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Coral reefs in the Anthropocene are increasingly confronted with human induced rapid environmental 

change (HIREC), that is exposing species to novel circumstances or chronic conditions, above the 

baseline typical of  natural environmental variation. These novel conditions are challenging the 

evolutionary coping mechanisms of  many species, resulting in an unraveling of  species assemblages. 

HIRECs are a vast amalgam of  anthropogenic disturbances that span from the local (example fishing, 

pollution), regional to global (climate-change related habitat degradation, global warming), impacting 

every level of  organisation from individuals to entire ecosystems. To persist in these contemporary 

disturbances, individuals, populations and species need to be capable of  rapid adaptive responses to 

cope. As a result, HIREC is polarising communities into winners and losers. In this, groups of  species 

with certain functional traits are being favoured over others. Habitat-dependent, benthically-associated 

predatory fish are particularly vulnerable to HIREC. They play vital functional roles on  coral reefs and 

the consequences of  their loss could cascade through the ecosystem. Managing coral reefs under 

HIRECs requires an understanding of  previous disturbance responses of  communities – identifying 

winners and losers and understanding their coping mechanisms and limits. 

Through this work, I broadly attempted to understand how groupers (family- Epinephelidae), a 

community of  structure-dependent top predatory fish of  high commercial value, are responding to 

global and local HIRECs on coral reefs. My study was conducted in the Lakshadweep archipelago, 

Northern Indian Ocean. The archipelago made an ideal laboratory to examine the impacts of  global 

HIREC on fish assemblages as it has been subject to repeated climate-change related mass-bleaching 

disturbances since 1998. In addition, until 2014, commercial reef  fishing was virtually absent on the 

reef, making it possible to examine climate-change responses in relative isolation. The absence of  

commercial fishing also allowed me to examine grouper mating behaviour of  a newly documented fish 

spawning aggregation under relatively ‘pristine’ (unfished) conditions. My study examines the potential 

impact of  local HIREC by comparing these behaviours with typically fished aggregations of  the 

species across the Indo-Pacific. 

ABSTRACT !1

ABSTRACT



Community assembly is likely to be strongly influenced by both habitat condition and the durational 

stability of  the habitat. Together these determine the character of  the habitat (templet) which can limit 

the life history strategies of  species that can occupy the area. By modifying both structure and 

disturbance frequency, HIRECs can seriously alter community composition on coral reefs. Climate-

change induced mass-bleaching events are bringing about a rapid decline in reef  structural complexity 

across the world, with severe consequences for benthically-associated species. I looked at the impact of  

rapid structural loss on the distribution of  grouper communities across Lakshadweep. Using a long-

term (15 years) dataset on changes in benthic coral structure since the 1998 mass-bleaching disturbance, 

I classified reefs according to their disturbance history (from structurally stable to highly dynamic reefs) 

and their current structural complexity. Together with an archipelago-wide survey of  benthic fish 

communities, I demonstrated that grouper community composition, diversity and biomass, varies 

considerably between reefs along a gradient of  structural complexity and habitat stability. I found that 

of  the entire grouper community, long-lived (longevity> 15 years) and large-bodied species (maximum 

size > 60cm), were restricted to structurally stable sites with high structural complexity. Interestingly, 

these species were not present in sites of  comparably high structural complexity but with dynamic 

disturbance histories. This work shows that it is not just the structural complexity of  reefs but also 

long-term habitat condition that drives the composition of  long-lived benthic predators like groupers. 

Moving forward, stable habitats are going to be critical as climate-change refugia for long-lived and 

large bodied species, supporting higher diversity and abundances and securing important recruitment 

and settlement processes.  

Rapid structural degradation is generating winners (short-lived, small-bodied species) and losers (long-

lived, large-bodied species) in the grouper community. Behavioural plasticity is a key first response to 

any disturbance that can explain variation in performance. I was keen on exploring the behavioural 

mechanisms by which some species were successful under habitat degradation. One species in 

particular, the peacock grouper (Cephalopholis argus) appeared to buck the trend of  other long-lived and 

large bodied species, and was ubiquitous and highly abundant in structurally complex and degraded 

reefs. Using a combination of  underwater behavioural observations and stable isotope analysis to 

characterise diets, I studied foraging plasticity (foraging territory size and use, foraging modes and diet) 

of  the peacock grouper along a gradient of  structural complexity. Stable isotope analysis showed that 

peacock groupers are able to maintain a specialised diet in reefs of  high and low structural complexity. 

However, they show highly flexible foraging modes, varying between structure-dependent ‘ambush’ and 

structure-independent ‘widely-roving’ strategies along the gradient. Further, an incidental competitive 

release from declining densities of  foraging specialist species potentially aided in their success in 

structurally degraded reefs. This work highlights that plastic species can become important keystone 
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predators in the reefs of  the future and help maintain ecosystem functions even in structurally 

degraded reefs. 

While behavioural plasticity enables short-term survival of  individuals under HIRECs, it is far from 

clear whether it can ensure the long-term persistence of  individuals and populations. The biological and 

ecological costs and consequences of  plasticity can influence the success of  a population under 

HIREC. I attempted to understand how surviving in degraded reefs impacts the life-history traits of  

the behaviorally plastic peacock grouper and the population-level consequences of  long-term 

persistence in degraded reefs. I did so by comparing life-history traits (growth, longevity, length-weight 

relationships) and demographic parameters (size and age-distribution, density) of  sub-populations 

between the structurally healthy and degraded reefs. I used otolith collections and analysis to estimate 

the age of  individuals. Found that on the one hand, peacock groupers were able to achieve a better 

body condition in structurally degraded reefs, potentially due to their foraging flexibility and 

competitive release from specialist groupers. On the other hand however, surviving in these sub-

optimal habitats came at considerable life-history costs, as the average longevity of  peacock groupers 

declined by twenty percent. In addition, density was halved and there appeared to be high size-specific 

mortality of  juveniles in peacock grouper sub-populations in degraded reefs. This  demographic 

signature indicated a potential bottleneck to the process of  recruitment in low structured reefs. The 

apparently high adaptive capacity of  species like the peacock grouper may mask significant life-history 

consequences with long-term demographic consequences that could add up as habitats degrade further. 

In the anthropocene epoch, it is virtually impossible to find undisturbed and unaltered populations of  

animals in nature. This is particularly true of  long-lived predatory fish like groupers because of  the 

highly selective fishing pressures they face in most tropical reefs. As a result, most of  our understanding 

of  the behaviours of  many species comes from populations that may have historically faced some 

levels of  fishing. Given the low reef  fishing pressure in the Lakshadweep, I identified and studied a 

previously-unfished grouper spawning aggregation of  the squaretail grouper (Plectropomus areolatus) in 

the remote island of  Bitra in Lakshadweep. I described unique alternative reproductive strategies 

(ARTs) adopted by individuals in this aggregating population. I then compared this pristine mating 

system with known aggregations of  squaretail groupers across the tropical Indo-Pacific, where fishing 

is present, to argue that fishing can have potentially significant impacts on rare, density-dependent 

animal behaviours. 

As HIRECs change the dynamics of  winning and losing, most long-lived benthic predators get the 

short end of  the stick. Behavioural plasticity in foraging strategies is critical in buffering benthic species 

from HIREC, but plasticity has its limits, beyond which declines and species extinction seems 

ABSTRACT !3



inevitable. How changing community configurations impacts diverse ecosystem functions is not 

something I could address in my study, though it is likely to have a strong homogenizing effect. 

Through my work, structurally stable reefs emerge as critical climate-change refugia, supporting higher 

species diversity, biomass, and securing important recruitment and settlement processes, particularly for 

long-lived, benthic predatory fish. Although stemming the impacts of  global climate-change may be 

difficult, managing local impacts like reef  fisheries and protecting stable reef  habitats, may still be our 

best bet for bolstering resilience in coral reef  systems reeling under contemporary, human-induced 

disturbances.  
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year (2013, 2014) and their interaction on the total time spent by males (n = 65) in an activity 

(aggression, courtship, rest, rove) versus time not spent in that activity. Maximum model with only the 

non-significant interaction are terms removed to improve parameter interpretation. Statistical 

hypothesis testing of  coefficients carried out with likelihood ratio tests. 
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Taking it from the top: Predators, an essential 
but vulnerable group 
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CHAPTER 1  
INTRODUCTION 

Whitespotted grouper (epinephelus coeruleopunctatus) atop a porites coral  



Introduction 

Large-bodied predators are perceived as powerful, majestic, elusive, dangerous and have captivated our 

imaginations for millennia (Kruuk 2002; Sergio et al., 2008). Ecologists and conservation biologists 

have long capitalized on this appeal, using large-bodied predators as flagship and keystone species in 

biodiversity conservation, in the restoration of  ecosystems, and as indicators of  disturbances (Ray et al., 

2005). The ecological rationale behind this, backed by ample empirical and theoretical data, is that large-

bodied predators can strongly structure communities through direct consumptive effects (Estes and 

Palmisano 1974) and indirectly through behaviorally mediated effects (Fortin et al., 2005). Top 

predators can ‘engineer ecosystems’ by facilitating resources that are otherwise scarce or unavailable to 

other species (Craighead 1968; Wilmers et al., 2003) and by virtue of  being large-bodied, long-lived and 

long ranging, top predators can connect distant landscapes in space and time. But, despite their 

importance and allure, large-bodied, top predators are highly imperiled in every ecosystem, owing to 

historical exploitation of  large-bodied animals and continued habitat loss (Estes et al., 2011; Ripple et 

al., 2014; Berger et al., 2001).  

The removal of  large-bodied top predators from ecosystems can have cascading consequences on 

lower trophic levels resulting in mesopredator release, altered ecosystem functioning, and shifted food 

web dynamics (Estes et al., 2011; Wallach, Ripple, and Carroll 2015). Examples of  trophic cascades 

initiated by the removal top vertebrate predators are rife in aquatic ecosystems (Carpenter and Kitchell 

1993; Steneck and Sala 2005; Mumby et al., 2006; Pinnegar et al., 2000). Perhaps the most well known 

example is that of  sea otters (Enhydra lustris), sea urchins, and kelp forests along the Pacific coasts of  

North America (review in Estes, 2005). Estes and colleagues demonstrated how otter predation could 

limit herbivory by sea urchins, indirectly promoting the existence of  widespread and structurally diverse 

kelp forests. With the removal of  otters for fur trade, sea urchins increased to a point where kelp 

forests were rare or had completely disappeared due to urchin overgrazing. In highly diverse and 

complex ecosystems like coral reefs however, the ecological impact of  the removal of  large bodied, top 

predator is much less straightforward and is highly contested (Shurin et al 2002; Frank et al 2007). A 

recent review of  the ecological role of  apex predators on coral reefs (Roff  et al., 2016) suggests that 

most top marine predators are generalist and opportunistic. Because coral reefs support complex food 

webs with high levels of  species diversity, functional trait diversity, and functional redundancy within 

trophic levels, top predator effects can be dampened by functionally equivalent species, buffering many 

coral reef  ecosystems from catastrophic cascades (Borer et al., 2008). However, coral reefs today have 

entered a new realm of  human-induced rapid environmental change (HIREC), resulting in large-scale 

habitat degradation and an unraveling of  species assemblages (Peters and Lovejoy, 1992; Stork, 2010). 

This is resulting in a biological and functional homogenization of  communities as species with certain 
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functional trait combinations are more negatively affected by HIRECs than others (McKinney and 

Lockwood, 1999; Julliard et al., 2004; Rooney et al., 2007). A key question in contemporary ecology is 

whether resilience will be maintained under the newer regimes of  human induced rapid environmental 

change, even in highly diverse systems like coral reefs (Hughes et al., 2017). 

Human induced rapid environmental change (HIREC) 
and benthic top predators 

HIREC is a vast amalgam of  human-induced disturbances, including habitat change (degradation, 

fragmentation), exposure to novel species associated with ecological invasions, increased harvesting of  

natural resources (overfishing), human-induced climate-change and exposure to extreme abiotic 

conditions (e.g. chemical, light, or noise pollution), varying in extent from being very localized to 

global., A distinguishing characteristic of  HIREC is that it rapidly exposes species to novel 

circumstances or chronic conditions not encountered in their evolutionary past, i.e. surpassing the 

baseline typical of  natural environmental variation (Palumbi, 2007). These novel conditions often 

challenge the evolutionary coping mechanisms of  most species (Chevin et al., 2010; Hendry et al., 

2008). HIRECs is a particular problem for coral reef  ecosystems, that make up for less that 1% of  the 

sea floor but provide goods and services to more than 3 billion people worldwide. In addition, most 

coral reef  fish fauna are territorial and may have a limited ability to disperse as adults (Sale, 2002). Of  

particular concern under HIREC is the fate of  habitat-associated, territorial and long-lived, coral reef  

predators that are susceptible to both habitat loss and overfishing. Large predatory fish have declined 

by more than 90% from some marine environments (Myers and Worm, 2003). Considering that 

HIREC is only projected to increase in frequency and intensity in the future on coral reefs, some 

pressing questions concerning us today are 

1. Can we predict or identify, which top predators will fare better than others in the future?  

2. What are the mechanisms by which some top predator species survive and thrive under 

HIRECs? 

3. What are the ecosystem consequences of  changing predator assemblages? 
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HIREC: Identifying winners and losers in the community 

Traditional approaches: taxonomic diversity-disturbance 
relationships (DDRs)


Understanding how disturbances shape ecological communities has been one of  the central goals in 

ecology and evolution for decades (Levin and Paine, 1974; Sousa, 1984). Traditionally, ecologists 

explored the link between the severity of  a habitat disturbance and the taxonomic composition of  

communities, with species richness, evenness, or population abundance often being the sole descriptors 

(Miller et al, 2011). The effects of  disturbance on species diversity can be described graphically with 

diversity–disturbance relationships (DDRs), which plot a measure of  species diversity (e.g., richness) 

against a dependent variable that is a quantity related to disturbance (e.g., intensity). One of  the leading 

theories the ‘intermediate disturbance hypothesis’ (IDH, Grime, 1973; Horn, 1975, Connell, 1978) 

predicts that species diversity reaches its maximum at intermediate levels of  disturbances. The 

underlying mechanistic explanation for this pattern is that competitive exclusion may reduce species 

richness at low levels of  disturbance, whereas high levels of  disturbance exclude all but the most 

disturbance tolerant species. However, the IDH is far from universal and has received much criticism, 

being challenged by observational, experimental, and theoretical studies (Fox, 2013; Mackey and Currie, 

2001; Miller et al., 2011). Taxonomic community descriptors are considered to often be weak 

quantitative tools in monitoring disturbance responses because processes other than competitive 

exclusion (biotic interactions, environmental stochasticity, habitat-filtering) may affect species in 

unpredictable ways, often masking the signal of  disturbance in an ecosystem (Mackey and Currie, 

2001). 

Trait-based approaches: Moving beyond taxonomic diversity


Over the last decade, rather than taxonomic specification, the use of  functional traits of  organisms to 

understand community dynamics in response to environmental change, has gained momentum (McGill 

et al., 2006). Functional traits are well-defined, measurable properties of  organisms (life-history, 

morphological, physiological, or behavioral expressions) that reflect an organism’s adaptations to its 

environment (Goldstein and Meador, 2005). Functional traits are usually measured at the individual 

level and strongly influence organismal performance (survival, growth, fitness) and function in a habitat 

(McGill et al., 2006). Further, because functional traits reflect adaptation to, and performance in, 

different environments (Violle et al., 2007) they can provide mechanistic insights into community 
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composition and ecosystem function under HIREC (Lavorel and Garnier, 2002; McGill et al., 2006). 

The functional traits-based approach arises from the classical idea of  the niche (Hutchinson, 1957); 

which describes the set of  abiotic and biotic conditions where a species is able to persist. Outside the 

niche, individuals are not expected to leave descendants, nor populations to persist, nor clades to 

endure and proliferate.  

The earliest trait-based theories were based on the concept of  habitat filtering – of  which Sir Richard 

Southwood’s classical Habitat Template Theory (1969) forms the conceptual underpinning. The HTT 

proposes that the spatial and temporal features of  the habitat are the major determinants of  species 

traits observed in the community. The major premise of  Southwood was that trade-offs between traits 

produce different life-history strategies over ecological time and certain strategies are favoured over 

others, through their effects on fitness at certain positions along the habitat gradient (Southwood, 1977; 

Townsend and Hildrew, 1994).  Figure 1. Is a simplified conceptual model of  the HTT. A habitat can 

be characterized by two disturbance axes forming the “template”; a temporal axis, which describes the 

frequency of  a disturbance, and a spatial axis, which describes the intensity of  the disturbance. 

Southwood (1977) suggested that the qualitative characters of  a habitat (facing a disturbance) can be 
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Figure 1. A simplified conceptual diagram of the Habitat Template Theory (Southwood 1977). 
Habitats responding to a disturbance can be classified along a spatial (productivity) and temporal 
(durational stability) axis. This two-dimensional classification leads to the identification of three 
broad habitat types; stable, seasonal/periodic and variable/dynamic. Life-history and ecological 
traits/strategies are predicted for each of these habitat types.



condensed into two axes: durational stability (long-term habitat condition) and favourableness (resource 

level and constancy). The theory broadly classifies habitats as being stable (A), seasonal (B) or highly 

variable (C) in these attributes. It makes certain predictions about the life-history and ecological 

strategies of  species that are likely to be found in different habitats. 

Some common predictions of  HTT are: 

1. Life-history strategies: The r-K continuum model of  life history traits, suggested by Macarthur and 

Wilson (1967) and described by Pianka (1970) is perhaps the most common way of  classifying species 

along the habitat gradient in Figure 1. This model predicts simply that species with r-selected life-

histories (example: short lifespan, small body size, rapid growth rates, early maturity) are favoured in 

dynamic and seasonal habitats while stable habitats favour species with K-selected life histories 

(example, long lifespan, large body size, slow growth, late maturity). An extension of  the r-K 

continuum is the triangular gradient model proposed for freshwater fishes, based primarily on life-

history and reproductive traits of  fecundity, age-specific survivorship, and generation time (Winemiller 

and Rose, 1992). This model splits r strategists further into opportunistic (early maturation, frequent 

reproduction, short-lived, fast growing, small clutch size and high demographic resilience) and periodic 

(delayed maturation, large clutch size, synchronous spawning, fast growth of  early stages) groups, 

which together with the equilibrium group (long-lived, low fecundity, slow growing, small clutch size, 

large egg size, and parental care) define three broad life-history strategies likely to be found in the three 

kinds of  habitats in Figure 1. This model has found wide support across the animal kingdom but 

especially used in predicting response of  aquatic communities to hydrological disturbances (Poff  and 

Ward, 1990; Townsend and Hildrew, 1994).  

2. Stress tolerance strategies: Grime (1997) proposed a model of  three adaptive strategies for plants, 

based on traits associated with morphology, resource allocation, phenology and response to stress. This 

model is known as the Competitive–Stress tolerant–Ruderal model (CSR model). The model predicts 

that species surviving in stable habitats will have competitive traits (rapid growth rate, high productivity 

and high capacity for phenotypic plasticity). Species surviving in frequently disturbed and unproductive 

conditions will show stress-tolerant traits (slow growth rates, long-lifespan, high rates of  energy 

retention, and low phenotypic plasticity), while plants surviving in disturbed but productive habitats 

show ruderal traits (rapid growth, short lifespan, highly fecundity, low phenotypic plasticity). 

3. Ecological strategies: Another common grouping of  strategies is based not on life-history or 

morphological traits but on ecological traits like the degree of  specialization or the breadth of  feeding 

niches and habitat preferences. Generally, it is hypothesized that a broad feeding niche can warrant 

food availability in a range of  disturbed environments (Öckinger et al., 2010). Similarly species with 

high dispersal abilities and broad habitat preferences can migrate to new habitats and easily colonise 

disturbed landscapes (Tscharntke et al., 2005). From studies of  birds (Clavel et al., 2010), butterfly 
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communities in the grasslands of  Germany (Börschig et al., 2013), and fish communities on coral reefs 

in the Great Barrier Reef  (Wilson et al., 2009), a common pattern seen is that specialised species are 

favoured in stable habitats, while generalist species are favoured in frequently disturbed habitats.  

The habitat template theory is a useful framework to study broad community-level impacts of  HIREC 

and has found widespread support in aquatic ecosystems. However, although the habitat templet is 

expected to constrain the kinds of  traits present in a community, biotic interactions and individual trait 

variation can play important roles in further shaping post-disturbance community structure. Because 

responses to biotic and abiotic disturbances are ultimately realized at the level of  the individual, there is 

an increasing shift in traits-based approaches to study individual trait variation, to better understand the 

mechanisms underlying community dynamics under HIRECs. 

How do individuals respond to HIREC?


To put it simply, when confronted with a novel disturbance an individual organism can respond in three 

possible ways: spatially (via migration), temporally (i.e. by modifying diel activity patterns, phenology 

etc.) or by changing itself  (ie. phenotypic plasticity). For long-lived, territorial and benthically associated 

species with a limited potential to migrate as adults, phenotypic plasticity or rapid genetic evolution can 

be critical in determining their continued survival and success in rapidly degrading habitats. Phenotypic 

plasticity is the ability for individuals to express context-specific phenotypes of  traits under varying 

environmental conditions (Hendry et al., 2008). Because HIRECs take place repeatedly within the 

lifespans of  individuals, phenotypic plasticity is critical for individual survival and rapid adaptation, as it 

can circumvent prolonged evolutionary processes (Snell-Rood, 2013). Of  the many phenotypic traits 

(behavioural, physiological, morphological, life history), behavioural responses can be employed fairly 

instantaneously (Slobodkin, 1964). Behaviour is therefore a key first response to any disturbance that 

can explain variation in performance relative to HIREC (Mery and Burns, 2010; Tuomainen and 

Candolin, 2011).  Some common behavioural responses to HIREC include: (1) coping with novel 

enemies (e.g. novel predators, competitors, diseases) and novel abiotic stressors; (2) adopting novel 

resources (e.g. new habitats, new foods such as crops); and 3) adjusting timing of  events (e.g. timing of  

migration or reproduction), 4) adjusting space use (e.g. movement patterns) to better fit new 

spatiotemporal conditions and/or 5) modifying intraspecific interactions (e.g. mate choice) (Sih, 2013; 

Sol et al., 2013; Tuomainen and Candolin, 2011). 

Despite the short-term advantages of  behavioural plasticity, it is not ubiquitous across the animal 

kingdom, suggesting that it is a strategy that could incur significant costs (Auld et al., 2010; DeWitt et 

al.,1998). Costs may arise because of  biological limits to plasticity; for instance when the production 
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and maintenance of  a plastic response over a longer period of  time becomes costly for the individuals. 

Costs can also arise from ecological limits to plasticity (Valladares et al., 2007) for instance, when 

interacting individuals impact each other’s tolerances and responses to environmental change (through 

predation, competition etc (Jiang and Morin, 2004; Visser et al., 2006). In the long-term, these costs can 

effectively reduce individual fitness and survival, by modifying tradeoffs between individual growth, 

reproduction and mortality (Chevin et al., 2010), with repercussions for the population and community 

dynamics (Wong and Candolin, 2015).   

