past few years, the frequency of occurrence of cyclone has been

increased around the study region and the corals are facing huge damages.

Combined effect of ocean warming with climate variability and the exposures like

cyclonic event will change the dispersal pattern and decreases the recruitment

capacity of these region. Being an island with much tourism activities like scuba

diving and snorkelling, Lakshadweep atolls may also be affected by human

impacts along with the climate impact. Together these stressors can amplify the

death of bleached corals in these areas. Comparatively, reefs of SeamountNl and

SeamountN2 may be less affected due to the lack of human activities except

fishing.

The local current pattern had a dominant role in larval dispersal and

transport to some extent. Indian ocean is oceanographically unique compared to

other oceans with the presence of southwest and northeast monsoon circulation,

and the dispersal pattern of larvae will be significantly affected. During this time

there is an occurence of Lakshadweep low and high (Shetye, 1998). This quasi

stationary cyclonic circulation could control the pattern of dispersal. March -

April are the transition period of Monsoon circulation. This is the time where

spawning of most acropora corals occurs in this region. Therefore, all the

behaviour of monsoon including their onset and the offset could sway the

connectivity and dispersal pattern of larvae.

Knowledge on larval connectivity should be given importance while

demarcating conservation areas especially the sanctuaries and protected areas.

Wood et al. (2012) shows that the central Indian ocean corals have greater

influence on Eastern Indian Ocean ie., the Indonesian corals and they are highly

capable of sharing larvae each other. High gene flow will increase the
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connectivity and promote resilience of the reef. Hence the importance to take

conservation related decisions are high. A holistic understanding of the nature and

limits of the resilient reefs in this area had a key role in conservation programs

and management decisions.

Hughes et al. (2003) suggested that, rather than disappearing, corals will

change with the climate change through adaptation or migration. Hence

connectivity study is important to maintain population resilience under climate

change. Evaluation of the ecological changes and the impact of climate change on

the connectivity between the reefs will help in taking important decisions during

the interpretation and implementation of resilience-based management and

designation of Marine Protected Areas. Severe bleaching were reported in the

studied areas as an aftermath of climate change and some were recovering slowly

(Vinoth et al., 2012). Therefore identifying the the resilient reefs and

understanding the connectivity of these region is an effective ways for protecting

the sensitive coral reefs.
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CHAPTER 5

SUMMARY

Larval connectivity study of coral is a young science which is still at the

preliminary stage around the world. Corals are sensitive organisms which need

particular temperature, salinity and clear shallow water. Any small stress to these

organisms makes them highly vulnerable. Analysis on the 140 years SST data

showed increase pattern of SST over Indian Ocean. EOF analysis of SST and

salinity shows effects of teleconnection from ENSO and lOD events. These two

natural phenomena showed a greater influence on SST and SSS of Indian Ocean.

Knowledge on the climatic variability around the Lakshadweep reefs can help in

predicting the future bleaching events and make the coral reef managers prepared.

The study concludes with the depiction of an alarming rate of increase in

the climatic variables in the Lakshadweep Sea. Both SST and salinity has showed

an increasing trend in the region. Amid the fear of frequent bleaching event in the

future, the study also evaluates the threat of the increase in temperature on the

population connectivity among the reefs of Lakshadweep. It is concluded that

many of the isolated reefs will be impacted heavily with a decreased exchange of

genetic material by the way of larvae and recruitment, a strong bleaching event

sparked by the global climatic phenomenon like El Nino or lOD can wipe out

such reefs. Also, Lakshadweep reefs have the potential to exchange larvae with

nearby Maldives reefs. Therefore these reefs could acts as source for

Lakshadweep reefs.

No reef is an island. The larval connectivity information should be given

importance while demarcating conservation areas especially the sanctuaries and

protected areas. Evaluation of the impact of climate change on the connectivity

between the reefs will help in taking important decisions during the interpretation

and implementation of resilience based management tools in a coral reef. From

our results seamount 1 can be used for resilience based management because they

are exchanging larvae with most of the reefs with high betweenness centrality.
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Compared to other reefs in Indian Ocean, Lakshadweep have no protected area

other than Pitti. Therefore our study suggests more protection in these areas.
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ABSTRACT

Lakshadweep is the only atoll type reefs in the territory of India. Since

Indian Ocean is the warmest among tropical oceans, Indian corals reefs are

vulnerable to the impact of climate change. Coral connectivity helps in

maintaining the resilience capacity of sensitive coral reefs. However, shifts in

global temperature will strongly influence the period of larval duration and hence

the connectivity between the reefs. This study utilised the Mann Kendall trend

analysis and Empirical Orthogonal Formula to study the trend of sea surface

temperature and salinity over the region. Current study revealed a warming trend

of sea surface temperature of Lakshadweep waters. Empirical orthogonal function

indicates opposite temperature and salinity modes in the Indian Ocean region

which encompasses the Lakshadweep waters. Spatio temporal dipoles identified

are surmised to be due to the influence of global climatic phenomenon like El

Nino and Indian Ocean Dipole. The study also tries to understand the relationship

between larval connectivity and climate. Our findings implies that climate change

has a significant influence on larvae and in turn affecting the journey to their

K  corresponding settlement reef. Resilient reefs act as the source for seeding the

bleached or destroyed reefs by larval dispersal. Knowledge on the changes of

larval connectivity between the reefs can help in taking important decisions

during the interpretation and implementation of resilience based management

tools in a coral reef. Identifying the pattern of settlement and population

connectivity supports in making new Marine Protected areas.
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