A Conceptual framework for the thesis 

Although functional traits are measured at the scale of  individuals, they can vary at all organizational 

scales in an ecosystem: within a single organism (Pigliucci, 2001), within populations (McGill et al., 

2006; Takahashi et al., 2005; Valladares et al., 2007), among species (Westoby et al., 2002) and among 

communities (Ackerly and Cornwell, 2007). In Figure 2, I present a highly simplified version of  how 

responses to HIREC within individuals, populations and species determine winners and losers in a 

community. Some anthropogenic disturbances can directly modify species composition and biomass in 

communities through exploitation (top-down effects), but they can also indirectly affect the community 

through habitat loss and degradation (bottom-up effects). The three coloured boxes represent three 

broad levels of  organization within the ecosystem; individuals in a population, population of  a species 

and species in a community. A disturbance is presumed to first affect individuals of  a population. An 

individuals’ performance will be based on the set of  ecological strategies or traits (behavioural, 

physiological, morphological, life-history) it possesses and the variability or flexibility in these traits 

which will impact individual fitness. Trade-offs between individual fitness components (growth, 

reproductions, survival) and the overall density of  individuals in the habitat will impact population 

demographic traits like survival, mortality, fecundity, birth rates and overall density. Similarly, individual 

behavioural strategies can influence population-level behaviours like mating systems, social structures 

and dominance hierarchies. Variability in population demographic and behavioural traits will impact the 

overall rate of  population increase and thus influence species composition in the community. The 

occurrence and frequency of  a species in a community will depend not only on the effectiveness of  

individual and population responses to the disturbance, but will also depend on the outcome of  

changing inter-species interactions that may arise out of  differences in disturbance tolerances between 

species and random, stochastic effects on species populations. Outcomes at higher-levels can feedback 

into lower levels within the community and the habitat. To summarize, under HIREC, winning species 

are ones that have a high variability or flexibility of  functional traits within and across scales of  

organisation. 
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Figure 2. A simplified conceptual diagram depicting the effect of HIREC on communities. HIREC can 
directly or indirectly influence a community by modifying the environment. The effects of HIREC are 
generally realized at an individual level and scale up from individuals, population to the community. The 
performance of species in response to the HIREC (winners and losers) will depend upon ecological traits/
strategies and the variability of traits at different levels of organization, see text. Numbers in the circle 
indicate the relationships that different chapters in my thesis explore. Chapter two explores the indirect 
impact of climate-change on the overall grouper community via habitat degradation, Chapter three 
explores how behavioural flexibility in foraging strategies enables a grouper species (peacock grouper) to 
survive in rapidly degrading habitats. Chapter four explores the long-term, population-level impacts in 
peacock groupers of surviving in degraded reefs and Chapter five explores the direct impact of 
aggregation-based fisheries on the reproductive behaviours of the squaretail grouper. See text for details
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In my thesis, I broadly attempt to understand how a community of  commercially and ecologically 

important benthic top predatory fish (groupers, Family Epinephelinae) is responding to HIRECs on 

coral reefs in the Lakshadweep archipelago, Northern Indian Ocean. I apply the conceptual model of  

Figure 2 to study how the grouper community has responded to two types of  HIRECS; (i) a repeated 

mass bleaching disturbance since 1998, which brings about catastrophic structural degradation of  coral 

reef  habitats and (ii) a recently introduced targeted reef  fishery since 2013. I first examine the entire 

grouper community to determine which species are winning and losing in response to rapid structural 

degradation (Figure 2, Chapter 2). For one apparently resilient species, the peacock grouper 

(Cephalopholis argus), I study the mechanism of  behavioural plasticity (in foraging strategies) by which 

individuals are coping with habitat degradation (Figure 2, Chapter 3) and the population-level and 

community-level consequences of  surviving in sub-optimal habitats (Figure 2, Chapter 4).  For the 

squaretail grouper (Plectropomus areolatus) that is highly vulnerable to targeted fisheries, I first establish 

population-level baselines of  demographic (density, size structure) and behavioural traits  (alternative 

reproductive tactics) in a historically unfished population in the Lakshadweep. I then attempt to 

compare these baselines against global populations of  the squaretail grouper (that are heavily fished) 

and track changes in the Lakshadweep population against emerging fishing pressures (Figure 2, Chapter 

5). In the hope of  achieving the larger goal, I have borrowed tools from the disciplines of  community 

ecology, behavioural ecology and population biology.  

Study species and site 

Groupers (subfamily: Epinephelinae) 


I chose to study groupers because this is a fascinating and diverse guild of  medium to large–bodied top 

benthic, marine predatory fish, ubiquitous to coral reefs around the world. I refer to species of  the 

genera Plectropomus, Cephalopholus, Epinephelus, Gracila and Variola, collectively as groupers. Most 

groupers are piscivores, at the top of  the food chain (Craig et al., 2011). However, grouper species 

show a high amount of  variability in their foraging, life-history and reproductive traits (Grandcourt et 

al., 2005). Most species of  groupers are benthic, ambush foragers that are dependent on the structural 

complexity of  habitats for ambush and refuge cover (Kerry and Bellwood, 2012 ; Sluka and 

Reichenbach, 1996; Lindberg et al., 2006), but some species are also known to be widely-ranging 

foragers (Samoilys and Carlos, 2000). Species differ in their life-history traits varying in maximum 

lifespan, body size, fecundity, growth rates etc. Further, groupers possess complex and highly flexible 

mating modes, ranging from pair-spawning and group-spawning tactics, demersal and broadcast 

spawning tactics, to gonochorism and hermaphroditism (Erisman el at., 2013). Aspects of  the 
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reproductive biology, especially their tendency to form large, spatially and temporally explicit, spawning 

aggregations, and their life-history characteristics; relatively slow growth rates, late maturity, relatively 

low fecundity (Domeier and Colin, 1997; Grandcourt et al., 2005; Sadovy de Mitcheson et al., 2013), 

and territorial nature make them vulnerable to both fishing and habitat disturbances (Munro and 

Williams, 1985). It is often difficult to independently study the effects of  climate-related habitat 

disturbances and fishing on groupers, because of  high selective fishing pressures on benthic top 

predators in most tropical reefs (Myers and Worm, 2003; Sadovy de Mitcheson et al., 2013). As a result, 

studies of  the effects of  habitat degradation on this guild have been limited (Kerry and Bellwood, 2012; 

2016).  

The Lakshadweep archipelago 


My study is based in the Lakshadweep archipelago, a unique group of  islands in the northern Indian 

Ocean. The archipelago, comprises of  13 coral islands and submerged banks with 36 smaller atolls, 

occupying a total land area of  around 32 km2 between 8°N – 12°N, and 71°E – 74°E (Figure. 3). The 

Lakshadweep archipelago supports a diverse community of  large benthic predatory fish (NCF, 

unpublished data) with over 35 species of  groupers. I chose to conduct my study in the Lakshadweep 

archipelago in India because the reefs here had been relatively unfished until 2011, after which targeted 

reef  fisheries have rapidly developed in the region (Jaini et al., 2017, NCF unpublished data), and the 

archipelago has recently been subjected to repeated, high intensity, mass-bleaching disturbances since 

1998. 

Since the 1998 global mass-bleaching catastrophe, which impacted coral reefs across the world, coral 

reefs in Lakshadweep have witnessed three subsequent mass-bleaching events in 2010 and 2016. After 

the 1998 and 2010 events, the region witnessed a 87% and 44% decline in live coral cover respectively 

and shifts in benthic coral composition (Arthur, 2008, Yadav et al., in progress). Bleached and dead 

coral is highly susceptible to physical breakage from wave action from storms (Done, 1992). The 

Lakshadweep region is heavily influenced by strong wave and current conditions during the 

southwestern monsoon season between mid-May and mid-October, which are said to have impacted 

coral recovery processes in the region since 1998 (Arthur, 2006). These benthic compositional shifts 

can have potentially large impacts on habitat structural complexity (Alvarez-Filip et al., 2011) with 

consequences for associated benthic fauna. This makes Lakshadweep and interesting location to study 

the responses of  benthic predatory fish to rapid habitat degradation. 
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The Lakshadweep islands are one of  the most densely populated regions of  the country, with a human 

density of  2000/km2 (sensu 2011 census). Interestingly, despite high human densities, fishing pressure 

on near-shore coral reefs in Lakshadweep, has been relatively low compared to other systems in the 

broader region (Jaini et al., 2017). Although fisheries is the main livelihood of  the islanders, commercial 

fishing focuses on pelagic skipjack tuna (Katsuwonus pelamis) and amounted to nearly 80% of  total 

fisheries production (Jaini et al., 2017). This pelagic fishery had shifted fishing pressure away from coral 
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Figure 3: The Lakshadweep archipelago. Islands marked in bold are ones where long-term 
benthic data exists since the 1998 coral mass-bleaching event. The rest of the islands (in dark 
grey) have been included in the large-scale study (Chapter 2). Chapter 3 and 4 were conducted 
in Kadmat and Chapter 5 in Bitra.



reefs in Lakshadweep over the past four decades and aided benthic recovery processes after the 1998 

mass bleaching catastrophe (Arthur et al., 2005). However, since 2013, pelagic tuna stocks are 

undergoing significant fluctuations in availability (Jaini et al., 2017). As a result, commercial nearshore 

reef  fisheries are developing in the region. Earlier, because groupers were not a locally preferred food 

fish, they were not targeted by even the local artisanal fisheries in Lakshadweep (R.K, unpublished 

data). However, the recent shifts in commercial and artisanal fisheries are directly threatening grouper 

populations in the region. Considering that reef  fisheries are picking up only in the last three years, 

Lakshadweep is a unique place to study the impacts of  a rapid growth in targeted fisheries on groupers. 

Thesis structure, goals and objectives  

My primary motivation for my thesis was to understand how iconic reef  fish like groupers that are 

ecologically akin to terrestrial ambush predators like leopards, are adapting to a rapid degradation of  

coral reef  structure in their habitats due to climate-change and introduction of  targeted grouper 

fisheries in the islands. 

In my second chapter, I attempted to understand the broad community-wide patterns of  groupers in 

response to long-term structural degradation in the reefs of  Lakshadweep, using the Habitat Template 

theory as a guiding concept (Figure 1). I first developed an index of  long-term structural stability based 

on reef  depth and degree of  exposure to monsoon storms, to classify reefs in Lakshadweep as 

structurally dynamic, stable and intermediate reefs. For this, I used a long-term (12 year) benthic 

monitoring dataset collected by the Nature Conservation Foundation from three representative atolls 

of  Kadmat, Kavaratti and Agatti in Lakshadweep (Figure 3), since the 1998 global mass-bleaching 

catastrophe. I then conducted an archipelago-wide survey (13 atolls, Figure. 3) of  fish communities 

across a gradient of  reefs classified as above to investigate patterns of  grouper community composition 

along this disturbance gradient, with respect to two important functional traits, body-size and longevity. 

During the survey, I realized that some species of  groupers, like the long-lived peacock grouper 

(Cephalopholis argus), dominated the assemblage even in structurally degraded reefs. I was keen to study 

the mechanisms by which these species were able to survive rapid environmental degradation. As 

explained in the section earlier, behavioural responses are among the first that are activated in 

individuals in response to a disturbance. Using the ubiquitous peacock grouper as a case study, I 

explored two hypotheses in my third chapter; behavioural plasticity in foraging strategies and 

competitive release from behavioural specialists that potentially gave the peacock grouper a winning 

edge in degraded reefs. I used focal individual sampling to study territoriality and foraging plasticity in 

individuals, underwater visual census techniques to estimate population density and laboratory 

techniques like stable isotope analysis to study individual diets of  the peacock grouper. This study was 
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conducted entirely in the atoll of  Kadmat, which showed a gradient of  coral reefs from structurally 

complex to structurally degraded ones (identified in chapter 2). 

Behavioural plasticity can enable short-term survival for individuals under HIRECs, but whether it can 

ensure long-term persistence of  individuals and species populations is far from clear. The biological 

and ecological costs and consequences of  plasticity can influence the success of  a species population 

under HIREC. In the fourth chapter, I attempted to understand how surviving in degraded reefs 

impacts the life-history traits of  the behaviorally plastic peacock grouper and the population-level 

consequences of  long-term persistence in degraded reefs. I did so by comparing life-history traits 

(growth, longevity, length-weight relationships) and demographic parameters (size and age-distribution, 

density) of  sub-populations between the structurally healthy and degraded reefs in Kadmat. 

In the Anthropocene era, it is virtually impossible to find undisturbed and unaltered populations of  

animals in nature. This is particularly true of  long-lived predatory fish like groupers because of  the 

highly selective fishing pressures they face in most tropical reefs (Myers and Worm, 2003; Sadovy de 

Mitcheson et al., 2012). As a result, most of  our understanding of  the behaviours of  many species 

comes from populations that may have historically faced some levels of  fishing. During this thesis, I 

took up a fortuitous opportunity of  studying an unfished grouper spawning aggregation in 

Lakshadweep. In my fifth chapter, I attempted to document mating behaviours in the historically 

unfished and erstwhile undocumented spawning aggregation of  the squaretail grouper (Plectropomus 

areolatus) in the remote island of  Bitra in Lakshadweep. I describe unique alternative reproductive 

strategies (ARTs) adopted by individuals in this aggregating population. I then compare the mating 

system in Bitra with known aggregations of  squaretail groupers across the tropical Indo-Pacific, where 

fishing is present, to illustrate the point that fishing can have potentially significant impacts on rare, 

density-dependent animal behaviours. 

In conclusion, in my sixth chapter, I summarize the salient learning from my study of  the response of  

a benthic fish community to HIRECs in the Lakshadweep archipelago. I discuss my findings in relation 

to the management of  coral reef  systems in the developing tropics. I stress on understanding past 

disturbance responses of  fish communities to HIRECs, the conservation potential of  structurally stable 

habitats and make a case for identifying behaviorally flexible species as future keystones and 

conservation targets. I discuss how targeted fishing not only impacts density and size-structure of  

populations but also can significantly alter population behaviours, which may negatively feedback into 

population dynamics. As a post-script to chapter five, I provide preliminary results and discuss future 

directions of  an ongoing study, which is tracking the effects of  a rapidly growing targeted grouper 

CHAPTER 1: INTRODUCTION !32



fishery (which began only towards the end of  my study) on the squaretail grouper spawning 

aggregation in Lakshadweep. 
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Long-lived groupers require structurally stable 
reefs in the face of repeated climate change 

disturbances 

Published as: Karkarey, R., Kelkar, N., Lobo, A. S., Alcoverro, T., and Arthur, R. (2014). Long-lived 

groupers require structurally stable reefs in the face of  repeated climate change disturbances. Coral 

Reefs, 33(2), 289-302. 
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Camouflage grouper (epinephelus polyphekadion)  



Abstract 

Benthic recovery from climate-related disturbances does not always warrant a commensurate functional 

recovery for reef-associated fish communities. Here, we examine the distribution of  benthic groupers 

(family Serranidae) in coral reef  communities from the Lakshadweep archipelago (Arabian Sea) in 

response to structural complexity and long-term habitat stability. These coral reefs that have been 

subject to two major El Nin˜o Southern Oscillation- related coral bleaching events in the last decades 

(1998 and 2010). First, we employ a long-term (12-yr) benthic monitoring dataset to track habitat 

structural stability at twelve reef  sites in the archipelago. Structural stability of  reefs was strongly driven 

by exposure to monsoon storms and depth, which made deeper and more sheltered reefs on the 

eastern aspect more stable than the more exposed (western) and shallower reefs. We surveyed groupers 

(species richness, abundance, biomass) in 60 sites across the entire archipelago, representing both 

exposures and depths. Sites were selected along a gradient of  structural complexity from very low to 

high. Grouper biomass appeared to vary with habitat stability with significant differences between 

depth and exposure; sheltered deep reefs had a higher grouper biomass than either sheltered shallow or 

exposed (deep and shallow) reefs. Species richness and abundance showed similar (though not 

significant) trends. More interestingly, average grouper biomass increased exponentially with structural 

complexity, but only at the high stability sites, despite the availability of  recovered structure at the 

lower-stability sites. This trend was especially pronounced for long-lived groupers (life span > 10 yrs). 

These results suggest that long-lived groupers may prefer temporally stable reefs, independent of  the 

local availability of  habitat structure. In reefs subject to repeated disturbances, the presence of  

structurally stable reefs may be critical as refuges for functionally important, long-lived species like 

groupers. 

Keywords 
 
Coral reefs, Structural change, Habitat stability, Natural refugia, Groupers. 
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Introduction  

Among the most significant long-term impacts of  climate change on tropical reefs is the loss of  

structural complexity (Wilson et al., 2006) due to recurrent ocean warming events like the El Niño 

Southern Oscillation (ENSO), which are now increasingly frequent (Hoegh-Guldberg et al., 2007). 

While earlier predictions saw reefs destined for collapse under this repeated disturbance (Pandolfi et al., 

2003), a more complex picture of  mixed decline and recovery is now emerging (Arthur 2000 ; Arthur et 

al., 2005 ; McClanahan et al., 2007 ; Sheppard et al., 2008 ;  Graham et al., 2011). The ability for rapid 

benthic recovery suggests that coral reefs may have a greater ability to cope with climate-related 

disturbances than previously assumed (Halford et al., 2004). Whether this reflects a commensurate 

functional recovery for reefs and associated fauna is still not clearly understood (Berumen and 

Pratchett, 2006 ; Bellwood et al., 2012). 

Reef  architecture, or the structural complexity of  reefs, is linked closely with its ecological functioning 

as it greatly influences fish population densities (Graham and Nash, 2013). Structural complexity is 

associated with increasing fish diversity through the provision of  shelter and diverse physical niches, 

which mitigate the impacts of  predation, competition and physical disturbance (Caley and John, 1996 ; 

Syms and Jones, 2000 ; Almany, 2004a, b ; Garpe et al., 2006 ; Feary et al., 2007). Although the ability to 

quickly recover coral structure after disturbance events may be vital to the recovery of  coral-associated 

fish assemblages (Sano, 2000), even short-lived fish, usually in lower trophic groups, have shown a 

limited ability to recover (Berumen and Pratchett, 2006 ; Bellwood et al., 2012). Additionally, it is still 

uncertain if  longer-lived (K-selected) species that generally belong to higher trophic groups are resilient 

to such physical disturbances. Given that the generational recovery time for long-lived species may be 

much longer than disturbance frequencies (Fulton 2011), the effects of  repeated disturbances on long-

lived species might be multiplicative (Paine et al., 1998), seriously compromising their ability to recover 

(Bellwood et al., 2012 ). 

As some of  the longest-lived top predators, groupers (Serranidae) are among the most important 

functional species on coral reefs (Grandcourt, 2005). Top predators like groupers often play key roles in 

regulating communities (Goeden, 1989; Hixon and Beets, 1993) and their reduction has been linked 

with declines in ecosystem functioning (Bohnsack ,1982 ; Dulvy et al., 2004a ; Heithaus et al., 2008 ). 

Groupers are highly dependent on structurally complex reef  environments (Sluka and Reichenbach, 

1996 ; Lindberg et al., 2006 ). Reefscape and habitat attributes strongly influence the success of  their 

predatory strategies either directly by changing the effectiveness of  ambush strategies (Samoilys, 1997; 

Auster, 2005) or indirectly by changing resource densities of  smaller fish, crustaceans and other prey 

species (Almany, 2004a ). In addition, their slow growth rates, longevity and relatively low fecundity 

CHAPTER 2 !36



(Grandcourt, 2005), make them particularly vulnerable to both natural and anthropogenic exploitation 

(Russ and Alcala, 1998 ; Sadovy de Mitcheson et al., 2012). Taken together, these characteristics make 

groupers particularly susceptible to declines in reef  habitat as a result of  climate change and related 

disturbances. 

Separating the effects of  fishing from climate-related structural change on grouper communities is 

often difficult because of  high selective fishing pressures on benthic top predators in most tropical 

reefs (Myers and Worm, 2003; Sadovy de Mitcheson et al., 2012 ). The Lakshadweep archipelago in 

India offers a unique opportunity in this context, since the reefs here have had relatively low levels of  

reef  fishing for at least the last four decades (Arthur et al., 2005 ; Spalding et al., 2001). Further, the 

Lakshadweep reefs suffered two catastrophic bleaching events in the last decade and a half  (1998 and 

2010), where a total loss of  over 90 % (Arthur et al., 2006) and 70 % (RA, personal observations) live-

coral cover has been documented, respectively. Smaller-scale bleaching events, related to increased sea-

surface temperature have been observed in 2005 and 2007 (~ 10–20 % coral bleaching, RA, personal 

observations). Local hydrodynamics linked to monsoonal exposure and depth were shown to strongly 

influence benthic resistance and recovery rates within the archipelago, after the 1998 bleaching event 

(Arthur et al., 2006).  

Wave exposure and depth have long been identified as major controllers of  coral zonation and benthic 

distribution on reefs (Done, 1999 ; Madin and Connolly, 2006 ; Chollett and Mumby, 2012). Exposure 

and depth work together in mitigating temperature-mediated bleaching responses in corals and in 

facilitating reef  recovery processes (West and Salm ,2003).These physical factors, in addition to reef  

structural complexity and benthic composition, are known to synergistically affect the distribution of  

reef-associated fish communities (Gust, 2002 ; Sabetian, 2003 ; Floeter et al., 2007 ). The long-term 

interaction between habitat characteristics, physical disturbances that disrupt habitats, and species life-

history characters, ‘filters’ unfavourable species from habitats of  characteristic disturbance regimes 

(Southwood, 1977). Thus, understanding the long-term influence of  exposure and depth-mediated 

hydrodynamics on benthic structure may be crucial to predicting the effects of  increasing multiple 

disturbances, not only for corals (Madin and Connolly, 2006 ) but for reef-associated fish communities 

as well. 

Our primary objective was to determine the effect of  local structural complexity and the long-term 

habitat structural stability on the distribution of  grouper communities across the archipelago. We first 

employ a 12-yr benthic cover data series from three representative atolls to classify reefs across the 

archipelago according to long-term structural stability based on exposure (either exposed or sheltered 

from monsoon storms) and depth (shallow and deep reefs). We then use this habitat stability 
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classification (exposure and depth) to test for differences in grouper communities across a gradient of  

structural complexity by surveying 60 reef  sites across the entire archipelago. 

Methods 

Study area

The Lakshadweep archipelago in the northern Indian Ocean comprises 13 coral islands and submerged 

banks with 36 smaller atolls (Figure. 1), occupying a total land area of  around 32 km2 between 8°N – 

12°N, and 71°E – 74°E. The Lakshadweep region is heavily influenced by strong wave and current 

conditions during the southwestern monsoon season between mid-May and mid-October during which 

the currents in the Arabian Sea are known to flow in the southeasterly direction (Shanker et al., 2001). 

All atolls are oriented in a nearly north–south direction creating a distinct windward or exposed (west) 

and leeward or sheltered (east) direction during the monsoon months (Figure.1). This difference in 

exposure to monsoon storms was a key factor affecting benthic recovery processes on these reefs after 

the 1998 mass-bleaching mortality (Arthur et al., 2006 ).  

Reef fishing pressure in Lakshadweep 

Pole and line fishing for Skipjack tuna (Katsuwonus pelamis) has been practiced by local fishermen since 

the early 1900s (Hornell, 1910). Developments in this fishery were facilitated in 1959 by the Fisheries 

Department and since then the tuna fishery has become the mainstay of  local fishermen in 

Lakshadweep (Jones and Kumaran, 1959 ; James et al., 1986). The pole and line tuna fishery requires 

the use of  bait fish which includes a number of  small-sized species including sprats, fusiliers, 

damselfish and cardinal fish, captured in the lagoons and adjoining reefs of  the  islands (Pillai et al., 

1986). The growth of  the tuna fishery requiring a regular supply of  bait was closely shadowed by the 

growth in the reef- and lagoon-based bait fishery in Lakshadweep. This, interestingly, had shifted 

fishing pressure away from coral reefs in the past four decades (Arthur et al., 2005 ). Pelagic tuna stocks 

generate considerable trade revenue (Newton et al., 2007) and have become increasingly important in 

these regional waters including the neighbouring Maldives. In contrast, the near-shore coral reef  and 

lagoon-associated fisheries remain largely artisanal and subsistence in nature in the northern Indian 

Ocean region (Spalding et al., 2001). No systematic study on Lakshadweep tuna and reef  fisheries has 

been conducted (but see Tamelander and Hoon (2008) for a study of  artisanal fishing in Agatti atoll 

and more recently by Jaini et al., 2017). The Fisheries Department, however, conducts a voluntary 

catch-monitoring program of  fisheries which estimated a total reef  fishery yield for 2011 (from 9 atolls) 

at 849.3 Metric tons (Mt). These data need to be interpreted with caution, but catch records for 2011 

suggest that the pole and line fishery for tuna constitutes 82 % of  total landings followed by an 8 % 
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contribution by a pelagic fishery and a 6.4 % contribution by fish associated with reef  and lagoon 

habitats (see Table 1). We additionally conducted a series of  key informant fisher interviews (n =  12) in 

two of  the surveyed islands, Kadmat and Bitra, to get an understanding of  patterns of  reef  access and 

local preference for reef  fish. Key informants reported that the western reefs were completely 

inaccessible during the monsoon months (May–October) and fishing is focused inside the lagoon and 

eastern reefs during this lean period. Fishers also reported a low local preference for groupers 

(Serranidae), while snappers (Lutjanidae), jacks and trevallys (Carrangidae), needlefish (Belonidae), 

goatfish (Mullidae) and napoleon wrasses (Cheilinus undulatus) were the most preferred food fish locally, 

making up a greater proportion of  fish catches from the lagoon and reef. 

Table 1. Total fisheries landings (2011): total fisheries landings (metric tons, Mt) in year 2011 from 9 
atolls, as documented by the Lakshadweep Fisheries Department from voluntary catch monitoring 
surveys.

Fisheries catch recorded as : Pelagic - sailfish, seer-fish, barracuda, flying-fish; Reef associated-  rainbow 
runners, reef sharks, carangids, rays; Reef /lagoon benthic- perches, coral fishes, lagoon fishes, goatfish; 
Tuna-  Tuna.

Field methods

Measuring structural complexity (percent standing coral structure) 

Structural complexity was estimated at each site by placing five 1-m2  photo quadrats located at regular 

intervals on 50m transect lines (total transects n =  5–6 and n =  30–35 quadrates per site). Within each 

quadrat, the percent areal cover of  hard coral was estimated with image processing software (ImageJ 

version 1.44o) by overlaying a 10 x 10 grid on the photo quadrat. Hard coral cover was further 

classified into coral forms: branching, massive, tabular and encrusting. We calculated a measure of  

structural complexity, defined as the percent cover of  intact hard coral structure, both living and dead, 

recorded within the quadrat (loose rubble was excluded from this measure). We conducted a 

standardization to compare our measure of  structural complexity with other commonly used 

techniques: reef  rugosity (chain-link method, see Luckhurst and Luckhurst 1978 ) and vertical coral 

canopy height (Wilson et al., 2006 ; Obura and Grimsdith, 2009 ). For the standardization, we measured 

structural complexity using all three methods at sites that varied considerably in their structural 

characteristics from nearly bare platforms to very complex reef  sites (n =  9 samples). As our measure 

Fishery type Total annual catch (Mt) Percent of total annual catch

Pelagic 1,020.984 7.7

Reef associated 411.102 3.1

Reef/lagoon benthic 849.347 6.4

Tuna 10,863.382 82.6
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of  structural complexity correlated positively and significantly with rugosity (Pearson’s product–

moment correlation, r  (7) =  0.72, t =  2.78, P =  0.027) and vertical coral canopy height (Pearson’s 

product–moment correlation, r  (7) =  0.79, t =  3.5, P =  0.009), it was therefore used as a proxy for 

structural complexity in this study.  

Classifying sites based on their structural stability (rate of change in 

structural complexity) 

To classify reef  sites according to their structural stability through time, we used data from 12 long-

term monitored reef  sites (hereafter called permanent sites) established in 1998 for long-term 

monitoring of  benthic cover. Permanent sites were established at three representative atolls (Agatti, 

Kadmat and Kavaratti) at two depths (shallow 5–10 m and deep 11–20 m) and two aspects (hereafter 

known as exposures; eastern aspect, sheltered from monsoon storms and western aspect, exposed to 

monsoon storms; total sites n =  12). Sites were sampled by transect surveys using SCUBA. At each 

site, we tracked changes in structural complexity (see above) over a 12-yr period for the sampled years 

(from 1999 to 2003, 2007 and 2009, n =  7 yrs). Mean values of   structural complexity for each site 

were regressed against years during the recovery period between the two coral mass mortality events (7 

sampled years) and we used the slope of  the linear regression (mean slope 2.7 ±  0.62 SE, R2 =  0.48, 

F(23,46) =  1.48, P < 0.005) to represent the rate of  structural change or turnover in structural 

complexity (i.e., the loss and recovery of  hard coral structure). We use this as an index of  structural 

stability through time for each location. 

Archipelago-wide survey of groupers and structural complexity 

To determine the relationship between groupers, structural complexity and structural stability we 

undertook a large-scale survey across the Lakshadweep archipelago between December 2010 to March 

2011 at 10 atolls (Agatti, Amini, Bangaram, Bitra, Chetlat, Kiltan, Kadmat, Kavaratti, Kalpeni and 

Minicoy) and 2 sunken banks (Cheriyapani and Perumal Par, Figure. 1). The sampling was designed to 

include a gradient of  present structural complexity and the two main attributes that determine 

structural stability, i.e., exposure and depth (see earlier). We sampled 4 sites at each atoll (2 depths and 2 

exposures) except for a few large atolls where we sampled multiple sites for better representation. A 

total of  60 sites were surveyed across the entire archipelago. At each site, we measured present 

structural complexity in 4–5 random transects located on the reef. Data on structural complexity were 

collected with the same techniques as the long-term monitoring, using 5–6 photo quadrates per transect 

(total quadrates per site = 20–25). At each site, we estimated fish abundance using 5–8 random visual 

belt transects (50 x 10 m = 500 m2 transect area). Along each transect, we recorded species 

composition and abundance of  groupers (family Serranidae). Species were identified following Lieske 

and Myers (2002). Individual groupers were visually classified into four size classes (<10, 11–30, 31–50, 
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51 cm and above). Biomass was estimated using published length–weight relationship data for grouper 

species from www.fishbase.org (Froese and Pauly, 2012), with the power function  W =  aLb, where  W 

= weight of  the individual (in gm), L = total length of  the individual, and a and b are species-specific 

constants. We used published life-history information to broadly classify grouper species as relatively 

short lived (<10 yrs) or long lived (>10 yrs). Groupers of  the genus Aethaloperca, Anyperodon, 

Cephalopholis,  Epinephelus, Gracila and Plectropomus were classified as long-lived groupers (n = 14 

species, Grandcourt 2005; Pears et al., 2006). Smaller coral hinds of  the genus Cephalopholis were 

classified as relatively ‘short-lived’ groupers (n = 5 species, Cabanban et al., 2008; Liu and Choat, 2008). 

Statistical analysis

Patterns in long-term structural stability (structural stability regimes) 

We conducted a two-factorial analysis of  variance (two-way ANOVA) at the site level with exposure 

(two levels: sheltered and exposed aspects) and depth (two levels: shallow and deep reefs) as 

explanatory variables, and the rate of  structural change (slope of  the regression over a period of  7 yrs, 

see above, n = 12 sites), as the dependent variable. The results of  the ANOVA and Tukey’s post hoc 

comparisons were used to classify sites across the archipelago based on their structural stability. 

Archipelago-wide patterns in benthic structural complexity and grouper 

variables (biomass, abundance and species richness) 

We used generalized linear mixed-effects models (GLMMs) to determine how structural complexity 

(2011), as well as grouper variables: biomass, abundance and species richness, varied between exposure 

(sheltered, exposed) and depth (deep, shallow). The GLMM families used were based on visual analysis 

of  frequency distributions of  the data. We used Poisson, zero-inflated Poisson and negative binomial 

GLMMs for these response variables either because they were count data or could be effectively treated 

as count data (no negative values, discretization naturally possible in the case of  continuous variables). 

Exposure (sheltered, exposed) and depth (deep, shallow) were the fixed effects while atolls ( n = 10) 

and sites ( n = 60, nested within atolls) were random effects. The general GLMM formulation was 

represented as follows, for example: 

where exposure x depth indicates an interaction between exposure and depth category for each site, 

and the variance term of  the random effects (atoll, site) indicate random intercept models, i.e., different 

intercepts on the response variable for each site, atoll (Zuur et al., 2009). Model selection was 
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undertaken by calculating the Akaike’s information criterion (AIC) based on the trade-off  between 

model deviance and parsimony (Crawley 2007 ). Data were checked for normality by visual inspection 

of  plots of  the residuals and fitted values. All data were analyzed with the packages nlme, lme4 and 

glmmADMB in the statistical software R (R Development Core Team 2011 ; Pinheiro et al., 2012 ; 

Bates et al., 2012 ; Bolker et al., 2012 ).  

Percentage composition of  coral forms and grouper size class distributions at the four structural 

stability regimes (SD sheltered deep, SS sheltered shallow, ED  exposed deep, ES exposed shallow) are 

reported using dot charts. 

Relationship between structural complexity and grouper biomass across 

structural stability regimes 

Relationships between long-lived and short-lived grouper biomass with structural complexity were 

explored using generalized linear models (GLMs) at locations of  different structural stabilities, as 

identified from our long-term data. Based on the visual analysis of  frequency distributions of  the data, 

we used the negative binomial (NB) family for the discretized response variable of  grouper biomass. 

Zeroinflated negative binomial (ZiNB) models were used to account for zero inflation, when present in 

the dataset. A logarithmic link function was used to link mean biomass to the predictor function as this 

ensures positive fitted values (Zuur et al., 2009). For each stability regime, the general model 

formulation for the GLM was:  

where a and b are the intercept and slope, respectively. The R packages MASS (Venables and Ripley 

2002) and pscl (Zeileis et al., 2008) were used to conduct this GLM analysis. 

Results 
Structural stability regimes 

Our long-term benthic data show that the rate of  change in benthic structure (structural stability) was 

strongly influenced by both exposure and depth (Table 2 ), structural stability was highest at sheltered, 

deep reefs (mean slope: 0.37 ±  0.15 SE; Figure. 2 ). Tukey’s post hoc tests showed a sixfold difference 

in structural stability between sheltered, deep sites (which were highly stable through time) and 

exposed, shallow sites (which were structurally dynamic through time, mean slope: 5.9 ±  0.15; Figure. 2 

). Even at the same depth, sheltered deep sites (mean slope 0.37 ±  0.15 SE) were thrice as stable as 

exposed deep sites (mean slope 1.9 ±  0.40). Sheltered deep locations showed the lowest values of  

structural change through the sampled years, while exposed shallow locations had the highest values. 
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Exposed deep (mean slope: 1.9 ±  0.40) and sheltered shallow locations (mean slope: 2.56 ±  0.44 SE) 

showed intermediate structural stability values (Table 2 ; Figure. 2 ). These comparisons give rise to a 

gradient of  structural stability in the archipelago; high stability (sheltered deep sites), medium stability 

(exposed deep and sheltered shallow sites) and low stability (exposed shallow sites). 

Patterns in structural complexity 

Generalized linear mixed-effects models (GLMMs) showed that structural complexity did not 

significantly change with exposure but showed a weak positive effect of  depth (Table 3). Post-2010 

bleaching, the composition of  coral forms showed that massive corals dominate the composition of  all 

stability regimes (~70 %, Figure. 3). The percentage contribution of  structure-forming tabular and 

branching corals is low in general throughout the study area, lower than 20 %. Exposed shallow reefs 
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Figure 2. Structural stability (mean slope of structural change ± SE) at 12 permanent monitoring 
locations (Agatti, Kadmat and Kavaratti atolls, established in 1998), tracked during a recovery 
period between two major mass-bleaching catastrophes (1999 and 2009, n = 7 yrs). Sites 
factored by exposure and depth (n = 12). Tukey’s HSD indicates three significantly different 
categories of structural stability at the two depths, represented by high-stability sites filled circle, 
medium-stability sites open circle, low-stability sites filled triangle. Site code: SD sheltered deep, 
SS sheltered shallow, ED exposed deep, ES exposed shallow.



had the highest percentage of  branching corals (17.04 %) and the lowest percentage of  tabular corals 

(2.3 %). Sheltered deep reefs had the highest percentage of  tabular corals (8 %) among all the reefs 

(Figure. 3 ). 

Table 2. Structural stability regimes: two-factorial analysis of variance (two-factorial ANOVA) for 
joint effect of exposure and depth on the rate of change of structural complexity (structural stability) 
over 7 years (1999–2003, 2007, 2009).

R2 = 0.65 (adjusted R2 = 0.63), significant at alpha = 0.01*, P < 0.01 **, P< 0.001***

Source of variation df Sum of squares Mean square F p value

Exposure 1 18.377 18.376 59.73 <0.01

Depth 1 28.44 28.44 91.81 <0.001

Exposure x Depth 1 2.332 2.33 7.58 <0.001

Model 3 48.95 16.31 53.05 <0.01

Error 8 2.46 0.307

Total (corrected) 11 51.41
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four stability categories. Site code: SD sheltered deep, SS sheltered shallow, ED exposed deep, 
ES exposed shallow.
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Table 3. Summary of Poisson generalized linear mixed effect model (Poisson GLMM) showing the 
effect of exposure and depth on structural complexity (2011).

The table shows the best-selected model indicating parameter means with standard errors for fixed effects, 
and variance terms with standard deviation for random effects. Exposure and depth are fixed effects and site 
represents random effects. Symbols represent significance levels at ** P< 0.001 and *** P< 0.0001.

Patterns in grouper biomass, diversity and species richness 

Mean grouper biomass significantly changed with depth and exposure (Table 4). Within the same depth 

class, mean grouper biomass was significantly higher at deep sites on the sheltered aspect (Figure.4a), 

which had, on average, twice the amount of  grouper biomass than deep sites on the exposed aspect. 

Similarly, comparing across depth classes and exposure, sheltered deep sites had six times the biomass 

of  exposed shallow sites (Figure.4a). Grouper abundance (density) and species richness did not change 

significantly with exposure or depth (Table 4; Figure. 4 b, c). Across the archipelago, 50 % of  average 

grouper biomass was concentrated at merely 10 reef  sites (ie. 16 % of  sites sampled, Figure.6 a), all of  

which were sites of  high structural stability (sheltered deep, Figure. 2), and were also characterized by 

high structural complexity (more than 80 % structure, Figure.6 a). The proportion of  individuals in 

large-size classes (31–50 and 51+  cm) was highest in sheltered deep reefs (46.4 and 15 %, respectively; 

Figure. 5 ). Sheltered reefs (deep and shallow) were dominated by individuals of  length 31–50 cm (~60 

%) as compared to exposed reefs (deep and shallow), which were dominated by medium individuals of  

length 11–30 cm (~50 %). The proportion of  very small individuals (< 10 cm) was greater in exposed 

reefs, both deep and shallow (Figure. 5 ). 

Best Model: structural complexity ~ exposure + depth + random (site)

Coefficient Estimate (SE) z statistic Random effects variance 
term +/- SD

Intercept = exposure (sheltered), 
depth (deep)

4.35 (0.05) 80.54*** Sites = 0.04 (0.22)

Exposure (exposed) -0.05 (0.08) -0.7

Depth (shallow) -0.06 (0.02) -3.35 **
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Relationship between structural complexity and grouper biomass across 

stability regimes 

Biomass of  long-lived grouper species increased significantly and exponentially (with structural 

complexity but only at the high-stability sites, i.e., deep sites on the sheltered aspect (Table 5 ; Figure. 

6a). Further, based on the following estimate: 

 (Zuur et al, 2009). 

  

structural complexity predicted about 79 % variation in long-lived species biomass at these high-

stability sites. In contrast, long-lived grouper biomass did not show even weakly significant relationships 

with structure for similar levels of  structural complexity at all other locations of  medium and low 

stability (Table 5 ; Figure. 6 b–d). Short-lived species biomass was not significantly influenced by 

structural complexity at any depth or exposure (Table 5 ). 
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stability categories. Site code: SD sheltered deep, SS sheltered shallow, ED exposed deep, ES 
exposed shallow.



Table 4. Generalized linear mixed effect models (GLMMs) showing the effect of exposure, and 
depth on grouper variables (biomass, abundance and species richness).

Exposure and depth are fixed effects and site (nested within atoll) and/or sites or atolls alone as random 
effects. Table provides the best-selected top models indicating parameter means with standard errors for 
fixed effects, and variance terms with standard deviations for random effects * P<0.01, ** P<0.001 and *** 
P<0.0001. GLMM families used: a negative binomial (theta = 0.296, SE = 0.024), b  negative binomial (theta = 
1.948, SE = 0.317), c Poisson.

best selected models fixed effects
coefficients

estimate 
(SE)

z statistic random 
effects
variance 
term

estimate 
(SD)

a. Biomass ~ exposure x 
depth + random (atoll)

intercept - exposure 
(sheltered), depth 
(deep)

7.77 (0.20) 36.98 ** Atoll 0.03 (0.17)

Exposure (exposed) -0.76 (0.30) -2.54 *

Depth (shallow) -0.84 (0.31) -2.67 **

Exposure (exposed) 
x depth (shallow)

-0.14 (0.46) -0.3

b. Abundance~exposure x 
depth + random (atoll/site)

intercept - exposure 
(sheltered), depth 
(deep)

1.19 (0.16) 7.18 *** Atoll 0.08 (0.29)

Exposure (exposed) -0.22 (0.21) -1.04 Atoll x site 0.14 (0.37)

Depth (shallow) -0.25 (0.17) -1.43

Exposure (exposed) 
x depth (shallow)

-0.14 (0.26) 0.54

c. Species richness ~ 
exposure + depth + random 
(atoll)

intercept - exposure 
(sheltered), depth 
(deep)

1.12 (0.09) 12.27*** Atoll 0.05 (0.23)

Exposure (exposed) -0.14 (0.08) -1.69

Depth (shallow) -0.49 (0.08) -5.70
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Discussion 

Although the ability of  some reefs to rapidly recover their structure after major mortality events is 

encouraging, our results indicate that long-term stability of  habitats and not merely the availability of  

structure after rapid coral recovery may be far more important for long-lived species such as groupers. 

Our 12-yr temporal data shows differential rates of  structural change (due to degradation and recovery 

from multiple bleaching events) across Lakshadweep. The structurally stable, sheltered deep sites across 

the entire archipelago appear to be highly preferred habitats for long-lived groupers. These ‘high-

stability’ sites support about 50 % of  grouper biomass recorded in our study. In comparison, even sites 

with high structural complexity, which have recovered rapidly from bleaching events (exposed deep 

sites or both shallow sites), do not support the same biomass of  groupers as the high-stability sites. 

Our results suggest that a quick recovery of  benthic structure alone may not influence the distribution 

of  long-lived benthic fish associates, especially on reefs subject to recurrent disturbance events. 

In many tropical reefs, groupers are highly targeted species, and this off-take pressure can often play a 

major role in their distribution (Chiappone et al., 2000 ). The Lakshadweep reef  system is fairly unique 

in this respect because, despite having a dense human population, reef  fishing here is a largely artisanal 

enterprise and contributes little to overall fishing pressure (Table 1). Grouper biomass in our study was, 

on average, 88 kg.ha-1  across the archipelago, comparable with biomass estimates from relatively 

unfished reefs and well-established marine-protected areas, which can have grouper biomasses of  

between 20 and 130 kg.ha-1 dependent on the location (Chiappone et al., 2000 ; Unsworth et al., 2007 ; 

McClanahan, 2011). In the absence of  robust direct estimates of  fishing pressure from the 

Lakshadweep, these estimates are perhaps the strongest evidence for low grouper fishing from these 

waters. However, even low levels of  fishing can leave a distinct signature on the distribution and size of  

reef  fish, particularly for long-lived species (Dulvy et al., 2004b). Our results, however, show that 

eastern reefs, despite being open year-round to light to moderate subsistence fishing, consistently show 

the highest biomass of  groupers. The key informants we interviewed also confirmed that groupers 

were a fairly low-preference food fish locally, and earlier studies indicate that levels of  grouper fishing 

can be low compared with grouper off-take from the nearby Maldives (Tamelander and Hoon, 2008 ; 

Sattar et al., 2011). Taken together, this suggests that reef  fishing pressures do not drive the observed 

patterns and sheltered deep locations may support higher densities (high-stability habitats) over 

exposed deep and shallow reefs, potentially even offsetting low to moderate reef  fishing pressures. 

More detailed studies on fishing intensity, access and species selectivity need to be undertaken to 

confirm the impact of  fishing on grouper distributions. 
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Figure. 6. Effect of increasing structural complexity on mean biomass density of long-lived 
grouper species (n = 14 species), at exposed and sheltered locations at two depths (deep and 
shallow) a. SD, n = 17, b. ED, n = 14, c. SS, n = 14, d. ES, n = 14, using GLMs. Relationship 
between grouper biomass and structural complexity at high-stability locations (a) is fitted by the 
model: long-lived grouper biomass ~ e (5.46 + structural complexity x 0.04) (black solid line), bounded by 95 % 
confidence intervals (grey dashed lines). Solid circles indicate permanent monitoring sites at 
three atolls (Agatti, Kadmat and Kavaratti), open circles indicate sites sampled only in 2011. Site 
code: SD sheltered deep, SS sheltered shallow, ED exposed deep, ES exposed shallow.



Table 5. Generalized linear model (GLM) showing the relationship between grouper biomass (long-
lived and short-lived species) and structural complexity at different stability regimes (1) high-
stability (SD)-sheltered deep sites, (2) medium-stability (ED)-exposed deep sites (3) medium-
stability (SS)-sheltered shallow sites) (4) low- stability (ES)-exposed shallow sites. 

* Table gives parameter mean ± SE for the explanatory variable (structural complexity), model intercept and 
corresponding z statistic for df = 15 * P<0.01 . 

Few reefs across the Indo-Pacific (McClanahan et al., 2007; Graham et al., 2011, and our study sites) 

have shown remarkable ability for benthic recovery after bleaching mass-mortality events. Benthic 

recovery in the Lakshadweep proceeded rapidly after the 1998 El Nin˜o bleaching event (Arthur et al., 

2006 ), influenced strongly by the interaction of  depth and protection from monsoonal storms. 

Exposed shallow sites incurred the highest amount of  coral degradation and recovery from the 1998 

mass-bleaching event, being dominated by the fast-growing and fragile Acropora corals (Arthur et al., 

2005 ). As a result, these sites were structurally unstable, going through cycles of  very high and very 

low structural complexity during the 12-yr period we sampled. Sheltered deep sites, on the other hand, 

Stability regimes GLM family   Intercept Structural 
complexity

z value, df = 
15 

Long-lived species

High (SD) Negative binomial (NB 
= 2.5, SE = 1.1) 

5.56 (0.89) 0.04 (0.01) 4.03* 

Medium (ED) Negative binomial (NB 
= 1.5, SE = 0.5)

8.49 (0.97) - 0.009 
(0.01)

-0.73

Medium (SS) Negative binomial (NB 
= 0.55, SE = 0.18)

4.6 (2) 0.03 (0.02) 1.43

Low (ES) Zero-inflated negative 
binomial (ZINB = 
0.98, SE = 0.42) 

2.28 (0.94) 0.05 (0.01) 1.89

Short lived species

High (SD) Negative binomial (NB 
= 0.30, SE = 0.11)

3.3 (2.3) 0.01 (0.02) 0.57

Medium (ED) Negative binomial (NB 
= 0.42, SE = 0.1)

5.4 (1.85) 0.006 (0.02) 0.26

Medium (SS) Zero-inflated negative 
binomial (ZINB = 
000.9, SE = 0.47) 

0.55 (3.92) 0.06 (0.04) 1.3

Low (ES) Negative binomial (NB 
= 0.28, SE = 0.107) 

4.77 (2.42) 0.009 (0.33) 0.29
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appear to have maintained their structure (in spite of  coral mortality) since the 1998 mass-bleaching 

disturbance. Our data support this observation (Figure. 3 ), and we find that tabular coral forms, which 

are most susceptible to wave exposure (Madin and Connolly,2006), were highest in sheltered, deep 

reefs. Similarly, branching coral forms, which contributed largely to the low stability of  exposed shallow 

reefs, were highest in these reefs, despite the recent bleaching disturbance of  2010. 

Most atolls in the archipelago are oriented in a north– south direction with a distinct windward and 

leeward aspect in relation to the annual southwesterly monsoon. The monsoon system has historically 

played an important role in shaping the geomorphology of  the Laccadives— Chagos archipelago 

(Siddiquie, 1980). Thus, even with a simple binary classification of  exposure, our temporal data (12 

sites, 3 atolls) is highly representative of  archipelago-wide hydrodynamics and we can therefore 

extrapolate trends in structural stability to the entire archipelago. These results show that structural 

stability of  reefs across the Lakshadweep archipelago increases with depth and degree of  protection 

from the monsoon storms, and sites can be classified, based on their recent history of  structural 

changes as low-stability (exposed shallow), medium-stability (exposed deep, sheltered shallow) or high-

stability (sheltered deep) sites. 

Independent of  structural history, a few years after the last mass-bleaching event, mean structural 

complexity in Lakshadweep appears to be comparable between sites. Structural complexity is a crucial 

resource, influencing communities across various ecosystems (MacArthur and MacArthur, 1961 ; 

Friedlander and Parrish, 1998 ). Yet, in spite of  the availability of  structure, we see vast differences in 

grouper biomass between sites of  differing structural stabilities, especially between deeper locations. In 

the absence of  any temporal data on fish abundance across the entire archipelago, it is difficult to 

ascertain whether patterns in biomass represent the response of  long-lived fish communities to 

multiple mass-bleaching disturbances or if  they merely reflect a natural distribution with respect to 

depth and exposure (Sabetian, 2003). In our survey, depth does emerge as an important factor by itself, 

positively affecting grouper biomass and structural complexity. It is however, compelling that even at 

the same depth (deep), sheltered deep sites with very stable structure support twice the amount of  

grouper biomass as sites with relatively low stability (exposed deep, Figure. 4a). Further, long-lived 

groupers show an exponential numerical response to increasing structural complexity only in the high 

stability, sheltered deep sites despite the availability of  suitable habitat (80 % structural complexity) at 

other, less-stable locations (Figure. 6). 

Patterns in biomass were driven by a few large-bodied and long-lived species like Plectropomus laevis, 

Plectropomus areolatus, Cephalopholis argus, Epinephelus malabaricus, Epinephelus caeruleopunctatus  and Variola 

louti , which were common only in sheltered deep sites at all the atolls we surveyed (Electronic 
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Supplemental Material, ESM Appendix 1). In contrast, short-lived species like the coral hinds 

(Cephalopholis leopardus, Cephalopholis urodeta, Epinephelus fasciatus) occurred commonly everywhere and did 

not seem to respond to structural complexity across the stability regimes (ESM Appendix 1). This 

suggests that unlike their long lived counterparts, shorter-lived species, with faster population turnover 

rates, may not be limited by structural change or may even benefit from the decline of  long-lived top 

predators in unstable reefs. The breakdown of  an important resource-abundance relationship in 

unstable reefs calls into question the ability of  functionally important long-lived fish species to survive 

and recover from repeated environmental disturbances. Several factors potentially interact to make 

structurally stable sites in the Lakshadweep critical for long-lived groupers. The observed trends in 

biomass could largely reflect strong habitat selectivity by grouper species for specific habitat types 

(Sluka, 2000). Coral morphology, the principle structural element on reefs (Kerry and Bellwood 2012), 

differs in its functional utility to reef  fish (Syms, 1995; Samoilys, 1997; Harmelin and Harmelin-Vivien, 

1999; Shibuno et al., 2008; Wilson et al., 2008; Kerry and Bellwood, 2012). Differences in the 

composition of  structural forms between sites may be an essential factor limiting adult groupers from 

colonizing low-stability reefs. High-stability, sheltered deep sites, with a mix of  coral structures, may 

provide ideal conditions for small and large groupers (Figures. 3, 5). 

The pattern of  grouper distribution in Lakshadweep, like other species of  reef  fish, could also have 

been largely driven by patterns in prey availability (Shpigel and Fishelson,1989; Beukers-Stewart and 

Jones, 2004), which may fluctuate rapidly in low-stability sites. Species with narrower niche widths in 

terms of  diet, modes of  predation and dependence on structure may be unable to survive in low-

stability locations where resources are in a state of  flux from multiple disturbance events. Similarly, 

these rapid fluctuations in resources may have created bottlenecks for important population-level 

processes like reproduction, recruitment, post-recruitment survival, migration, which may only be 

reflected in the populations after a decadal lag period. The patterns we find suggest the possibility of  

differential mortality of  long-lived species from low-stability sites or adult migrations to high-stability 

locations. Further studies addressing these various processes are necessary to gain valuable insights into 

the effects of  multiple disturbances on benthic grouper communities. Independent of  the specific 

mechanisms, these structurally stable reef  sites may serve as vital refuge areas for fish populations on 

coral reefs, especially as climate change increases the frequency and intensity of  benthic disturbances 

(Hoegh-Guldberg et al., 2007). Such stable refugia can have important ramifications for overall reef  

resilience, serving as important insurance locations for functionally important, keystone predators. Reef  

benthic predators like groupers are highly vulnerable because, apart from the insidious influences of  

declining reef  architecture on their populations, they are often prized fishery targets feeding a growing 

live fish trade (Sadovy de Mitcheson et al., 2012). Lakshadweep presents a unique situation where the 
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targeted fishing of  groupers and reef  fish is generally low in comparison to several regions across the 

tropics, but it is highly vulnerable today to future external market forces. 

Our results indicate that even these unexploited populations of  benthic predators may be subject to 

community wide impacts in the wake of  climate change even in relatively unfished reefs like the 

Lakshadweep. Neither a quick benthic recovery nor the relatively low fishing pressure is sufficient to 

stem these losses to long-lived groupers, making structurally stable habitats all the more critical to the 

overall resilience of  reef  systems. Identifying these historically stable refugia should be an important 

first step in prioritizing reef  management initiatives in the face of  rapid climate change and expanding 

reef  fisheries. 
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Coping with catastrophe: foraging plasticity 
enables a benthic predator to survive in rapidly 

degrading coral reefs 

Published as: Karkarey, R., Alcoverro, T., Kumar, S., and Arthur, R. (2017). Coping with 
catastrophe: foraging plasticity enables a benthic predator to survive in rapidly degrading 
coral reefs. Animal Behaviour, 131, 13-22. 

CHAPTER 3 

Peacock grouper (Cephalopholis argus)  



Abstract 

Human-induced rapid environmental change (HIREC) disproportionately affects species with specialist 

traits and long generation times. By circumventing prolonged evolutionary processes, behavioural 

plasticity is critical in allowing species to cope with rapid environmental changes within their lifetimes. 

Coral reefs have faced multiple mass mortality events of  corals related to climate change in the last two 

decades. The consequent loss of  structural complexity adversely impacts long-lived, structure-

dependent fish predators. We attempted to determine how well a guild of  groupers (Pisces: 

Epinephelidae) copes with rapid structural change in the lightly fished Lakshadweep Archipelago, 

Indian Ocean. Of  the 15 species, territorial and site-attached groupers declined exponentially with 

decreasing structural complexity, while widely ranging species showed no change. However, one site-

attached species, the peacock grouper, Cephalopholis argus, maintained high densities across the structural 

gradient. We explored the mechanisms this species employs to cope with declining habitat structure. 

Our observations indicate that both a potential release from specialist competitors and plasticity in 

foraging behaviour (foraging territory size, diet and foraging mode) appeared to favour the peacock 

grouper's survival in sites of  high and low structure. While specialist competitors dropped out of  the 

assemblage, the foraging territory size of  peacock groupers increased exponentially with structural 

decline, but remained constant and compact (50 m2) above a threshold of  structural complexity 

(corresponding to a canopy height of  60 cm). Interestingly, despite significant differences in prey 

density in sites of  high and low structure, gut content and stable isotope analyses indicated that peacock 

groupers maintained a specialized dietary niche. In-water behavioural observations suggested that diet 

specialization was maintained by switching foraging modes from a structure-dependent ‘ambush’ to a 

structure-independent ‘widely foraging’ mode. The remarkable foraging plasticity of  species such as the 

peacock grouper will become increasingly critical in separating winners from losers and may help 

preserve specialist ecosystem functions as habitats collapse as a result of  climate change. 

Keywords 

Ambush and widely foraging modes, behavioural plasticity, coral reefs, diet specialization, HIRECs, site-

attached predators, structural degradation. 
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Introduction 

Human-induced rapid environmental change (HIREC) is becoming the new normal for ecosystems 

(Sih, 2013), resulting in large-scale habitat degradation and an unravelling of  species assemblages 

(Peters and Lovejoy, 1992; Stork, 2010). However, species do not respond equally to rapid 

environmental change; some species within the assemblage (‘winners’) are better able to cope with 

HIREC than others (‘losers’, McKinney and Lockwood, 1999). The ability of  individuals to cope with 

rapid changes within their lifetimes is critical, especially because evolutionary responses that track 

environmental change may not necessarily keep pace with the radical rates of  current HIREC (Snell-

Rood, 2013). Winning species are usually ones in which individuals exhibit phenotypic plasticity, or the 

ability to express context-specific phenotypes of  different traits under varying environmental 

conditions. Of  the many phenotypic traits (behavioural, physiological, morphological, life history), 

behavioural responses can be employed fairly instantaneously (Slobodkin, 1964). It is therefore not 

surprising that behavioural plasticity is the most widespread response seen in a range of  species 

surviving under HIREC (Hendry, Farrugia, and Kinnison, 2008; Price, Qvarnström, and Irwin, 2003; 

Sih, Ferrari, and Harris, 2011; West-Eberhard, 2003). 

Repeated climate change disturbances result in a simplification of  habitat structure with 

disproportionate consequences for site-attached species that depend on this structure for prey, refuge 

and ambush cover. As resource conditions in habitats change, site-attached species need to show strong 

plasticity in their foraging behaviour by modifying their diet (Layman et al., 2007), habitat use (Kittle et 

al.,  2015) and foraging modes (Helfman, 1990; Huey and Pianka, 1981), in order to continue persisting 

in degraded habitats. For example, long-lived, site-attached carnivores such as leopards, Panthera pardus, 

cougars, Puma concolor, and wolves, Canis lupus, have been highly successful at persisting in human-

altered and pastoral-dominated landscapes owing to plasticity in their foraging behaviours (Maddox, 

2003). These foraging responses involve a complex optimization of  resource availability, physiological 

constraints, predation risk and competition (Delclos and Volker, 2011). How species balance these 

trade-offs determines their success in suboptimal environments. The general understanding is that 

generalist species have a winning edge over specialists, since they have broader dietary niches and 

habitat preferences that enable them to more easily express a plastic phenotypic response (Colles et al., 

2009; Gallagher et al., 2015; Spitze and Sadler, 1996). In addition, many winning species could merely 

be benefiting opportunistically from competitive release, as less plastic, specialist species drop out of  

the assemblage (Clavel et al, 2011). Competitive release may work together with behavioural plasticity in 

contributing to the relative success of  some species over others in degraded habitats. 
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The past two decades have seen a wide-scale loss of  structural complexity in coral reefs across the 

globe, associated with repeated episodes of  mass bleaching-related mortalities of  coral (Alvarez- Filip 

et al, 2009; Bruno and Selig, 2007). We examined how a guild of  long-lived, structure-dependent coral 

reef  predators called groupers (subfamily: Epinephelinae) cope with rapid structural decline in the 

lightly fished Lakshadweep Archipelago, Indian Ocean. Groupers are a diverse family of  long-lived, 

benthic piscivores (Craig et al., 2011) that play important roles in structuring reef  fish communities 

through direct consumptive and non-consumptive effects (Almany, 2003; 2004). While some groupers 

are highly territorial and site-attached, others range much more widely (Pears, 2005; Samoilys and 

Carlos, 2000). Groupers, like most benthic fish, are particularly vulnerable to structural decline (Feary et 

al., 2007; Karkarey et al., 2014; Pratchett et al.,  2008), relying heavily on reef  structure for prey, shelter 

and ambush sites (Kerry and Bellwood, 2012; 2016). To survive reef  structural declines, groupers may 

need to show plasticity in their foraging behaviour. While roving species may have some ability to move 

to healthier habitats (Ritchie, 2002), site-attached groupers may have to rely much more on foraging 

plasticity to cope with changing conditions within their adult territories. 

We examined the distribution and abundance of  a guild of  structure-dependent predatory groupers 

along a gradient of  recent structural decline (over the last decade) in the Lakshadweep Archipelago, 

Indian Ocean. For the single long-lived, site-attached species that was ubiquitously abundant across the 

gradient, the peacock grouper, Cephalopholis argus, we explored its mechanisms of  survival., Specifically, 

we examined whether this species was merely benefiting from the absence of  specialist competitors 

(competitive release) or was, in addition, able to show plasticity in its foraging behaviour, modifying its 

foraging territory, diet and foraging mode, in degraded reefs. 

Methods 

Study Area and Site


The Lakshadweep Archipelago, Indian Ocean, comprises 12 coral atolls enclosing 33 small islands (8°N 

– 12°N, and 71°E – 74°E; Figure.1). The archipelago has witnessed repeated temperature-associated 

mass bleaching disturbances since 1998 (Arthur et al., 2006), with catastrophic consequences for reef  

structural complexity which has reduced considerably over the last decade (Karkarey et al.,  2014; Yadav 

et al., 2016). The study was conducted in the centrally located Kadmat atoll, which has a land area of  

3.2 km2 and is surrounded by a large lagoon of  37 m2 area, with a contiguous fringing reef. We based 

our study in Kadmat because it supports the lowest levels of  commercial and artisanal fisheries in the 

archipelago (Karkarey, Arthur, and Gangal, 2015) and has suffered heavy reef  degradation after the 

1998, 2005 and 2010 mass-bleaching disturbances. Still, Kadmat atoll maintains areas that were 
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relatively less affected since 1998 (Arthur et al.,  2006), representing a natural gradient of  structural 

complexity from flat barren reefs to reefs of  high structural complexity. 

Distribution of Species along a Structural Complexity Gradient 

Nine reef  sites were selected around Kadmat atoll for this study (Figure.1) representing a gradient of  

structural complexity. We used the mean vertical height (cm) of  the coral canopy in the reef  as an index 

of  structural complexity. In an earlier study, we found that vertical canopy height was highly correlated 

with standard measures of  coral complexity such as rugosity and density of  holes and crevices 

(Karkarey et al.,  2014). Vertical canopy height was measured every 5 m along four 50 m transects, laid 

randomly at each reef  site (N = 40 per site, 10 per transect). Along these transects we estimated the 

density and diversity of  groupers in a belt of  50 x 10 m, collecting information on the abundance and 

size class (1-15, 15-30, 30-50, 50+ cm) of  species belonging to the genera Cephalopholis, Plectropomus, 

Gracila, Variola and Epinephelus. We further classified grouper species into two broad behavioural groups 

(modified from Pears, 2005; Samoilys and Carlos, 2000; see Appendix Table A1) as ‘site-attached’ and 

‘roving’ species, based on their home range with respect to the area surveyed. The home range of  
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roving species extended beyond the surveyed reef  site, while site-attached species maintained a home 

range within the surveyed reef  site. 

Peacock Grouper's Response to Structural Decline 

Our initial surveys identified the peacock grouper as the only site-attached species that persisted in high 

numbers across the structure gradient (see Results). This species is known to dominate a range of  reef  

habitats and depths in native and introduced reefs across the Indo-Pacific (Meyer and Dierking, 2011). 

We explored the potential mechanisms that gave it a winning edge in structurally degraded reefs in 

Lakshadweep: (1) competitive release due to declining densities of  specialist competitors and/or (2) 

plasticity in foraging behaviour (foraging territory size, diet choice and foraging mode). 

Competitive release 

To evaluate whether competitive release could potentially benefit the ubiquitous peacock grouper, we 

compared the relative density of  this species with respect to the combined density of  other site-

attached grouper species (eight species; Appendix Table A1) along the gradient of  structural 

complexity. 

Foraging plasticity 

We compared changes in three aspects of  the foraging behaviour of  peacock groupers along a gradient 

of  structural complexity: change in foraging territory size, foraging mode and diet. Additionally, to 

determine whether potential changes in diet were due to differences in prey availability, we measured 

prey abundance within territories of  peacock groupers. Foraging mode, territory size and prey 

abundance were measured with in situ observations, while diet was measured using stable isotopes 

complemented with gut content analyses of  collected peacock groupers. To study the foraging 

behaviour of  the peacock grouper we used focal individual sampling. A total of  52 individuals were 

sampled at the nine selected sites along the structural gradient in Kadmat (Figure.1). At each site, we 

sampled between four and seven individuals. We targeted the largest individuals (25-30 cm total length, 

TL) to control for size-related effects, particularly sex, since the largest individuals in peacock grouper 

harems tend to be males (Shpigel and Fishelson, 1991). We first identified the largest individual at the 

study site during a 5 min free swim. Every subsequent individual was selected at a minimum distance of  

30 m from the limit of  the previous individual's territory (see below). Individuals were also selected 

within a depth range of  10-15 m. Each individual was followed for a total of  30 min. The total 

sampling interval was identified based on earlier studies of  Cephalopholis species' home range sizes 

(Shpigel and Fishelson, 1991), and validated in a pilot survey of  three individuals, whose ranging 

patterns were repeatedly sampled over 2 days. As interspecific aggressive interactions were observed 
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within these home ranges, we assumed that the area represented a defended territory. Individuals were 

observed at a minimum distance of  5 m from above, after first evaluating the minimum distance at 

which individuals exhibited a ‘flight’ response (minimum distance = 1.5 m). All focal-individual 

sampling was conducted between January and March in 2014 and 2015 and between 0900 and 1200 

hours. Focal individual sampling was used to score foraging and other behaviours (Table.1) and to 

estimate territory size of  the groupers. We typically sampled two individuals per dive, marking our 

position with a GPS to avoid resampling individuals. 

Table 1. Peacock grouper behavioural ethogram  

Foraging territory size 

We worked with the common assumption that the movement an individual made between foraging 

bouts was effectively a search behaviour (Stephens and Krebs, 1986). This was supported by our 

observations since peacock groupers were observed foraging over the entire extent of  their territories, 

and we assumed that the total territory size was a good estimation of  its foraging territory size. Focal 

individuals were followed from above, and a numbered sinker was dropped every 2 min to mark the 

position of  the individual., Foraging territory size was calculated as the rectangular area based on the 

longest length and breadth distance between the sinkers (territory size = length x breadth). After the 

territory size was delimited we estimated potential prey density within the foraging territories of  48 of  
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State Sub-state

Moving : Individuals were in motion, or in a 
state which involved movement of dorsal and 
lateral fins and colour change

1. Patrol - Individuals swam at steady speed 
around their territory, with head pointed 
forward, occasionally stopped at ‘vantage 
points’ to change direction.

2. Forage - Individuals either swam with head 
pointed towards the benthos, or hovered near 
structure (with movement of fins), and 
occasionally made attempts at capturing prey. 
Two broad foraging modes were observed 
(see methods).

Stationary: Individuals were motionless, no 
movement in fins or associated colour change

1. Perch - Individuals rested motionless on top 
of coral structures with no movement in fins 
and without colour change. 

2. Hide - Individuals rested motionless under 
structures, in caves or crevices in the 
structure.



the 52 individuals sampled. We estimated fish prey density (fish/m2) along a timed transect (5 min) of  

20  2 m running through the territory. Fish in the families Blenniidae, Labridae, Tripterygiidae , 

Pomacentridae, Synodontidae, Gobiidae, Apogonidae, Pempheridae, Clupeidae, Pomacanthidae, 

Microdesmidae Cirrichthidae, Pinguipedidae, Balistidae, Scaridae, Serranidae, Acanthuridae and 

Holocentridae (all individuals 3-10 cm in TL) were counted as potential prey, based on previous dietary 

studies and gape limits of  large peacock groupers (Dierking and Meyer, 2009). In addition, we 

estimated invertebrate density (invertebrates/m2) using 3 min timed searches in 1 m2 quadrats (N = 3 

point searches per territory). Benthic structures were thoroughly searched, with flashlights, for 

invertebrates. These included molluscs (bivalves, gastropods), crustaceans (diogenid crabs, pocilloporid 

crabs, trepezid crabs, carid shrimp, alpheid shrimp) and echinoderms. Given the narrow size range of  

prey, we assumed that prey abundance would serve as a reasonable proxy of  prey biomass. 

Foraging modes  

During the 25 min observation of  each focal individual (N = 52) we documented different behavioural 

states (Table. 1). We observed and scored the frequency of  two distinct foraging modes used by 

peacock groupers during foraging bouts. (1) In the ambush mode, individuals slowly approached prey. 

The individual often circled coral structures or swam through the holes and crevices of  coral colonies 

while approaching prey. Prior to a predation attempt, the individual became almost motionless (with 

minimum movement of  the caudal fin) changing colour to pale red, before darting out at high speed to 

capture prey. This sequence (motionless state, colour change and dart) was scored as an ambush 

attempt. (2) In the widely foraging mode the individual roved swiftly across its territory. During this 

roving, individuals were seen with their head pointed downwards at the substrate and probed into the 

structures as they moved along. In this mode, individuals were also observed making occasional rapid 

linear darts towards prey in the water column. Colour change was not observed in this mode and 

neither was the use of  structure; the individuals were seen roving above the coral canopy. Every 

probing and linear darting attempt in the water column was scored as a widely foraging attempt. 

Diet  

We collected 69 random individuals by spearfishing at nine sites across the structural gradient in 2015, 

using traditional spear guns (see Ethical Note below). Samples varied in TL between 15 and 35 cm. 

Spearfishing was selected as the least destructive technique for capturing specimens based on fishing 

and caging trials conducted at our sites. Fishing experiments were conducted with three hook sizes (2, 

3, 4) and market-sourced bait (herring and blue-green chromis). Both fishing trials (9 h) and cages (2 

nights) led to the bycatch of  22 individuals of  red-toothed triggerfish, orange-lined triggerfish, red 

mouth groupers, honeycomb groupers, scribbled wrasse and moray eels, with no success in catching 
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peacock groupers. Spearfishing success was found to be high (97%) and of  the 71 peacock grouper 

individuals that were speared, only two escaped. We arbitrarily classified captured individuals into 10 cm 

bins as small (10-20 cm), medium (21-30 cm) and large (31+ cm). Fish were immediately bagged 

underwater to prevent loss of  regurgitated prey (Dierking and Meyer, 2009) and transferred to the boat 

by a free-diver for anaesthesia and culling (see Ethical Note below). The maximum time delay between 

spearing of  fish underwater and anaesthesia on the boat was under 2 min. Fish were killed immediately 

after they were anaesthetized, which took between 0.5 and 1.5 min, depending upon their size. Samples 

were weighed, measured and dissected in the wet laboratory. Guts were opened and inspected for prey 

items. Prey were broadly classified as fish or invertebrates and identified to the family level wherever 

possible. We also collected the white muscle tissue (lateral muscle tissue under the dorsal fin) from the 

samples for stable isotope analysis. The tissue samples were dried at 70∘C for 48 h and ground to a fine 

powder. The powdered samples were analysed for !15N and !13C stable isotopes at the Physical 

Research Laboratory, Ahmedabad. The carbon and nitrogen isotopic compositions were determined 

using a MAT 253 Isotope Ratio Mass Spectrometer attached to a FLASH EA 2000 elemental analyser. 

Carbon and nitrogen isotope ratios are expressed in the delta notation (!15N and !13C) relative to 

Vienna PDB standard and atmospheric nitrogen and expressed in per mille. 

Ethical Note


The study was conducted with appropriate research permits and clearances granted by the Department 

of  Science and Technology, Lakshadweep. The peacock grouper is not an endangered species, nor a 

‘Scheduled’ species as per the Wildlife Protection Act of  India, 1972. Spearfishing was conducted to 

effect capture of  the target species and size classes of  interest, while minimizing harm to non-target 

species and habitats, which other fishing methods (hook and line and cages) entailed. Identified 

specimens were speared using locally available, traditional spear guns by experienced personnel. 

Specimens were rapidly transferred upon capture to a freshwater ice slurry to aid anaesthesia (Blessing 

et al., 2010), followed by percussive stunning (Roth et al., 2007), considered to be a highly effective and 

humane technique adopted by industrial-scale fisheries. Percussive stunning was administered by a 

trained and skilled local fisherman. Whole specimens were processed for stable isotopes, guts (as 

reported in this study) and for otoliths, physiological parameters and ecomorphology (which forms part 

of  another study). 
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Statistical Analyses

Distribution of species along a structural complexity gradient  

We used generalized linear models (GLMs) to compare mean densities of  site-attached (eight species) 

and roving groupers (seven species) as well as our focal species, peacock grouper, along a gradient of  

structural complexity (N = 9 reefs, 36 transects). Because density data can be discretised to be 

considered as count data, we used a quasi-Poisson GLM to account for overdispersion, with density 

(fish/500 m2) as the response variable and structural complexity as the explanatory variable. 

Peacock Grouper's Response to Structural Decline 

Competitive release 

We used a quasibinomial GLM to examine the relative difference in proportional density of  peacock 

grouper versus other site-attached groupers (eight species) along the gradient of  structural complexity 

(N = 36 transects, nine reefs). 

Foraging plasticity 

Foraging territory size
Our preliminary observations suggested that there was an abrupt change in the foraging territory size 

of  individuals at a canopy height of  around 60 cm structure. To test whether the relationship between 

territory size and structural complexity was non-linear, we used a change point detection method in R 

with the package strucchange (Andersen et al., 2009; Zeileis et al., 2002). The algorithm is based on 

assessing whether a single set of  parameters (mean, variance, trend) can be used to explain different 

parts of  the relationship, or if  multiple parameters (regressions) better explain the data series. Further, 

to assess the significance of  every potential change point in the data set, an F statistic (Chow test 

statistic) was computed. Since these methods require data sets with at least one observation per level of  

the predictor variable, we pooled structural complexity into 5 cm bins (grouping canopy heights from 0 

to 5 cm, from 6 to10 cm, and so on). We used a bootstrapping procedure where the data were sampled 

with replacement,1000 times. This was used to estimate confidence intervals for the sample mean F 

statistic and change-point estimator. We then plotted the mean foraging territory size for each interval 

(N = 52) of  structural complexity as estimated by a quasi-Poisson GLM, with the most probable 

change point and its confidence interval. Based on the identified change point in structure, we classified 

sites as having either high (> threshold) or low (< threshold) structure. We used this classification to 

study the effect of  structural complexity on foraging mode, prey abundance and diet. The mean 
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densities of  fish and invertebrates in each territory (N = 48) were compared between sites of  high and 

low structure using quasi-Poisson GLMs. 

Foraging mode 
We used a binomial GLM to test for the relative proportion of  ambush versus widely foraging attempts 

made by each individual (N = 52) in sites of  high and low structure. To test for differences in the 

proportion of  time spent by an individual in different behavioural substates we conducted a two-

factorial ANOVA. The response variable proportion of  time was arcsine transformed. Behavioural 

substate (patrol, forage and perch) and structure (high and low) were the two explanatory variables. 

Following this, a Tukey's honestly significant difference test (Tukey's HSD) was conducted to test for 

differences between treatment means. 

Diet
Differences in the mean !15N and !13C stable isotope of  the three size classes (small, medium, large, N 

. 69) were compared between sites of  high and low structure using a one-way ANOVA followed by 

Tukey's HSD tests.  

All data were visually inspected for normality and heteroscedasticity to meet model assumptions. 

Results 

Distribution of Species along a Structural Complexity Gradient 

Site-attached and roving species responded differently to declining structural complexity (Figure. 2). 

Site-attached groupers declined significantly and exponentially in density by approximately two fish per 

500 m2 with a unit decline in structural canopy height (t7=4.53, P= 0.002; residual deviance= 22.85; 

dispersion parameter = 3.19). At sites with structural complexity less than 60 cm, we recorded no more 

than one or zero site-attached grouper individuals in our transects. In contrast, roving groupers were 

found in low densities (6.5 ± 2.19 fish/500 m2) across the gradient and did not vary significantly in 

density with structural complexity. Most interestingly, the mean density of  the site-attached peacock 

grouper did not decline with structural complexity, but instead remained three times higher (18.59 ± 

1.21 fish/500 m2) than the mean density of  roving species across the gradient, and 16 times higher than 

other site-attached species in sites below 60 cm structural complexity. 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Peacock Grouper's Response to Structural Decline 

Competitive release 

The relative density of  peacock groupers with respect to other site-attached groupers declined with an 

increase in structural complexity of  reefs (t33=3.44, P= 0.002; residual deviance= 81.3; dispersion 

parameter= 2.116; Figure. 3). In reefs of  low structural complexity (< 60 cm structure) mean peacock 

grouper density represented between 70 and 90% of  total guild density while at sites of  high structural 
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Figure 2. Grouper distribution: relationship between mean density of groupers and structural 
complexity (measured as mean coral canopy height) in nine reefs. The focal peacock grouper is 
a site-attached species but is plotted separately from site-attached and roving species for 
comparison. The black dotted line is a best-fit line from the quasi-Poisson GLM of site-attached 
species. Black dashed and grey solid lines represent mean densities of peacock grouper and 
roving species, respectively.



complexity (>60 cm), peacock groupers represented only 40% of  the total guild density of  site-

attached groupers. 

Foraging plasticity 

Foraging territory size
Territory size increased nonlinearly with decreasing structural complexity, with a potential threshold 

identified at around 60 cm. The change point analysis confirmed this threshold fit better than a 

standard regression, showing that there was a clear nonlinearity in peacock grouper territory size with 

decreasing structural complexity (Figure. 4). The confidence intervals of  the threshold estimate 

spanned from 51 to 65 cm. We used the mean of  the two intervals (58 cm) to categorize sites as having 

‘low’ structure (<58 cm) and ‘high structure’ (>58 cm). In sites having low structure, the mean territory 

size of  peacock groupers increased exponentially by 97%, with every 5 cm decline in structure 

(t6=3.39, P= 0.001; residual deviance= 96.35; dispersion parameter= 16.13; Figure. 4). In contrast, in 

sites of  high structure, territory size remained relatively constant and small (41.88 ± 7.56 m2), not 

changing with any further increase in structural complexity. The composition of  prey varied between 
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Figure 3. Relative abundance of peacock grouper versus other site-attached species (N = 8) 
along the gradient of structural complexity (N= 36 transects). The black line represents mean 
relative abundance of peacock grouper as predicted by a quasibinomial GLM.



sites of  high and low structure. Mean invertebrate density in sites of  low structure (12.2 ± 2.01 

invertebrates/m2) was nearly three times higher than in sites of  high structure (4.7 ± 0.46 

invertebrates/m2; t44=4.49, P<0.005; residual deviance= 150.01; dispersion parameter= 3.94). In 

contrast, mean fish density in sites of  high structure (11.6 ± 4.22 fish/m2)was 11 times higher than that 

in sites of  low structure (1.9 ± 0.30 fish/m2; t44=2.46, P = 0.02; residual deviance= 623.25; dispersion 

parameter= 19.68). 
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Figure 4. Change in foraging territory size: relationship between mean structural complexity and 
mean foraging territory size of peacock groupers (N = 52). Structural complexity was binned into 
5 cm bins for threshold analysis. The vertical line represents a change point (with 95% 
confidence interval in shaded rectangle) identified using sequential Chow tests (sup-F = 89.87, P 
< 0.001). Black lines represent the best fit lines obtained from quasi-Poisson GLMs for the 
relationship between structural complexity and foraging territory size.



Foraging mode 
In sites of  high structure individuals used the ambush and widely foraging mode in equal proportions. 

However, in sites of  low structure individuals used the widely foraging mode four times more 

frequently than the ambush mode (Figure.5; z51 = 2.915, P < 0.005; residual deviance= 38.62). 

Individuals spent an equal proportion of  their time foraging in sites of  high and low structure (Figure. 

6). 

Diet 
Of  the 71 individuals, 33 (46%) had empty guts. Of  the remaining 38 individuals from sites of  high (N 

=18) and low (N =20) structure, 70% had partially digested or whole acanthurid remains. In addition, 

prey fish of  the families Gobiidae, Labridae, Pomacentridae and crustaceans were represented in diets 

of  small and medium-sized individuals (TL < 30 cm). In contrast, the guts of  larger individuals had 

prey fish of  the families Serranidae and Scaridae in sites of  both high and low structure. Prey fish 

found in the guts of  the largest individuals were not the most abundant species estimated in their 

territories (Appendix Figure. A1). During our survey, we encountered a mass recruitment event of  

acanthurids in early 2015, which disproportionately increased the abundance of  juvenile acanthurids on 

reefs by 200% (R. Karkarey, personal observation). While gut content analysis represents recently 
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Figure 5. Foraging plasticity: relative proportion of mean and associated SE of ambush versus 
widely foraging attempts made by each peacock grouper (N = 52) to capture prey in sites of high 
and low structure as predicted by a binomial GLM.



ingested prey by the consumer over the last few hours, stable isotope ratios in animal tissues reflect the 

diet of  a consumer over a period of  weeks to months, as they are based on the principles of  food 

assimilation (Post, 2002). We suspect that the unusual mass recruitment event during sampling may 

have compromised estimation of  diet based on gut contents and we therefore consider stable isotopes 

as a more reliable and representative comparison of  diets in our study. Mean !15N and !13C values did 

not vary for large and medium sized individuals in sites of  high and low structure (Figure. 7). On the 

other hand, mean d 15N values for small individuals were significantly lower in sites of  low structure 

(Figure. 7; F3,68 = 4.516, P < 0.005), indicating that small individuals were potentially feeding on prey of  

lower trophic values such as invertebrates than large and medium-sized individuals. However, all 

individuals (small, medium and large) in sites of  high structure were able to feed on similar prey of  a 

higher trophic value. 

CHAPTER 3 !70

High Low

Forage Patrol Perch Forage Patrol Perch

0

0.2

0.4

0.6

Behaviour

Pe
rc

en
ta

ge
 ti

m
e
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peacock groupers (N= 52) in sites of high and low structure.



Discussion 

For most long-lived and structure-dependent predators, the large-scale erosion of  structural complexity 

in the wake of  recent climate change can be devastating. In this study, we showed that in coral reefs 

subject to repeated coral mass mortalities, most long-lived, structure-dependent piscivores (groupers) 

persisted only in highly structured reefs in the Lakshadweep archipelago. Where reef  canopy had 

degraded below 60 cm in height, site-attached species dropped out of  the assemblage, with only roving 

species found across the reef  gradient. The peacock grouper was an unruly exception and did not 

decline in density with structural complexity as other site-attached species did. Instead, it outnumbered 

both roving and site-attached species in structurally degraded reefs. Being able to survive in these 

suboptimal reef  environments required peacock groupers to radically modify their foraging behaviour 

from using an ambush to a widely foraging mode.  Foraging mode shifts enabled peacock groupers to 

rapidly adapt to a structurally homogenized landscape, while maintaining their trophic position and diet 
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specificity. Without such plasticity in foraging modes, long-lived, structure-dependent predators may be 

placed at a serious disadvantage under regimes of  rapidly declining habitat structure. 

While a very effective strategy in optimizing resource use in crowded assemblages, specialization results 

in species using a relatively restricted subset of  resources or habitats compared with generalists, putting 

specialists at a disadvantage in rapidly changing habitats (Irschick et al., 2005). Across a range of  taxa 

such as birds (Julliard et al., 2004), cryptic coral reef  fish (Munday, 2004) and mammals (Fisher et al., 

2003), greater habitat specialization has negatively impacted species' responses to rapid habitat 

disturbances and fragmentation. In the context of  global change, as ecosystems continue degrading to 

structurally homogenized states, behavioural inertia, such as site fidelity and foraging inflexibility, is 

increasingly putting species at risk of  local extinctions (Matthiopoulos et al., 2005; Pichegru et al., 

2010). Particularly, species with ecological traits that include high trophic levels, resource specialization, 

low population densities and slow life histories are inherently predisposed to rapid declines under 

HIRECs (Alonso et al., 2015; Purvis et al., 2000; Roberts and Hawkins, 1999). 

In Lakshadweep reefs, it is not surprising that roving groupers were present across the entire range of  

structural complexity suggesting that they are habitat generalists, while site-attached species dominated 

the assemblage in less than 50% of  sites, all of  which had high structural complexity (>60 cm canopy 

height). However, despite being a relatively long-lived, territorial and site-attached species, the peacock 

grouper was found in sites across the gradient of  structural complexity. Most interestingly though, to 

sustain this ubiquity, the peacock grouper had to make significant behavioural trade-offs in foraging 

strategies, while continuing to maintain its diet specialization in degraded reefs. Recent studies highlight 

the exceptions that some long-lived, structure-dependent, apex predators such as leopards, cougars and 

wolves can successfully persist in human-altered and structurally homogenized agricultural landscapes 

owing largely to flexible foraging (Athreya et al., 2013; Valeix et al., 2012). Our study contributes to a 

growing recognition that behavioural plasticity, more than conventionally used metrics such as life 

history, population size and resource specialization, may be critical for separating ‘winners’ from ‘losers’ 

in the context of  global environmental change. 

The clearest response by the peacock grouper to structural decline was in its foraging territory size, 

which is often the first response of  animals to HIRECs as they attempt to adjust to changing 

environmental conditions (Tuomainen and Candolin, 2010). On the one hand, by increasing territory 

size with habitat degradation, territorial species significantly improve their chances of  encountering 

prey (Kittle et al., 2015; Mumby and Wabnitz, 2002). For example, the home range size of  the spotted 

sand lizard, Pedioplanis l. lineoocellata, increased in degraded Kalahari savannah habitats where prey 

availability was low, compared with non-degraded habitats (Wasiolka et al., 2010). On the other hand, if  
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habitat disturbance modifies the distribution of  predators or superior competitors, inferior competitors 

may profit by expanding into vacated niches, possibly by increasing their repertoire of  resource use 

(Rosenzweig, 1995). It has been well documented that mesopredators such as racoons, Procyon lotor, 

coyotes, Canis latrans, and Eurasian badgers, Meles meles, successfully adjust to urbanized landscapes by 

modifying their ranging behaviours in response to a higher density of  human-provisioned food 

resources as well as the loss of  specialized competitors from the community (Davison et al., 2009; 

Prange et al., 2004; Tigas et al., 2002). The size of  peacock grouper territories in this study was strongly 

influenced by structural complexity only when reef  structure declined below 58 cm. Note that other 

site-attached species were mostly absent beyond this threshold of  structure. Large benthic predators are 

known to use reef  structures relative to their body size (Kerry and Bellwood, 2016) and the 58 cm 

threshold of  structural complexity could represent a clear limit to the ability of  large benthic piscivores 

to effectively use the degraded landscape. Thus, while most site-attached predators may be directly 

limited by the loss of  structural complexity and prey resources, smaller, behaviourally flexible species 

such as the peacock grouper may benefit more from the loss of  these specialist competitors than by the 

loss of  physical habitat structure and prey resources (Devictor, et al., 2008; Marvier et al., 2004). 

An unusual response by the peacock grouper to habitat degradation was to maintain diet specialization 

even in highly degraded reefs. Optimality suggests that predators should forage less selectively on prey 

in degraded habitats to increase prey encounter rates (Stephens and Krebs, 1986). Predators typically 

broaden their dietary repertoire to incorporate more abundant prey as habitats degrade (Layman et al.,  

2007). Across taxa, dietary inflexibility has led to drastic post disturbance declines in specialized apex 

predators such as hammerhead sharks, pinnipeds (Gallagher et al., 2014) and the Cape gannet, Morus 

capensis (Pichegru et al.,  2010), to name a few. Most coral reef  piscivores show ontogenetic diet shifts 

from invertebrates to fish, but still maintain a proportion of  non-fish prey in their diets at larger sizes 

(Mittelbach et al., 1988; Scharf  et al., 1997). Contrary to our expectations, we did not observe a 

broadening of  diet breadth in peacock groupers in degraded reefs even though fish prey were scarcer 

than invertebrates. Central to maintaining this diet selectivity was a remarkable plasticity in foraging 

modes. Our in-water observations showed that large peacock groupers employed very different 

context-specific foraging modes in sites of  high and low structure, essentially becoming much more 

active and structure-independent foragers in the latter. Predators across trophic groups use either 

widely foraging or active foraging modes to feed on patchily distributed prey, while employing ambush 

or passive foraging modes to target highly mobile prey (Manenti et al., 2013). As these strategies require 

different biomechanical properties, many predators may specialize on a single strategy to feed (Delclos 

and Rudolf, 2011; Perry and Pianka, 1997; Webb, 1984). However, a few predators such as the lined 

seahorse, Hippocampus erectus (James and Heck,1994), and desert lizards (Huey and Pianka,1981) can 

efficiently shift from passive to active modes with a decline in prey density (Helfman, 1990; Michel and 
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Adams, 2009) and habitat structure (Fausch et al., 1997). By switching foraging modes, peacock 

groupers appear to be able to target specific prey and maintain their trophic position even in highly 

degraded reefs, unlike in other regions (Hawaii: Dierking et al., 2009; Red Sea: Shpigel and Fishelson, 

1989; Madagascar: Harmelin-Vivien and Bouchon, 1976). Peacock groupers in the Lakshadweep 

probably have a relatively narrow diet because their preferred prey species are still available, albeit at 

reduced densities across the gradient. It is unclear from our study whether this dietary specialization 

could change as reefs get degraded still further. 

Our results emphasize that, unlike many other site-attached predators, peacock groupers are plastic 

generalists that can thrive in reefs of  varied structural complexity. This ubiquity is made possible by the 

remarkable context-specific plasticity in foraging modes individuals show, allowing them to maintain a 

specialized dietary niche. In a recent review, Clavel et al., (2011) proposed a ‘functional homogenization’ 

of  communities, as specialist species are increasingly replaced by generalists in the context of  HIREC. 

Our study suggests that if  habitat generalization does not necessarily imply diet generalization, it means 

that a larger functional suite of  behaviourally plastic species could still persist in degrading habitats. On 

the one hand, our results show that declines in reef  structure can have serious and dramatically 

nonlinear consequences for inflexible structure dependent piscivores. On the other, it suggests that 

HIREC may not inevitably mean the loss of  all specialists or specialist functions from ecosystems.  

An interesting future direction would be to identify the specific suite of  biomechanical and 

physiological traits that allow species such as the peacock grouper to forage flexibly and survive under 

HIREC compared with species that are unable to cope. While animals may have the capacity to rapidly 

adjust their behaviour, it is necessary to determine the limits of  this plasticity in order to forecast the 

probable fate of  populations in response to both current and projected changes (Wong and Candolin, 

2015). These apparently successful species could still suffer considerable longterm consequences to 

their growth and fitness, which can have demographic consequences. As HIREC continues to 

inexorably alter ecosystems, foraging plasticity may become increasingly key to maintaining top trophic 

functioning and fostering resilience in degraded ecosystems. 
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Appendix 

Table A1. Grouper species and their behavioural classification, modified from Samoilys and Carlos, 
2000 and Pears 2005.

Grouper species Behavioural guild

Aethaloperca rogaa site-attached

Cephalopholis argus site-attached

Cephalopholis miniata site-attached

Cephalopholis sexmaculata site-attached

Epinephelis caeruleopunctatus site-attached

Epinephelus fuscoguttatus roving

Epinephelus macrospilos site-attached

Epinephelus malabaricus roving

Epinephelus polyphekadion site-attached

Epinephelus spilotoceps site-attached

Gracila albomarginata roving

Plectropomus areolatus roving

Plectropomus laevis roving

Variola albomarginata roving

Variola louti roving
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Live strong, live short: peacock groupers 
trade-off longevity over body condition to 

persist in structurally degraded reefs  

CHAPTER 4 

Juvenile coral hind (Cephalopholis miniata)  



Abstract 

Behavioural plasticity allows individuals to adjust and survive in rapidly degrading habitats, but can it 

ensure the long-term persistence of  populations in sub-optimal habitats? Both costs and consequences 

of  plasticity may impact population growth through their effects on individual lifespan and fitness. In 

the Lakshadweep archipelago peacock groupers (Cephalopholis argus) are highly widespread along 

structurally degraded reefs thanks to their flexible foraging behaviors. We studied the life-history and 

demographic consequences in the peacock grouper of  persisting in degraded coral reefs by comparing 

areas where benthic reef  structure has declined drastically since the 1998 bleaching event and areas that 

maintained their structure. We found that, on an average, peacock grouper growth rates did not differ 

between sites. Interestingly groupers were in better body condition in degraded reefs, gaining more 

mass (g) per length. The relative health of  these individuals is most likely because of  competitive 

release both from conspecifics and other competitors but could also represent a reallocation of  

resources linked to supporting a roving foraging strategy. However, surviving in these sub-optimal 

habitats came at a considerable life-history cost, reflected in a 20% reduction in mean longevity in 

degraded reefs. In degraded reefs, density was nearly 50% lower than that in high structured sites. In 

addition, sub populations in degraded reefs were characterized by a relatively lower proportion of  

juveniles indicative of  bottlenecks to recruitment and a truncated age-distribution that is indicative of  

age-specific mortality. The apparently high adaptive capacity of  species like the peacock grouper may 

mask significant life-history trade-offs with long-term demographic consequences. Although highly 

plastic species like the peacock grouper may be the only ones able to keep abreast with the 

contemporary rate of  environmental change, the significant life-history costs suggest that there may be 

a limit to their plasticity. In the long run, high structured, stable reefs are critical in maintaining longer-

lived, and potentially more fecund populations to repopulate increasingly degraded benthic habitats. 

Keywords 

Foraging plasticity, life-history trade-off, longevity, growth, demographic consequences, decline in 

habitat structure 

Introduction 

Human induced rapid environmental change (HIREC) is resulting in erratic global climatic irregularities 

that are modifying the physical structure and composition of  ecosystems. Species responses to this 

change are highly variable, with some disproportionately affected than others (Vitousek et al., 1997; 
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Walther et al., 2002). HIREC takes place within the lifespans of  individuals, subjecting them to novel or 

extreme environmental conditions. These conditions may challenge the evolutionary coping 

mechanisms of  most species (Chevin et al., 2010; Hendry et al., 2008). In order to survive, phenotypic 

plasticity – the ability to show alternative phenotypes in response to environmental change – is a critical 

response buffering species from HIREC (Sih et al., 2011). By increasing fitness in multiple 

environments, phenotypic plasticity may enable species to widen their geographic range, aid in their 

dispersal and colonization of  novel habitats and acclimatize to changing habitats (Parmesan 2006; 

Pigliucci et al., 2006; Walther et al., 2002). Thus, plastic species are better able to survive ecological 

catastrophes and avoid extinctions, owing to their ability to cope with a range of  conditions.   

Phenotypic plasticity can enable short-term survival for individuals under HIREC, but whether it can 

ensure long-term persistence of  individuals and species populations is far from clear (DeWitt et al., 

1998). Animals may show plasticity in a range of  phenotypic traits – behaviour, physiology, 

morphology, life-history etc. Often the very first response a species shows under HIREC is behavioural 

– modifying foraging, mating, social, dispersal behaviours, among others (Sih et al., 2010). Behavioural 

responses are labile, instantaneously activated and reversible. Despite these short-term advantages 

however, behavioural plasticity is not ubiquitous across the animal kingdom, suggesting that it is a 

strategy that could incur significant costs (Auld et al., 2010; DeWitt et al., 1998). Plastic responses can 

be costly for the individual in at least two possible ways. Firstly, there can be costs of  being plastic such 

as those associated with the production (the machinery that supports the behavioural response) and 

maintenance (ie. the physiological mechanisms sustaining a response over a prolonged period of  time 

(DeWitt et al., 1998; Sih et al., 1985) of  a behavioural phenotype. Secondly, there can be costs of  

expressing a suboptimal (or ‘wrong’) behaviour in a given environment (i.e. phenotype–environment 

mismatching). These costs may arise when the individual cannot reliably gather cues needed to elicit an 

appropriate response or is limited in doing so. In the long-term, these costs can effectively reduce 

individual fitness and survival, by modifying tradeoffs between growth, reproduction and mortality 

(Chevin et al., 2010), with repercussions for the population and community (Wong and Candolin, 

2015). In order to evaluate the persistence of  populations of  plastic species in rapidly degrading 

habitats, it is therefore necessary to understand both the immediate and long-term consequences of  

behavioural plasticity.  

Independent of  a species’ ability to be plastic, the success of  a species population under HIREC can be 

influenced by the changing nature of  ecological interactions in the habitat known as the ecological 

limits of  plasticity (Valladares et al., 2007). Differential plasticities and tolerances to HIREC among 

interacting species may impact their responses to environmental change (Jiang and Morin, 2004; Visser 

et al., 2006). HIRECs often create ecological release for plastic species that track changing conditions 
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better than their enemies or competitors (Agrawal, 2001). Under such conditions, erstwhile sub-

dominant plastic species may become dominant in the community. The absence of  natural enemies in a 

newly colonized region and decline in density-mediated effects, might facilitate enhanced physiological 

performance under extreme conditions, as has been suggested for invasive plant species (Richards et al., 

2006). Therefore, the long-term success of  species populations under HIREC depends on both the 

ability to be plastic but also the ecological context of  the changing habitat.   

Coral reefs are highly diverse ecosystems that have globally been subjected to dramatic and rapid 

declines in habitat structure due to multiple mass-bleaching catastrophes (Cheal et al., 2017). This 

decline in habitat structure has had a disproportionate consequence for long-lived and specialists 

benthic fish species (Alonso et al., 2015; Darling et al., 2017; Pratchett et al., 2008). The peacock 

grouper (Cephalopholis argus) is an exception, being a benthic grouper with a widespread distribution 

across the tropical Indo-pacific. It is found in a range of  habitats (rocky substrates to coral rich reef), 

and is a highly competitive species across its native and non-native ranges (where it was introduced to 

boost local fisheries, Meyer, 2008; Pears, 2005; Shpigel and Fishelson, 1989;1999). More interestingly, 

under rapid reef  structural declines in the Lakshadweep archipelago, this species has shown plasticity in 

foraging behavior, ie. the ability to switch foraging modes from structure-dependent (ambush) to 

structure-independent (roving) behaviours (Karkarey et al., 2017). This flexibility in foraging behaviours 

has potentially led to the species out-competing other less-flexible benthic mesopredators in degraded 

reefs, remaining one of  the only benthic groupers inhabiting degraded reefs in Lakshadweep (Karkarey 

et al., 2017).   

Thus, while this species appears to adapt to changing habitat conditions by foraging flexibly we do not 

know what (if  any) the costs of  these mechanisms are to the individuals and populations. In this study, 

we attempted to understand how surviving in degraded reefs impacts life-history traits of  the 

behaviorally plastic peacock grouper and the population-level consequences of  long-term persistence in 

degraded reefs. We do so by comparing life-history traits (growth, longevity, length-weight 

relationships) and demographic parameters (density, size and age-distribution) of  sub-populations, 

between recently degraded reefs and reefs that have maintained their structure during the same period 

in the Lakshadweep archipelago. 

Methods 

Study species
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The peacock grouper is a common benthic mesopredatory fish, found in coral reefs across the tropical 

Indo-Pacific (Lieske and Myers, 2002). This species is known to dominate a range of  reef  habitats and 

depths in native and non-native reefs across the Indo-Pacific (Dierking et al., 2009; Meyer and 

Dierking, 2011). Peacock groupers are protogynous hermaphrodites, that live in harem groups and 

maintain permanent territories in reefs after settlement as juveniles (Shpigel and Fishelson, 1999). The 

peacock grouper is a highly adaptable species, dominating the assemblage in native and introduced reefs 

in Hawaii, where it has displaced native mesopredators (Donovan et al., 2013; Meyer and Dierking, 

2011). It shows high variability in diet, habitat preference and demography within and between 

populations across small and regional spatial scales (Dierking et al., 2009; Donovan et al., 2013; 

Hempson et al., 2017; Meyer et al., 2008; Pears, 2005; Schemmel et al., 2016).  

Our previous research from the Lakshadweep Archipelago showed that peacock groupers have highly 

plastic foraging behaviours, with an ability to switch between contrasting ambush and widely-foraging 

modes as habitat structure declines. Despite differences in prey availability, this flexibility has enabled 

the peacock groupers to maintain a stable diet in Lakshadweep reefs (Karkarey et al., 2017). In this 

study, we compare life-history parameters (growth, longevity, length-weight relationships) and 

demographic parameters (size and age-distribution, density) of  sub-populations of  peacock groupers, 

between recently degraded reefs and healthy reefs in the Lakshadweep archipelago, to understand the 

consequences of  surviving in degraded reefs. 

Study area and site


The Lakshadweep Archipelago, Indian Ocean, comprises 12 coral atolls enclosing 33 small islands 

(10.6°N 72.6°E). The archipelago has witnessed repeated temperature-associated mass bleaching 

disturbances since 1998 (Arthur et al., 2006), with catastrophic consequences for reef  structural 

complexity, which has considerably reduced over the last decade (Karkarey et al., 2014; Yadav et al., 

2016). This study was conducted in the centrally located Kadmat atoll, which has a land area of  32 km2 

and is surrounded by a large lagoon of  37 m2 area, with a contiguous fringing outer reef. This 

archipelago is characterized by relatively low reef  fishing pressure that allows for comparisons mostly 

based on climate-related effects on fish communities (Alonso et al., 2015). We based our study in 

Kadmat because the reefs span a large range of  reef  conditions (Arthur et al., 2006). This allows for a 

useful comparison of  peacock grouper sub-populations between flat-barren reefs to reefs of  high 

structural complexity.  The field component of  this study was conducted between January-March 2015. 

Lab and data analysis followed between September 2015- 2016. 
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Study design


We selected nine reef  sites around the Kadmat atoll for this study (see Figure 1, Chapter 3). Sites were 

classified as having ‘high’ and ‘low’ structure, based on a mean coral canopy height of  60cm. In our last 

Chapters (Chapter 2 and 3), we found this threshold of  canopy structure to be critical to support the 

abundance of  long-lived groupers in the region (Karkarey et al., 2014; 2017).  

Sample collections and lab analyses


In Chapter 3, we studied the foraging flexibility of  peacock grouper in sites of  high and low structure 

by conducting underwater focal video sampling and comparing the frequency of  foraging modes 

(ambush vs widely-foraging models). Similarly 72 individuals were collected to study diets across the 

sampled sites. The methods of  estimating foraging flexibility and diet have been detailed in Chapter 3, 

Methods sections and are thus not repeated in this Chapter. In this study, we explore the potential costs 

of  persisting in degraded reefs by comparing the life-history traits (size, age, growth, longevity, length-

weight relationships) and demographic parameters (age-distribution, density) between sub-populations 

of  peacock groupers, in sites of  high and low structural complexity. Most of  the variables related to 

demographics (size-distribution and density) were obtained with in situ observations (visual transects). 

In contrast, the variables related to life-history traits (age, growth, longevity and length-weight ratio) 

were obtained from collected samples.  

In situ observations
At each site, we swam four 5 x 50 m belt transects at a constant and slow speed, collecting information 

on the abundance and size (cm) of  peacock groupers. The first author (R.K.) estimated fish sizes to the 

nearest cm after considerable prior training with test models in field conditions. We estimated fish 

density per transect as the number of  fish sighted per 500m2, and we averaged densities across four 

transects to estimate mean site-level density. A total of  24 transects (low structured sites: n=12, high 

structure sites n=12) were conducted in February/March 2015. Biomass was estimated by converting 

individual lengths into biomass (g) based on site-specific length-weight relationships described and 

estimated in the section below. 

Animal Collections 
We collected 72 individuals across the nine sites where behavioural sampling reported in Chapter 3 was 

conducted. Samples were collected using traditional spearguns on snorkel (see ethical note below). We 

targeted a minimum number of  individuals per site (n=8-10), to get a representative sample of  the 
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population across their size range (minimum 10cm to maximum 42cm). Fish samples from high and 

low structured sites (see above) were pooled since sample sizes from each individual sites were too low 

to permit a demographic study of  each subpopulation. Once collected specimens were weighed (g), 

total body length was measured (mm) and then transferred to the wet laboratory for processing. In the 

laboratory, otoliths were collected from each individual, dried in the sun and stored in paper envelopes. 

Lab analysis
Otolith reading: Otolith processing followed methods described by Choat and Axe (1996) with the 

exception that sagitta were not embedded but mounted. The left otolith was used for ageing, unless 

missing or damaged. The sagitta was mounted in thermoplastic glue (CrystalBond) on the edge of  a 

glass microscopy slide. A transverse section containing the nucleus was obtained by grinding down by 

hand both rostral and distal ends of  the otolith using wet lapping film (50 – 30 microns). Each section 

was then covered with clear Crystalbond thermoplastic and polished down with 12-1 micron before 

reading. Each otolith was viewed with a transmitted light microscope under 10-100x magnification. 

One pair of  sequential light and dark bands was assumed to form once-yearly; these were counted by 

one observer (Dr. Nuria Raventos) on three different occasions. In the case where counts were <10% 

different, the median was used for analysis. In the case of  a disputed age (>10%), the annuli were 

recounted, and if  consensus was not possible, the otolith was excluded from analysis.). Analysis of  

otoliths has been conducted for the peacock grouper previously in the Great Barrier Reef, which 

satisfied the three criteria for estimating age from otolith microstructure (Pears, 2005): 1. Otoliths 

displayed an internal structure of  increments 2. Otolith increments were predictably related to a regular 

(annual) period of  formation and 3. Otoliths grew throughout the life of  individual fish. 

Statistical Analysis


1. Life-history traits 

a. Comparing growth rates between reefs of  high and low structural complexity 

Growth curves were generated using size-at-age data generated from the otoliths at each location (high 

and low structure) using a re-parameterized von Bertalanffy growth function (rVBGF, Francis, 1988). 

The equation represents a logistic growth curve, which estimates growth at three candidate ages. The 

growth equation is as follows: 

               

                   

where , ! = "(#)−"($) and L(t) is the average size-at age t to be predicted by the model.   and 

L (t) = L (τ) + (L (μ) − L (τ)) × [1 − r2((t − τ)/(μ − τ))]/(1 − r2)
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Parameters L(τ), L(ω), and L(μ) are estimated from the average body size at three arbitrary ages τ, ω, 

and μ. Values for τ  and μ  were chosen to represent points during in the juvenile and adult growth 

phases. In this case, τ=2 years and μ=15 were selected, to also make this study comparable to another 

study from Hawaii (Meyer et al., 2008). Peacock groupers show ontogenetic habitats shifts, where 

juveniles grow in sheltered back-reef  areas for the first few months and typically migrate to fore reef  

areas ~1 year. We assume that our model represents post-transition growth in the peacock grouper, 

since we were unable to catch individuals < 1 yr.  Since our aim was to compare growth curves between 

high and low structured sites, we started with a global model varying the three length parameters by the 

factor of  structure (high and low). The global model was simplified using sequential tests, based on 

evaluation of  AICs (Bolker, 2007). We checked for model assumptions by visually inspecting the 

distribution of  residuals. 

b. Comparing length-weight relationship between reefs of high and low structural 
complexity
The allometric length and weight relation of  a fish is used by fisheries researchers and managers for 

two main purposes. First, the relationship is used to predict the weight from the length of  a fish and 

useful for computing the biomass of  a sample of  fish from the length-frequency of  that sample. 

Second, the parameter estimates of  the relationship for a population of  fish can be compared to 

average parameters for the region, previous years, or among populations, to identify the relative 

condition of  the population. We evaluated this relationship to estimate individual biomass and to 

compare condition of  subpopulations between high and low structured sites. The relationship between 

fish total length (TL) and fish total weight (TW) is described by a power equation, where W is weight 

of  fish in grams, TL is the total length of  the fish in cm, a and b are parameters to be estimated. a is 

considered to be scaling constant characterizing the shape of  the individual and b (also known as the 

allometry coefficient) has an important biological meaning, indicating the rate at which weight increases 

for a given increase in length. Mean parameter values for the above allometric equation with their 

corresponding bootstrapped (n=1000 iterations) 95% CI were estimated for groups of  fish in high and 

low structured sites, using an iterative non-linear, least squares method for grouped factors within the R 

package nlme (Pinheiro et al., 2017) and nlshelper (Duursma, 2017). We compared models with and 

without ‘structure’ as a grouping variable and selected the best model between the two based on a 

Likelihood Ratio test. We checked for model assumptions by visually inspecting the distribution of  

residuals.  

c. Mean size, age and longevity between reefs of high and low structural complexity
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We estimated means of  different life-history and demographic variables (Summarized in Table 1) for 

each subpopulation. We calculated 95% bootstrapped CIs, generated by resampling data with 

replacement over 1000 iterations to compare group means between high and low structured sites 

(Bolker, 2007). If  the means of  one group did not fall within the 95% confidence intervals of  the mean 

of  the other, we considered the populations to be significantly different. Bootstrapping was conducted 

using the R package, boot (Canty and Ripley, 2017).  

Underwater size and age data from collected samples were used to estimate mean size and age 

respectively of  sub-populations in high and low structured sites. The mean size of  the largest 20% of  

individuals sampled (mean max size) was used as a measure of  maximum fish size. Longevity (tmax) 

and maximum length (lmax) was calculated as the mean age and size of  the oldest 20% of  individuals 

for high and low structured sites (Gust, et al.,  2002). 

2. Demography 

a. Comparing demographic variables between high and low structural complexity  
A suite of  demographic parameters were examined to characterize the subpopulations in both high and 

low structured sites, summarized in Table 1. Length (NL) and Age (NA) richness were used as proxies 

for size and age frequency distributions of  the subpopulations (Pears, 2005), and estimated as the 

number of  length (5 cm) and age (year) groups for sites of  high and low structure. Mean density and 

biomass for high and low structured sites was estimated from in situ transects. 

b. Population size and age structure between high and low structured sites. 
We plotted age-frequency and length-frequency distributions for visual comparison of  populations in 

high and low structured sites. 

 
Ethical Note


The study was conducted with appropriate research permits and clearances granted by the Department 

of  Science and Technology, Lakshadweep. The peacock grouper is not an endangered species, nor a 

‘Scheduled’ species as per the Wildlife Protection Act of  India, 1972. Spearfishing was conducted to 

effect capture of  the target species and size classes of  interest, while minimizing harm to non-target 

species and habitats, which other fishing methods (hook and line and cages) entailed. Identified 

specimens were speared using locally available, traditional spear guns by experienced personnel. 

Specimens were rapidly transferred upon capture to a freshwater ice slurry to aid anaesthesia followed 
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by percussive stunning, considered to be a highly effective and humane technique adopted by research 

and fisheries in Europe and Australia (Blessing et al., 2010; National Health and Medical Research 

Council, 2008). Percussive stunning was administered by a trained and skilled local fisherman. To avoid 

additional killings, whole specimens were processed for stable isotopes, guts (as reported in Karkarey et 

al., 2017, Chapter 3) and for extracting otoliths and other physiological parameters (this Chapter). 

Table 1: Demographic and life-history parameters estimated for peacock grouper subpopulations in 
high and low structured sites.

Results 

Life-history traits 

Of  the 72 samples of  peacock groupers collected from high and low structured sites, all were used in 

size-at-age analysis. Individuals ranged in length from 10 to 39 cm and in age from 1.5 to 27 years.  

a.  Growth rates
Model simplification showed that the relationship between age and length was consistent across sites of  

high and low structure (Figure 1, Table 2.a). Growth at the three candidate ages (year 2, 10 and 15), 

which signifies growth during the fast (juvenile) and slow (adult) phases of  the life of  the grouper, did 

not vary between high and low structure sites (Table 2.b). 
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Demographic and life-history parameters Code

Length richness – number of size classes (5cm bins) represented in 
underwater samples

NL

Age richness – number of ages represented in  collected samples NA

Mean density from underwater visual surveys Density

Biomass – mean biomass of individuals sampled per site per transect Biomass

Mean size across all individuals sampled underwater Mean size 
underwater

Mean age of collected individuals Mean age

Mean max size of largest 20% of individuals sampled underwater Mean max size

Mean age of oldest 20% of collected individuals Longevity



Figure 1. Growth curves of peacock grouper subpopulations in high (black) and low (blue) 
structured sites.

Table 2.a. AIC differences between candidate growth models

Model df AIC Delta LL Akaikes.w

Global 7 620.570 4.664 0.097 0.034
Global vs Common L1 6 619.469 3.564 0.168 0.059
Global vs Common L2 6 619.534 3.628 0.163 0.057
Global vs Common L3 6 618.924 3.019 0.221 0.077
Global vs Common L1L2 5 617.744 1.838 0.399 0.139
Global vs Common L2L3 5 617.581 1.675 0.433 0.151
Global vs Common L1L3 5 617.800 1.894 0.388 0.135
Global vs Model with all 
parameters in common 4 613.906 0.000 1.000 0.349

Global vs Model with all 
parameters in common

4 613.906 0.000 1.000 0.349
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Table 2.b. rVGBF parameters, L1, L2 and L2, estimated at ages= 2, 10 and 15 years for peacock 
groupers.

b. Length-weight relationships
A strong weight-at-length relationship was observed, with significant differences between high and low 

structured sites (Figure.2, Table 3.a). In low structured sites, fish were of  a better body condition than 

at high structured sites (Table 3.b, Figure.2).  

* Global model defined as : Length~L1[structure]+(L3[structure]-L1[structure])*(1-
((L3[structure]-L2[structure])/(L2[structure]-L1[structure]))^(2*(Age-t1)/(t3-t1)))/(1-
((L3[structure]-L2[structure])/(L2[structure]-L1[structure]))^2), where L1, L2 and L3 is length at 
age 2,10 and 15 years respectively.

Length 
parameter 
(age, 
years)

Estimate
(mm)

Standard 
error

t Pr(>|t|) 95% 
bootstrapped CIs

Low High
L1 (2) 150.794 5.617 26.84 <0.005 139.618 160.939

L2 (10) 237.315 2.831 83.82 <0.005 232.08 243.043

L3 (15) 305.782 3.163 96.67 <0.005 299.709 311.938
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Figure 2. Allometric length x weight relationships of peacock grouper sub populations in high and 
low structured sites. 

Table 3: a. Likelihood Ratio test between model of length x weight relationship with and without 
structure as a grouping variable

Table 3: b. Mean a and b parameter estimates (95% bootstrapped CI’s) of the relationship, in high 
and low structured sites.
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c. Size, age and longevity
Average size and age did not vary between high and low structured sites. However, average longevity 

declined by 20% in low structured sites. The maximum size of  individuals in low structured sites was 

10% smaller than in high structured sites (Table 4).  

Table 4. Mean demographic and life-history parameters  95% CI of peacock grouper sub 
populations in high and low structured sites.

Demographic parameters 
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Structure Parameter Mean
Standard 
error 95% bootstrapped CIs

Low High

High a* 0.0000054 0.0000026 0.0000019 0.0000145

b 3.1799280 0.0817081 3.0100000 3.3572190

Low a* 0.0000015 0.0000008 0.0000005 0.0000041

b 3.4320500 0.0868838 3.2556080 3.6155860

Variables
Mean (±95% bootstrapped CI)

 High structure              Low structure
Mean size 20.18 (18.06 – 22.46) 19.12 (17.142 – 21.28)
Mean age 12 (10 – 14)

9 8 (7 – 10)

Mean max size 38.81 (38.0 – 40.3) 35 (34.428 – 36.714)

Longevity * 22 (21– 23) 16(14 - 18)
NL* 8 7
NA* 6 6
Density 7.367 (5.583 - 9.833) 3.437 (2.8 - 4.39)
Biomass 261.836

(116.647- 451.149)
220.719 

(111.039 - 350.789)



a. Population density and biomass
Population density of  peacock groupers in low structured sites was half  of  that in high structured sites. 

Average biomass per 500m2 did not vary between sites (Table 4). The size and age richness did not vary 

between high and low structured sites (Table 4) 

b. Population age and size-structure
Low structured sites had a higher frequency of  individuals between ages 4 – 9 years than high 

structured sites. Most individuals in low structured sites were <15 years in age, while only a few 

individuals were aged at 20 years (n=3, Figure 3). High structured sites had a greater proportion of  

large sized and older (>15 years) individuals compared to low structured sites (Figure 3, 4). The oldest 

individual we sampled was 26.5 years old found in high structured sites, 7 years older than the oldest in 

low structured sites. High structured sites were also characterized by a higher frequency of  small 

juveniles (0-5cm, and < 4 year age-classes) compared to low structured sites (Figure 3 and 4). 

Figure 3. Age-frequency distributions from sites of high (n=4) and low (n=4) structural complexity. 
Data from 72 individuals.
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Figure 4. Length-frequency distributions from sites of high (n=4) and low (n=4) structural 
complexity. Data from a total of 24 transects.

CHAPTER 4 !92

Fr
eq
ue
nc
y

20

20

0

6-10 11-15 16-20 21-25 26-30 31-35 36-40 41+

Size bins (cm)

Low

High



Discussion 

Although foraging plasticity enables species like the peacock groupers to survive in rapidly degrading 

habitats, it may not stave off  population declines. Despite habitat degradation, peacock groupers appear 

to maintain their growth rates. Interestingly, individuals of  a given length appear to weigh more in 

degraded reefs, indicative of  a higher body condition. However, surviving in these sub-optimal habitats 

appears to come at a considerable life-history cost, reflected in nearly a 20% reduction in mean 

longevity. The maximum size of  individuals was also 10% lower in low structured sites. The 

consequences for population dynamics were observed in the density and age-distribution of  sub-

populations in high and low structured sites. In degraded sites, the density of  peacock grouper was 

nearly half  that in high-structured sites. In particular, high structured sites had a comparatively higher 

proportion of  juveniles less than 2 and adults greater than 15 years of  age compared to low structured 

sites. The latter sites were characterized by a truncated age-distribution, indicative of  high mortality of  

both the smaller and larger size-classes. It appears that the life-history costs of  plasticity and 

bottlenecks to important population processes (recruitment) are likely driving an overall decline in 

populations of  the peacock grouper in reefs under HIRECs in the Lakshadweep.  

Behavioural plasticity is often adaptive, generally improving the fitness of  individuals compared to non-

plastic species in changing habitats as evidenced from a number of  urban adapter species and invasive 

species (Lowry et al., 2013; Sol et al., 2013; Sol et al., 2002). However, even small changes in the 

environment can have substantial effects on competitive interactions because species differ in their 

optimal niches, plasticity and tolerance levels (Gherardi, 2013; Valladares et al., 2007; Visser et al., 

2006). In the case of  the peacock grouper, plasticity in foraging behaviours enables individuals to forage 

independently of  structure in degraded reefs and maintain stable diets (Chapter 3). Thus it appears that 

foraging plasticity is potentially enabling the species to out-compete other benthic and roving species 

that have may more restricted foraging repertoires (Karkarey et al., 2017, Chapter 3).  

Interestingly we observed a non-intuitive pattern in this study, where peacock groupers that survived to 

adulthood had a better body condition in low structured sites. Several non-exclusive factors could be 

operating to produce this counter-intuitive pattern. Firstly, ecological release from competitors as we 

discuss above could be influencing patterns of  resource acquisition, such that peacock groupers are 

able to maintain stable diets, under lower density-dependent pressures of  competition and predation in 

degraded habitats. Similarly, the higher body mass per unit length in low structured sites could represent 

a larger investment in musculature, to support a more active foraging strategy to acquire food (Huey 

and Pianka, 1982; Vanhooydonck et al., 2002; Webb, 1984). Whether this resource allocation comes at 
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the cost of  investment in reproduction is not something we could establish in this study.  A central 

understanding in life history theory is that there are essential trade-offs in resource allocation between 

somatic growth, reproduction and mortality (Stearns, 1992). Fish species with indeterminate growth 

typically experience a trade-off  in resource allocation between reproduction and somatic growth 

throughout their lives (Roff, 1983). Because fecundity can increase ten-fold with body size in animals 

showing indeterminate growth, individuals may trade-off  current and future reproductive success 

(Warner, 1984). To complicate this further, the peacock grouper is a protogynous sex-changing and 

harem-living species, and social dominance hierarchies can strongly impact individual growth rates and 

fitness (Schemmel et al., 2016). Therefore, to understand fitness-associated costs, we need to evaluate 

lifetime fitness in individuals, which was beyond the scope of  this study.  

  

Plastic behavioural responses can sometimes also be maladaptive when they alter key demographic rates 

(Van Buskirk and Steiner, 2009). An important life-history trade-off  is observed between growth and 

lifespan, such that faster growing individuals typically have shorter lifespans (Metcalfe and Monaghan,  

2003). Often animals show ‘catch-up or compensatory growth, where individuals that have experienced 

a period of  poor nutrition and slower growth subsequently exhibit a phase of  very rapid growth once 

conditions improve. Consequently, different individuals can attain similar body sizes that are near or 

even higher to those of  the normally growing conspecifics within the same time frame (Metcalfe and 

Monaghan,  2001). Compensatory growth is a mechanism that is clearly linked to lowering individual 

lifespans in fish, through long-term effects on the phenotype (higher metabolism, oxidative stress and 

senescence (Jennings et al., 2000; Pike et al., 2007) and increased foraging frequency leading to 

starvation and/or greater exposure to predators (Gotthard, 2000). Our previous study has established 

clear differences in the diet of  juvenile peacock groupers (<10 cm) in structurally degraded and healthy 

reefs (Chapter 3). Adults on the other hand, appear to maintain stable diets even in degraded reefs. It is 

likely that individuals beyond a particular size-threshold are able to forage flexibly, and may therefore 

show compensatory somatic growth as suggested by the elevated body condition in structurally 

degraded reefs in this study. A larger sample-size from the population, particularly of  juveniles with 

divergent diets could improve our understanding of  compensatory growth as a potential mechanism of  

declining longevity of  peacock groupers in degraded reefs. It should be noted that fishing is still a 

relatively low pressure in Lakshadweep and groupers are rarely targeted as food-fish, thus the effect of  

fishing on the demographic patterns we observe in Kadmat is likely to be negligible. 

While we were unable to address the fitness-related costs of  living in sub-optimal habitats, it is likely 

that reduced longevity and maximum size may be influencing the timing of  sex-change in peacock 

groupers, with consequences for fitness and overall reproductive output. The timing of  sex-change in 

species can be highly variable and depend on ecological factors, social interactions and mortality rates 
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(Munday et al., 2006). In Hawaii, peacock groupers were found to attain maturity at ~20 cm length (~2 

years) and change sex from females to males at ~39 cm (11 years, Schemmel et al., 2016). In our study, 

low structured sites had a very low frequency of  individuals larger than 30 cm compared to high 

structured sites. In addition, the maximum size of  individuals was nearly 10% smaller in low structured 

sites, suggesting that there could be selective mortality of  larger individuals. However, without further 

studies, we can only speculate of  these patterns. Our work aligns with other studies of  the peacock 

grouper from Hawaii, the Great Barrier Reef, Seychelles and the Red Sea (Donovan et al., 2013; Pears, 

2005), which show that growth rates and demography of  the peacock groupers can be highly variable at 

small, large and regional spatial scales, within and between populations, in relation to habitat and 

environmental disturbances. 

Our results indicate that structural degradation can have indirect and long-term consequences for 

behaviorally plastic benthic species like peacock groupers, by modifying trade-offs associated with 

growth, lifespan and potentially with fitness. However, structure can also have a strong direct impact on 

populations, by influencing recruitment and settlement processes. Coral structure is used as settlement 

cues by fish recruits (Coker et al., 2012) and can strongly determine settlement success by mediating 

predation of  early life-stages (Almany and Webster, 2006). In degraded reefs, we see a very low 

proportion of  < 2 year-old juveniles, suggestive of  bottlenecks in either recruitment or settlement 

processes in these habitats. These patterns suggest that foraging behavioural adaptations to structural 

degradation may not sufficiently be able to buffer species against the direct impacts to population 

processes. 

Taken together, behavioural plasticity can enable species to adjust immediately to degrading habitat 

structure, but may not necessarily ensure long-term population viability. We concur with several studies 

that behavioural responses may not always be beneficial, if  they come at the cost of  lifespan and fitness 

and may not be adequate enough to buffer direct effects of  the environment on population processes. 

Our study shows that a rapid structural decline of  habitats is likely to be a more serious issue than 

believed, considering it can have insidious consequences for even highly adaptable species like the 

peacock grouper. As HIREC progressively create mosaics of  high and low structured reefs in coral reef  

ecosystems, high structured reefs appear to be critical refugia for benthic species like the peacock 

groupers. By supporting individuals that are long-lived, potentially of  higher fecundity, and by 

maintaining vital recruitment and settlement processes, high structured sites are becoming increasingly 

critical habitats for marine conservation under the influence of  contemporary human-induced 

environmental disturbances 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CHAPTER 5 

Male Squaretail groupers (Plectropomus areolatus), fighting at the aggregation 
site 



Abstract 

Background: At high densities, terrestrial and marine species often employ alternate reproductive tactics 

(ARTs) to maximize reproductive benefits. We describe ARTs in a high-density and unfished spawning 

aggregation of  the squaretail grouper (Plectropomus areolatus) in Lakshadweep, India. 

Results: As previously reported for this species, territorial males engage in pair-courtship, which is 

associated with a pair-spawning tactic. Here, we document a previously unreported school-courtship 

tactic; where territorial males court multiple females in mid-water schools, which appears to culminate 

in a unique ‘school-spawning’ tactic. Courtship tactics were conditional on body size, local mate density 

and habitat, likely associated with changing trade-offs between potential mating opportunities and intra-

sexual competition. Counter-intuitively, the aggregation showed a habitat-specific inverse size-

assortment: large males courted small females on the reef  slope while small males courted equal-sized 

or larger females on the shelf. These patterns remained stable across two years of  observation at high, 

unfished densities. 

Conclusions: These unique density-dependent behaviours may disappear from this aggregation as 

overall densities decline due to increasing commercial fishing pressure, with potentially large 

consequences for demographics and fitness. 

Keywords  

Spawning aggregation, High mating density, Alternative reproductive tactics, Shoal and pair courtship 

tactics, Inverse size-assortment, Squaretail grouper 

Introduction 

Ensuring reproductive success in competitive high density populations often requires individuals to 

adopt innovative mating strategies. Reproductive strategies are strongly mediated by density—i.e. the 

number of  potential mates (local mate density) as well as the overall population density (Emlen and 

Oring, 1977; Koko and Rankin, 2006). High local mate density in a population increases competition 

for mates. Under these  circumstances, if  a few individuals are able to monopolize  mates, most others 

will have little success (Shuster and Wade, 2003). This skew in reproductive success often selects for 

multiple male and female phenotypes or alternative ways of  acquiring reproductive benefits, commonly 

known as alternative reproductive tactics (ARTs, Brockmann, 2001). 
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Overall population densities may impact alternative reproductive strategies in a population in 

unpredictable ways (Kokko and Rankin, 2004). For example, high-density conditions could result in 

significant density-dependent effects such as space limitation and the inability of  competitors to fight 

off  multiple intruders (Emlen and Oring, 1977). This may lead to a breakdown in mate monopoly 

(Reichard et al.,  2004), lowering the reproductive skew in a population and consequently suppressing 

the expression of  ARTs (Tomkins and Brown, 2004). However, increasing population density may 

trigger variations in mate choice (Berglund, 1995; Jennions and Petrie 1997), which may serve to 

increase reproductive skew and select for costly, novel or elaborate ARTs (Kokko and Rankin, 2004; 

Mills and Reynolds, 2003; Brockmann et al.,  2008). Across multiple taxa, large male size is favoured, 

either through male-male competition or female choice, with little selection on female size (e.g. fish 

(Howard et al.,  1998); mammals (Charlton et al.,  2007; Lindenfors et al.,  2007). However, in some 

taxa (Clutton-Brock, 2009; van den Berghe 1989; Jiang et al.,  2013), males also show a preference for 

large females, resulting in mating pairs where male and female sizes are positively correlated (‘size 

assortment’, Jiang at al.,  2013). The overall population density can impact the strength of  sexual 

selection on male and female traits through its effects on intra-sexual competition (Crespi 1989).  

Animal mating aggregations lie at one extreme of  the density spectrum, and can provide valuable 

insights in understanding size-selection and mating systems in high-density conditions. Fish spawning 

aggregations are ideal systems to study this relationship because several species spawn in spatially and 

temporally explicit aggregations that often attain very high densities (Aguilar-Perera, 2006). A rich body 

of  literature dating back to Aristotle (Atz, 1964) has shown that fish have highly variable and flexible 

mating modes, ranging from pair-spawning and group-spawning tactics, demersal and broadcast 

spawning tactics, to gonochorism and hermaphroditism (Taborsky, 2008; Oliveira et al.,  2008; 

Johannes, 1978; Petersen, 1990; Henson and Warner, 1997; Taborsky, 1998; de Mitcheson Sadovy, 2008; 

Choat, 2012 ). In addition, fish show some of  the strongest tendencies for positive size-assortment 

among animal taxa (Jiang et al.,  2013). Fish mating systems can vary considerably between closely 

related species or even regional populations of  the same species (Warner and Hoffman, 1980). These 

differences are often context (habitat, local density) and condition (body size, age) dependent 

(Taborsky, 2008; de Mitcheson Sadovy, 2008; Erisman and Hastings, 2011). In the absence of  adequate 

field data for many aggregating fish species, we often rely on generalisations of  mating behaviour from 

closely-related species or populations from better-studied regions. Moreover, ‘pristine’ or unfished fish 

spawning aggregations are rare in the wild, and this is particularly true of  large-bodied and 

commercially important marine fish species (Rowe and Hutchings, 2013), impeding our understanding 

of  how many species behave under natural high-density conditions. 
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Groupers (Teleostei: Epinephelidae: Epinephelini, Craig and Hastings, 2007) are large-bodied fish, 

ubiquitous to coral reefs. They are functionally important predators, and many species form high-

density spawning aggregations (de Mitcheson Sadovy, 2001). Groupers possess complex mating systems 

with several sex-changing species (de Mitcheson Sadovy, 2008; Erisman et al.,  2008a; 2008b). 

Reproductive strategies and sex change patterns in groupers can be strongly mediated by local mate 

density and overall population density (Erisman et al.,  2008b; Liu and Sadovy., 2004). However, 

because groupers are highly prized food fish (de Mitcheson Sadovy et al.,  2008), their spawning 

aggregations are heavily targeted by commercial fisheries (de Mitcheson Sadovy et al.,  2013). Fishing 

can severely alter population density and the size-structure of  a spawning aggregation (Domeier and 

Colin, 1997; Rowe and Hutchings, 2003; Coleman et al.,  1996; de Mitcheson and Erisman, 2012) 

potentially affecting the mating system. Unfished spawning aggregations, where they still persist, can 

therefore provide critical baselines and novel insights into grouper mating systems under rare, natural 

high-density conditions.  

The squaretail grouper (Plectropomus areolatus) is a common plectropomid species found across the Indo- 

Pacific region. Previous work observed P. areolatus  using a pair-spawning tactic where principally large 

males establish and defend territories at the aggregation site, which are then visited by gravid females 

(Johannes et al.,  1999; Pet et al.,  2005). Males court females within their territories and this is 

associated with pair-spawning just above the male’s territory.  In 2011, we documented an unfished, 

high-density aggregation of  the squaretail grouper at a remote atoll in Lakshadweep, India. Our 

observations reveal an additional school-associated courtship tactic, distinct from earlier reports in the 

literature for this species. We describe this novel courtship tactic as school-courtship, and suggest that 

this leads to a unique school-spawning tactic in high-density P. areolatus spawning aggregations.  

Few studies have described ARTs in grouper spawning aggregations (Erisman and Hastings, 2011; 

Erisman et al.,  2009; Johannes et al.,  1999; Pet et al.,  2005) and to our knowledge, no studies have 

evaluated ARTs in plectropomid species. Here, in addition to describing a unique spawning tactic, we 

examine and evaluate ARTs in an unfished, high-density squaretail grouper spawning aggregation over 

two years (2013 and 2014). Specifically, we evaluate (1) male and female preference for body size (size-

assortment) in the two habitats (shelf  and slope), by examining their relative spatial distributions. (2) 

The frequency of  two distinct male courtship tactics in the two habitats, and describe how these 

potentially lead to two alternative spawning tactics and (3) the potential costs and benefits associated 

with the different courtship tactics. 

Methods 
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Study area and site


The study was conducted in Bitra, a remote atoll in the northern Lakshadweep archipelago. The 

archipelago lies roughly 400 km off  the state of  Kerala, along the south-west coast of  India. Bitra has a 

small island (0.105 km2 area), with a community of  less than 200 people. The atoll encloses a large 

lagoon of  46.51 km2 surrounded by coral reefs. Until recently, local fishing in Bitra and other atolls has 

been largely an artisanal enterprise, mainly targeting offshore tuna stocks (Karkarey et al.,  2014). Our 

study was conducted in 2013 and 2014, prior to which there was relatively low reef  fishing pressure in 

Bitra. During the course of  our study there was a complete administrative ban on fishing activities on 

Bitra’s reefs during the aggregation period. Due to the remote location of  the island and associated 

logistical challenges, we were able to survey Bitra only opportunistically since 1998 (n =  6 years, 1998, 

2011– 2015) between the months of  December–April. Based on these opportunistic surveys and local 

fishermen interviews, the study was conducted in the new moon of  January (2013 and 2014), around 

peak aggregation densities. In 2012, we demarcated the boundaries of  the aggregation site based on the 

presence of  territory-holding males, by surveying the area on SCUBA and snorkel. The area of  the 

aggregation was estimated to be approximately 40,000 m2  comprising a contiguous stretch of  reef  

separated by sand patches. The site can broadly be divided into two habitats, reef  shelf  and reef  slope. 

The reef  shelf  starts at a depth of  6 m sloping gently to 11 m where it transitions to a steep reef  slope. 

The reef  shelf  stretches nearly 170 m in breadth. The reef  slope begins at a depth of  11 m descending 

sharply at an approximately 45° angle, to sand at 20 m. The reef  shelf  and slope at the aggregation site 

were very similar in terms of  benthic coral structure, dominated by large Porites  and Diploastrea  

boulders. 

Study design


Annual aggregation density
Across the Indo-Pacific, densities of  P. areolatus aggregations peak either on the day of  the new moon 

or full moon (Russell and Muller, 2015). In Bitra, this species appears to spawn over the new moon 

(RK, RA, AZ, personal observations). We surveyed the aggregation annually for 5 days (2 days of  

waning crescent, new moon and 2 days of  waxing crescent) during the new moon lunar phase in 

January/February of  each year, based on our prior observations of  the build-up of  numbers and 

duration of  the aggregation. Sampling was focused in a core area of  approximately 2500 m2, which 

covered 6.5% of  the total aggregation area (40,000 m2). The densest part of  the aggregation or the 

‘core aggregation area’ (Rhodes and Sadovy, 2002) was defined as the area within which large female 

schools roved during the aggregation period (Johannes et al.,  1999). In this core area, we established 5 
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permanent belt transects (50 m x 10 m, 2 slope and 3 shelf  transects), following methodology in (Colin 

et al.,  2003). Transects were placed 10 m apart. Transects on the slope and shelf  were placed parallel to 

one another with a minimum distance of  25 m between them. The vertical extent of  the sampling area 

was approximately 5 m, based on movement of  fish in the water column. We surveyed these transects 

every day over the 5 day period in 2013 and 2014, during low tide and compared new moon peak 

densities from sampling surveys conducted in 2013 (10th February) and 2014 (30th January). Transects 

were swum by two observers, and a mean of  total count of  individuals taken by each observer in a 

volume of  2500 m3 was used as transect density. Mean (± SE) annual core density was estimated from 

transect densities (n =  10 transects, 5 transects x  2 years), for surveys conducted on peak days in 2013 

(10th February) and 2014 (30th January). 

Male and female density distribution: size assortment  
We used timed stationary point counts to compare male and female densities on slope and shelf  

habitats on peak aggregation days in 2013 (30th January) and 2014 (10th February). This additional 

sampling technique was used to document sex of  individuals which was not included in the permanent 

transect surveys. We randomly established 5–6 survey points in each habitat within the core aggregation 

area and sampled each point for a total of  5 min (total n = 23). At each point count we noted the 

abundance, size and sex of  individuals within a cylinder of  5 m radius and 5 m height of  the survey 

point (volume ~ 393 m3). On peak aggregation days (new moon days), we assumed that all individuals 

with distended bellies were females. We validated this assumption by opportunistically catching and 

(non-fatally) sexing 24 individuals on peak aggregation days (January 2012 and 2015). All individuals 

with distended bellies were found to be females (n = 11) and those with flat bellies were found to be 

males (n = 13). Of  these, males and females had overlapping sizes: Male body size ranged between 40 

and 74 cm, and female size ranged between 36 and 56 cm. Males and females were binned into fifteen 

centimetre size classes. We binned individuals post hoc to categorize males that overlapped in size with 

females and those which did not overlap in size with females. In previous studies (Johannes et al.,  

1999; Pet et al.,  2005), males that overlapped in size with females were often found to be non-

territorial and roving with female schools, while larger males held territories at the aggregation site. 

Males were thus classified as small (40–55) cm and large (56+cm) to study differences in territorial 

behaviours with body size. Similarly, we used 15 cm bins to classify females as small (35–50 cm) and 

large (51+cm), based on the size distribution of  females observed in mid-water schools in this study. 

Underwater visual size estimates of  a subset of  individuals were compared with size-estimates derived 

from focal videos of  the same individuals using a scale reference (n=20, see below). All individuals 

were correctly assigned to the respective size bins, and sizes were estimated within an error of  ± 5 cm. 

The mean density of  males and females and sex ratio was calculated in shelf  and slope habitats by 

pooling point counts conducted in 2013 and 2014, as year did not have a statistically significant effect 
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on mean density (see results). Sex ratio was calculated as the number of  females as a proportion of  

total abundance in each habitat.  

Size-assortment: To study the distribution of  small and large individuals (of  males and females), we 

used generalised linear models (GLMs). Models were run separately for males and females. Count data 

from a total of  23 point-counts were used in the analysis. The density of  males and females was 

modelled as a function of  body size (large and small), year (2013, 2014), habitat (shelf, slope) and the 

interactions between habitat, size and year. We used negative-binomial glms to account for 

overdispersion in the data (Crawley, 2009). Only non-significant interaction terms (p < 0.05) were 

removed from the maximum model, to improve parameter interpretation (Bolker, 2008; Harrell 2015). 

We used Likelihood ratio test for testing statistical significance of  coefficients. Statistical hypothesis 

tests were not carried out for main effects involved in statistically significant interactions. Statistical 

analyses were performed with the statistical software R version 2.14.2 (R Core Team, 2016). Negative-

binomial glms were performed using lme4 (Bates et al.,  2015). Results were plotted using ggplot2 

(Wickham, 2009). 

Courtship tactics

Natural history observations 

We observed the courtship behaviour of  males and females, specifically the behaviour of  female 

schools and territorial males. Where possible, video recordings were taken by placing GoPro Hero 

cameras at strategic locations on the reef. Each observed courtship behaviour was classified according 

to the location where it occurred (benthic or water column) and whether it was a pair courtship 

(between a single male and female) or a school courtship (single male and multiple females within a 

school, see results section for complete description). The size of  female schools (number of  females) 

was visually estimated underwater before the courtship survey (see below) and later corroborated from 

videos. 

Distribution of male courtship tactics 

The frequency of  large and small males using pair and school-courtship tactics (see above) in the two 

habitats (slope, shelf) was estimated from focal individuals (n =  72) surveyed during an association-rate 

survey (see below). We used a contingency table to test if  the courtship tactic used by large and small 

males was associated with the habitat they were found in. Since sample sizes in each cell of  the 2 x 4 

contingency table were low, we used a Fisher’s exact test to test the association (Crawley, 2012). 
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Costs and benefits of male ARTs

Benefits: association rates (potential mating opportunities) 

Courtship took place either with females near the benthos (as in case of  pair courtship) or with females 

within schools in the water column (school-courtship). We estimated association rate as the number of  

females a male courted per minute. We measured association rates on the peak aggregation day (30th 

January) in 2014, with focal individual sampling. We sampled randomly identified males in each habitat 

and observed them for a period of  1 min (total n = 72). For each sampled individual we recorded the 

size of  the male, the type of  courtship it engaged in (pair or school) and the number of  females it 

courted within 1 min. It was not possible to record these data blind because our study involved focal 

animals in the field. We compared mean association rates of  large and small males using pair and 

school courtship tactics on the shelf  (n = 42) and slope (n = 30). Sampling with replacement was 

performed over 1000 iterations to produce 95% bootstrapped confidence intervals around the means. 

If  the mean association rate of  one population did not fall within the confidence intervals of  the mean 

of  the other, we considered the populations to be significantly different (Crawley, 2008). Bootstrapping 

was conducted using the R package, boot (Canty and Ripley, 2014). 

Mating rates are a challenge to measure in P. areolatus  spawning aggregations because spawning 

presumably takes place at night or early morning, when surveys are difficult to conduct and because of  

the difficulties associated with measuring mating in externally fertilizing species. Very few researchers 

have observed gamete- release in P. areolatus, and gamete release has been reported only in male and 

female pairs after pair-courtship (Johannes et al.,  1999; Pet et al.,  2005; Russell and Muller, 2015). 

However, despite the difficulties associated with observing P. areolatus  spawning, we observed two 

successful incidences of  school-courtship culminating in gamete release. Both observations involved a 

single male with a group of  females in a school. Since access to the number of  females appears to 

differ considerably between courtship tactics, we assume that these would translate into differences in 

mating opportunities when spawning does take place. We therefore use association rates as a reasonable 

proxy for potential mating opportunities. 

Costs: intra‑sexual competition 

To determine costs in terms of  intra-sexual competition, we measured the proportion of  time a male 

spent in aggressive interactions with other conspecific males. We used focal individual sampling (3 min) 

to obtain time activity budgets of  males in shelf  and slope habitats. Male focal individual samples (n = 

65) were conducted  on peak aggregation days in 2013 (10th February n = 14 slope and n = 14 shelf) 

and in 2014 (30th January, n =  18 slope, n = 19 shelf). Two observers swam from the northern to the 

southern edge of  the aggregation site. Observers swam parallel to one another, one along the slope and 
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the other along the shelf. During this swim, the observers randomly identified males in the two habitats 

and video recorded each individual for a 5-min period. Subsequent individuals were identified at a 

minimum distance of  5 m from the previous. Unique body marking were used to identify individuals in 

the videos. Individuals were followed at a minimum distance of  four meters to minimise observer 

effects. We used a total sampling period of  5 min after initial observations. Males patrolled their entire 

territory within a minute on peak aggregation days; a sampling period of  5 min therefore provided us 

sufficient representation of  an individual’s behavioural repertoire. 

During analyses the first 2 min of  the recording were discarded to allow for focal individuals to 

acclimatize to our presence before we began scoring observations. Video data were recorded blind. 

From the videos, we broadly classified behavioural states in males as: 

Rest: individual stationary in its territory, on top of, or under structures, maintaining its position with 

slow movements of  its lateral and caudal fins. We identified a sub-state within the ‘rest’ state called 

‘perching’. Perching: individuals remain completely motionless, perched on top of  structures in their 

territory with no fin movements. Rove:  any continuous swimming motion or ‘patrols’ made by the 

individual inside or outside its territory boundaries. Defence/aggression: individual chased an intruder 

from its territory, this state is different from a patrol in that it involved a directed high speed chase, 

involving flaring of  dorsal fins and a colour change to a brown-marbled pattern, and was often 

followed by biting the intruder. Individuals that were stationary, but which displayed by flaring their 

dorsal fins and displaying the brown-marbled patterns were also included in this state. Courtship: male 

courted a female (approaching with quivering motion of  its body, followed by a display of  his ventral 

side to the female, with or without body contact, Johannes et al.,  1999). A total of  n = 32 focal 

individuals were sampled on the slope and n = 33 on the shelf. Separate models were used for each 

behavioural state. We modelled the effects of  year (2013, 2014), habitat (shelf  and slope) and the 

interaction between year X habitat on the binomial variable— total time spent in a particular 

behavioural state versus total time not spent in that state. Quasibinomial glms were performed to 

account for overdispersion (Crawley, 2012). Only non-significant interaction terms (p < 0.05) were 

removed from the maximum model, to improve parameter interpretation (Bolker, 2008; Harrell, 2015). 

We used Likelihood ratio test for testing statistical significance of  coefficients. A summary of  sampling 

tactics used for measuring different variables is provided in the “Appendix ” section. 

Results 

Annual aggregation density
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The estimated mean peak annual density of  P. areolatus was 72.08 ± 27.46 fish per 1000 m3. At the 

aggregation site, the mean density of  fish on the slope (324 ± 130.58 fish per 1000 m3) was 

approximately six times higher than that on the shelf  (59.4 ± 11.84 fish per 1000 m3). 

Male and female density distribution: size‑assortment

Population sex ratios during peak aggregation days were highly skewed towards females on the slope 

(0.80), but were much more evenly balanced on the shelf  (0.39). The density of  small and large males 

(χ2 = 41.946, p < 0.0005) and females (χ2 = 24.413, p < 0.0005) changed substantially with habitat. The 

relative density of  large males on the slope was approximately three times higher than small males. 

Conversely, the relative density of  small males was 5 times higher than large males on the shelf  (Figure. 

1; Table 1). Large females were twice as abundant as small females on the shelf  (Figure. 1; Table 1). In 

contrast, small females were 25 times more abundant than large females on the slope (Figure. 1; Table 

1). 

Table 1. Size-assortment: Negative-binomial GLM testing the relationship between male and 
female density with habitat (shelf and slope), body-size (large, small), year (2013, 2014) and the 
interactions between habitat, size and year at the aggregation site (n = 23 points). Maximum model 
with only the non-significant interaction terms removed to improve parameter interpretation. 
Statistical hypothesis testing carried out with likelihood ratio tests, except for main effects involved 
in statistically significant interactions.

Final model Coefficients Estimate SE Likelihood ratio 
tests

χ2(df) p

Female.density ~ habitat + size + 
year + habitat x size intercept (habitat:shelf, 

size:large, year:2013) 1.629 0.395

theta =0.7819 ± 0.189 habitat : slope -0.576 0.520

df = 41 size: small -0.946 0.521

res.deviance= 51.04 year: 2014 0.023 0.365 0.003 0.949
habitat: slope * size: 
small 4.381 0.732 24.413 <0.0005

male.density ~ habitat + size + 
year+ habitat x size

intercept (habitat:shelf, 
size:large, year:2013) 0.972 0.237

theta =5.0346 ± 1.69 habitat : slope 2.216 0.269

df = 41 size: small 1.800 0.268

res.deviance= 52.552 year: 2014 -0.115 0.167 0.470 0.49
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Figure. 1 Size-assortment. Mean density ± SE (fish per 1000 m3) of large and small P. areolatus 
males (TL, 40 55 cm, 56+ cm) and females (TL, 35–50 cm, 51+ cm) in two habitats (shelf and 
slope) at the aggregation site in Lakshadweep. Y-axis plotted on log10 scale. Values averaged 
across 2 years 2013 and 2014 (n = 23 points).

Figure. 2 Courtship tactics. a Female schools: a school of small female squaretail groupers 
approaches the slope at the aggregation site. b Pair-courtship: a male squaretail grouper courts a 
female in its territory. This is a typical pair-courtship behaviour observed in P. areolatus. c School-
courtship: two large territorial male squaretail groupers (encircled) making a foray into a female 
school >4 m above the benthos on the slope. d School spawning: a novel school-spawning 
incident (encircled) observed between one large territorial male and a group of female squaretail 
groupers within a female school in the water column above the slope. This incident was captured 
on new moon eve, February 2013.

habitat: slope * size: 
small -2.897 0.352 41.946 <0.0005
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Courtship tactics

Natural history observations 

We observed males arriving at the aggregation site up to 3 days prior to the new moon and establishing 

small, temporary territories (~5–10 m2 area) on the reef  slope and shelf. Both large and small males 

established territories at the aggregation site. These territories were maintained up to 2 days after peak 

spawning over the new moon phase. Females arrived at the aggregation area in large schools along the 

reef  slope, a day prior to the peak aggregation day (Figure. 2a). We observed large schools of  females 

(150–200 fish) moving around the core aggregation area and hovering in the mid-water column (i.e. 

stationary, with minimum movement of  caudal and lateral fins) directly above the male territories. The 

female schools comprised of  smaller individuals (<45 cm TL). Small females from these schools did 

not leave the school to disperse into male territories on the benthos. In contrast, large females (>45 cm 

TL) were observed roving independently along the benthos, or within male territories, but never as part 

of  the schools (Additional file 1). We recorded two distinct male courtship behaviours in this 

aggregation. 

Pair-courtship: Pair courtship took place between a territorial male and visiting female within the male’s 

territory. Pair courtship (approach, colour change, quivering motion, ventral side display, quiver, and 

body contact, Figure. 2b) is often associated with pair-spawning; the latter involves a release of  gametes 

by the pair in a spawning rush just above the male’s territory [42]. While we did not directly observe 

incidents of  spawning after pair courtship in our study, this sequence has been previously documented 

in a study of  P. areolatus aggregations [42, 43]. 

School-courtship: School courtship behaviour involved males making regular ‘forays’ into female schools 

in the water column, above their territories (Figure. 2c). Males courted multiple females in the school 

during each foray, before returning rapidly to their territories. Courtship with females in the school was 

similar to that seen in pair courtship, with the difference that it took place in the mid-water column (3–

4 m off  the benthos) and simultaneously with multiple females. We documented two distinct incidents 

of  gamete release following this school courtship behaviour in the water column one in 2013 (Figure. 

2d) and another incident in 2014. Both events took place between one male and 4–5 females within a 

larger school. Females partaking in the spawning could be clearly identified based on their distended 

bellies. The incident involved an upward spawning rush within the school in the water column 

commonly seen in mass-spawning fish. Spawning took place >5 meters off  the benthos (Additional file 

2). 

Figure. 3 Male association rates: Mean association rates (number of females courted per minute) ± 
95% bootstrapped CIs of small (40–55 cm) and large (56+ cm) males (n = 72), using pair and 
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school courtship tactics on the shelf and slope habitat at the aggregation site. The school-courtship 
tactic was not observed on the shelf despite the presence of female schools. Non-overlapping 
confidence intervals indicate significant differences in means.

Distribution of male courtship tactics
Courtship tactics used by males varied with size (small and large) and habitat (shelf  and slope, Fisher’s 

exact test p <0.005). The school-courtship was more common among large males on the slope and less 

than a quarter of  large males engaged in pair-courtship (Table 2). The frequency of  small males using 

both school and pair courtship on the slope was comparable and low (Table 2). The school-courtship 

tactic was completely absent on the shelf  and all observed males (n = 30) engaged only in pair-

courtship on the shelf  (Table 2 ). 

Figure. 4 Male activity: Proportional time spent in an activity, by male squaretail groupers (n = 71) 
on the slope and shelf at the aggregation site. Closed circles and whiskers represent mean ± SE 
values of shelf males, triangles represent values of slope males.
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Table 2. Distribution of male courtship tactics: The frequency of small (40–55 cm) and large (56+ 
cm) males involved in school or pair courtship in shelf and slope habitats (n = 72 males) at the 
aggregation site. 

Habitat Male size Courtship tactic Total sampled

School Pair

Slope Large 20 4 23

Small 11 8 19

Shelf Large 0 4 4

Small 0 26 26
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Costs and benefits of male ARTs

Benefits: association rates (potential mating opportunities) 

Large males courting schools on the slope, associated with seven times more females per unit time than 

small males on the slope, and three times more females per unit time than males engaged in pair 

courtship in both habitats (Figure. 3). 

Costs: intra‑sexual competition
The proportion of  time spent in scored behavioural states did not change significantly between years 

(Figure. 4; Additional file 3). Time spent by males in aggressive behaviour was considerably higher (up 

to four times) on the slope than the shelf  (χ2 = − 845.900, p < 0.0005). Conversely, males spent twice 

as much time resting on the shelf  than slope (χ2 = − 347.97, p < 0.0005) Time spent in courtship and 

roving behaviours did not vary between habitats (Figure. 4 ; Additional file 3). 

Discussion 

Species often employ unusual reproductive tactics while mating at very high densities (Emlen and 

Oring, 1977; Kokko and Rankin, 2004; Brockmann, 2001). Fish spawning aggregations can provide 

unique opportunities to study such unusual, density-dependent mating tactics at high population 

densities. However, our understanding of  natural mating systems of  many commercially exploited, 

aggregating fish species is often obscured by the high anthropogenic pressures their populations 

sustain. At the time of  our observations, the Plectropomus areolatus aggregation in Bitra represented one 

of  the few unfished spawning aggregations of  a large-bodied marine fish, with the highest recorded 

densities for this species across the Indo-Pacific (Palau  (Johannes et al.,  1999); Indonesia  (Pet et al.,  

2005); Western Solomon islands  (Hamilton et al.,  2011); Papua New Guinea (Hamilton et al.,  2011); 

Pohnpei (Rhodes et al.,  2014)). At these unfished densities, we observed two peculiarities in the P. 

areolatus mating system compared to other locations. Firstly, there appeared to be an inverse size-

assortment between males and females at the aggregation site in Bitra. Secondly, we observed two 

distinct male courtship tactics: pair courtship and school courtship— the latter appears to be a novel 

courtship tactic in this population. Perhaps more interesting than these two distinct courtship tactics 

were the opportunistic observations of  spawning after school courtship, suggesting that the type of  

courtship tactic (pair or school) may lead to two distinct and alternative reproductive tactics. Of  the 

two ARTs, pair-spawning, is a commonly reported tactic in P. areoaltus and is associated with pair-

courtship (Coleman et al.,  1996; Johannes et al.,  1999; Pet et al.,  2005). In contrast, school-spawning is 

a unique tactic in this species, which we describe for the first time in the Bitra spawning aggregation. 

Given the extremely high densities of  individuals observed in this spawning aggregation, we suggest 
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that the unique school-spawning tactic in P. areolatus  is likely seen only in very high-density populations. 

This could explain why school-spawning has been previously unreported from studies across the Indo- 

Pacific. Opportunistic studies from unfished populations such as these can thus provide important 

baseline information on unique mating strategies of  species at naturally high densities. 

Inverse size‑assortment


Overall the P. areolatus aggregation attained its highest density on the slope, as described at other 

locations across the Indo-Pacific (Hamilton et al.,  2011, 2012; Rhodes et al.,  2014; Johannes, 1988). 

Perhaps the most intriguing characteristic of  the Bitra spawning aggregation is the inverse size-

assortment of  males and females, contrary to positive size-assortment, which is commonly seen in fish 

(Jiang et al.,  2013). At first glance, this inverse-size assortment appears counter-intuitive. If  female 

distribution were strongly influenced by the distribution of  males alone, we would expect large females 

to be relatively more abundant in the high-density slope habitat where large males were present, which 

was contrary to our observation. Typically, females choose larger males as mates for their superior 

quality and quantity of  gametes (Taborsky, 2008; Shuster, 2009). However, size-assortment in 

individuals can be weak when the costs of  mating with a larger partner (asymmetrical exploitation, 

intra-sexual competition) are not outweighed by size related mating advantages (Taborsky et al.,  2008), 

or simply because body size is not a male trait that directly affects fitness (Warner 1987; Wong, 2004; 

Wong and Candolin, 2005). Alternatively, females may be indifferent towards male size (Gross, 1984) if  

they select external environmental cues like predation pressure, or site quality to spawn (Petersen, 1990; 

Warner and Hoffman, 1980; Petersen et al.,  1992). Whether female distribution were a consequence of  

mate choice, cryptic competition and/or a choice for certain habitat characteristics would require 

careful manipulative experiments, which were beyond the scope of  this opportunistic, observational 

study. Irrespective of  the mechanisms however, it appears that female behaviour may have a strong 

influence on male distribution in this aggregation. 

We observed large males preferentially courting small females within schools on the slope, despite the 

presence of  larger females on the slope. Female schools have been reported at other locations of  P. 

areolatus aggregations across the Indo-Pacific, but tend to be much smaller in number (15–45 individuals 

per school, Johannes et al.,  1999; Pet et al.,  2005). In comparison, the female schools we observed 

were an order of  magnitude larger (>150 individuals) and unique only to Bitra atoll in Lakshadweep 

(RA, personal observation, Petersen et al.,  1992). While at this juncture we can only speculate on the 

mechanisms underlying this inverse-size assortment, it appears to be clearly unique to the high-density 

P. areolatus spawning aggregation in Bitra and is currently undocumented in other aggregations. 
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A unique mating tactic?


An exciting observation in this study is the multiple incidents of  a unique mating tactic, school-

spawning. The two incidents of  school-spawning were remarkably similar in nature, and unique to 

other tactics in two ways. For one, females within schools simultaneously released gametes as a cohesive 

unit, and did not disperse into male territories to individually pair spawn after being courted by males 

(Johannes et al.,  1999). For another, the school-spawning tactic differed from traditional observations 

of  ‘group spawning’ because it involved a single male and multiple females partaking in an upward 

spawning rush, and not a single female and multiple males, which traditionally defines ‘group spawning’ 

(Petersen et al.,  1992). It is likely that the school-spawning tactic may be a variation of  group spawning, 

in which multiple males eventually join and simultaneously spawn within the school as seen in mass-

spawning fish (Molly et al.,  2007).  

With these limited observations, we cannot preclude the possibility that school-courtship may also lead 

to pair spawning or mass-spawning, as has been traditionally explained (Johannes et al.,  1999). 

However, our opportunistic observations clearly suggest that in rare circumstances school-courtship 

may lead to a unique school-spawning tactic, likely only in very high density P. areolatus aggregations. 

Male ARTs: patterns and processes


Alternative reproductive tactics are observed in mating populations, when individuals adopt distinct and 

alternative ways to maximize their reproductive benefits in the context of  intra-sexual reproductive 

competition (Taborsky and Brockmann, 2010). Unpredictability in partner availability, competition and 

predation risk, often selects for flexible and simultaneous ARTs, which are common in fish (Taborsky 

and Brockmann, 2010). The two distinct ARTs in the high density P. areolatus aggregation appeared to 

be conditional upon potential mating  opportunities and male competitive abilities. The slope habitat 

appeared to be the preferred habitat at the aggregation site—and this is likely associated with high mate 

encounter rates (van den Berghe and Warner, 1989; Shuster, 2009) or potential mating opportunities 

generated by the movement of  female schools. In addition, inter-specific competition was found to be 

four times higher among males on the slope than shelf. Large males had a clear size-related competitive 

advantage (Taborsky, 2001; Brown and Maurer, 1986) over their smaller counterparts and dominated 

the slope habitat. The largest males in this population were nearly 1.5 times longer than the smallest 

males. Further, on the high-density slope, large males engaged in school courtship much more 

frequently than pair courtship. While it is true that school courtship afforded seven times higher 

potential mating opportunities to the large males than pair courtship, it appeared to be a highly risky 

CHAPTER 4 !113



tactic because males had to leave their territories unattended during school forays. Despite higher levels 

of  intra-sexual competition however, it appears that the benefits large males potentially gained by 

spawning within female schools likely offset these costs, selecting for this unique and costly mating 

tactic by large males in the high-density slope habitat. 

Smaller males in contrast were significantly disadvantaged on the reef  slope. We observed large males 

aggressively chasing away and injuring smaller competitors that attempted school-courtship. With high 

intra-sexual competition and no significant gains in potential mating opportunities, using the school-

courtship tactic offered few benefits for small males on the slope. However, pair-courtship yielded 

similar potential mating opportunities in both habitats for small males, and these were associated with 

significantly lower levels of  intra-sexual competition especially on the shelf. 

Taken together, males in this high-density spawning aggregation appear to adopt two distinct and 

flexible ARTs: a ‘school-courtship tactic’, which is a high-cost-high-benefit tactic associated with 

school-spawning, and a ‘pair-courtship tactic’, which is a low-cost-low-benefit tactic associated with 

pair-spawning. 

Conclusion 

To our knowledge our observations of  two distinct courtship tactics and inverse size-assortment is the 

first reported for P. areolatus . Crucially these properties only occur in Lakshadweep where the 

aggregation was unfished and aggregating densities were much high than those reported in the rest of  

the Indo-Pacific. Our study therefore poses an important conservation question; if  P. areolatus  

populations in Bitra are exposed to fishing pressures, could it lead to a loss of  the rare inverse-size 

assortment and unique school-courtship tactics from P. areolatus  spawning aggregation? Commercial 

fishing of  groupers at the aggregation site in Bitra has recently commenced (2013). Our most recent 

density census from 2015 and 2016 show that the peak aggregation density in January has declined by 

an alarming 50% compared to 2013.  

With an off  take pressure estimated at 12–15 tonnes of  fish in 2015 (RA, RK unpublished data), the 

declining density is likely a result of  this newly emerging commercial reef  fishery. While the impact of  

the fishery on the unique P. areolatus  mating system still remains to be evaluated, no female-schools or 

school-courtship were observed during surveys in 2016. This study raises several questions about the 

evolution and maintenance of  this unusual ‘school spawning’ tactic in high-density P. areolatus  

aggregations. However, we fear that this opportunity may be lost due to the fast declining population 
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densities of  the Bitra aggregation. Opportunistic studies from unfished populations such as these can 

thus provide important baseline information on unique mating strategies of  species at naturally high, 

unfished densities. 

Appendix 

Table 3. A summary of  sampling techniques and sample sizes used for estimating variables. 

All additional files can be found at this address: 

https://bmcecol.biomedcentral.com/articles/10.1186/s12898-017-0120-5 

Additional file 1. Female schools: schools of  gravid females roving at the aggregation site. Male 

squaretail groupers (brown-marbled colouration) are seen making forays into the school and courting 

multiple females. 

Additional file 2. School-spawning incident: a school-spawning incident observed in 2013. A male 

squaretail grouper from the slope males leaves his territory to make a foray into the school. Male is seen 

courting multiple females in the school. This school-courtship is followed by a sudden upward 

spawning rush between the male and 4–5 females from the school, proceeded by the release of  

Variable Sampling technique Sample size and 
factors

tests performed

Annual peak aggregation 
density

UVC permanent belt 
transects (transect 
volume = 50*10*5 m3)

N = 10 transects
Year (2013, 2014)
Habitat (slope, shelf )

-

Size-assortment: male 
and female density 
distribution

UVC points (point 
volume
= π*5*5 m3)

N = 23 points
Year (2013, 2014),
Habitat (shelf, slope)
Size (large, small)

Negative-binomial glm, 
likelihood ratio tests

Frequency of male 
courtship tactics

Focal individual 
sampling, 1 min 
underwater observations

N = 72 (2014) focal 
males
Habitat (shelf, slope)

2 Å~ 2 Contingency 
table, Fisher’s exact
test

Benefits: association 
rates (potential mating 
opportunities)

Focal individual 
sampling, 1 min 
underwater observations

N = 72 (2014) focal 
males
Habitat (shelf, slope)

95% Bootstrapped 
confidence
intervals

Costs: intra-sexual 
competition

Focal individual 
sampling,
Activity budgets, 5 min 
videos

N = 65 (2014) focal male 
videos
Habitat (shelf, slope)

Quasibinomial glms, 
likelihood ratio
tests
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gametes. 

Additional file 3. Male activity. Quasi-binomial GLMs modelling the effect of  habitat (slope, shelf  ), 

year (2013, 2014) and their interaction on the total time spent by males (n = 65) in an activity 

(aggression, courtship, rest, rove) versus time not spent in that activity. Maximum model with only the 

non-significant interaction are terms removed to improve parameter interpretation. Statistical 

hypothesis testing of  coefficients carried out with likelihood ratio tests. 
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A brave new world: embracing human- 
induced rapid environmental change 

 

CHAPTER 6 
CONCLUSION 

Camouflage grouper (epinephelus polyphekadion)  



Introduction 

In the emerging Anthropocene epoch, coral reefs are beleaguered by Human-induced rapid 

environmental change (HIREC). While it can be argued that coral reefs have sustained overfishing and 

pollution for centuries, these are now fast spreading to the remotest of  reefs, where local pressures 

have been largely absent (Heron et al.,  2016). But of  primary concern is anthropogenic climate-change; 

a global disturbance that is causing repeated episodes of  coral mass bleaching and mass mortality 

events, resulting in a rapid homogenization of  habitat structural complexity all over the world (Alvarez-

Filip et al., 2011; Cheal, et al., 2017; Hughes et al., 2017). Under this duress, some groups of  species are 

more affected than others. There is an unraveling of  species assemblages on coral reefs, resulting in 

previously unseen assemblage configurations (Graham et al.,  1999). Caught at the cross-section 

between local fishing, and global climate-related habitat disturbances are benthic top predatory fish like 

groupers, an ecologically and commercially important but highly vulnerable guild (Craig et al., 2011; 

Sadovy de Mitcheson et al.,  2013). 

Managing coral reefs under HIRECs is a big challenge. Multiple disturbances can act simultaneously 

having additive, antagonistic or synergistic effects on biodiversity and ecosystem function. Further, 

these multiple disturbances can operate at different scales; from individuals, populations, and 

communities to entire ecosystems, making it challenging to determine meaningful points of  

intervention (Bellard et al., 2012). Considering that HIRECs are becoming the new normal for 

ecosystems, the task now is to understand the ecosystem consequences of  rapid, unprecedented 

changes in assemblage structures. Central to this endeavor is identifying which species are the winners 

and losers in communities, understanding their coping mechanisms, and the consequent functions they 

will play in future ecosystem dynamics.  

My thesis is an attempt at understanding how a guild of  ecologically and commercially important 

benthic, predatory, coral reef  fish (groupers, family: Epinephelidae) are responding to HIRECs in the 

Lakshadweep archipelago. The main aims of  my study were to identify which species in the community 

are winners and losers under scenarios of  rapid habitat degradation and understand the coping 

mechanism of  behavioural plasticity behind the success of  winners. My study was based in the 

Lakshadweep archipelago, which was a unique laboratory to study effects of  climate change, in the 

absence of  commercial reef  fishing pressures. Under these relatively unfished conditions, I 

documented mating behaviours at a pristine squaretail grouper (Plectropomus areolatus) spawning 

aggregation to understand how these populations behave in the absence of  local fishing pressures. 

Towards the end of  my PhD, there was a sudden growth of  a local commercial grouper fishery in the 
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islands, giving me a unique and rare opportunity to study the behavioural and demographic impacts of  

a local HIREC (targeted fisheries) on a once unfished squaretail grouper spawning aggregation. 

In the following two sections, I discuss in detail some of  the main findings of  my study. 

Globally-induced HIREC and its consequences on 
benthic predators 

Globally, coral reefs are steadily declining in structural complexity since 1998 in response to repeated 

mass-bleaching disturbances (Graham and Nash, 2013). A majority of  studies relating fish community 

composition to structural degradation show that structural complexity is essential to support a diverse 

group of  benthic species (Petren and Case, 1998; Pratchett et al., 2008; Richardson et al., 2017). In my 

second chapter, based on long-term benthic data (15 years), together with an archipelago-wide survey 

of  grouper communities, I show that long-term habitat condition and not just the availability of  

structure determines grouper community composition. Community assembly is likely to be strongly 

influenced by both habitat condition and the durational stability of  the habitats (Poff  and Ward, 1990; 

Southwood, 1977). Together these determine the characteristics of  the habitat, which limits the life 

history strategies of  species that can occupy the area. By modifying both structure and disturbance 

frequency, HIRECs can seriously alter community composition on coral reefs (Fisher et al.,  2011). On 

the one hand,	I found that of  the entire grouper community, long-lived (longevity > 15years) and large-

bodied species (maximum size > 60cm) , were restricted to structurally stable sites with high structural 

complexity. Interestingly, long-lived, large-bodied species were not present in sites that had a dynamic 

disturbance history but had comparably high structural complexity. On the other hand, short-lived 

groupers were found in lower densities across all reefs irrespective of  long-term habitat condition and 

structural complexity. My second Chapter suggests that the disturbance history of  habitats provides a 

strong environmental filter limiting benthic species composition in structurally dynamic reefs to a 

relatively restricted range of  life-history and functional characteristics (example, short longevity and 

small body size). 

As seen earlier, HIRECs disproportionately affect species with long generation times (Karkarey et al.,  

2014). Another general trend seen across taxa confronted with HIRECs is that specialist species, with 

narrower foraging and habitat repertoires are being driven towards local extinction (Clavel et al., 2011; 

Vázquez and Simberloff, 2002). By circumventing prolonged evolutionary processes, behavioural 

plasticity is critical in allowing species to cope with rapid environmental changes within their lifetimes 

(Chevin et al., 2010; Tuomainen and Candolin, 2011). In my third chapter, I attempted to determine 

how well the guild of  long-lived groupers copes with rapid structural degradation. Of  the 15 long-lived 
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species, territorial and site-attached groupers declined exponentially with decreasing structural 

complexity, while widely-ranging species showed no change. However, one site-attached species, the 

peacock grouper (Cephalopholis argus) maintained high densities across the structural gradient. I explored 

the mechanisms this species employs to cope with declining habitat structure. Both a potential release 

from specialist competitors and plasticity in foraging behaviour (foraging territory size, diet and 

foraging mode) appeared to favour the peacock grouper's survival in sites of  high and low structure. 

While specialist competitors dropped out of  the assemblage, the foraging territory size of  peacock 

groupers increased exponentially with structural degradation. Interestingly, despite significant 

differences in habitat quality, peacock groupers maintained a specialized dietary niche. In-water 

behavioural observations suggested that diet specialization was maintained by switching foraging modes 

from a structure-dependent ‘ambush’ to a structure-independent ‘widely foraging’ mode. My work 

demonstrates that foraging plasticity will become increasingly critical in separating winners from losers 

among benthic predators and may help preserve specialist ecosystem functions as habitats collapse 

under HIREC. 

Behavioural plasticity allows individuals to adjust and survive in rapidly degrading habitats, but can it 

ensure the long-term persistence of  populations in sub-optimal habitats? Both biological and ecological 

costs and consequences of  plasticity may impact population growth of  plastic species through their 

effects on individual growth, mortality and fitness (Auld et al., 2010; DeWitt et al., 1998). In the fourth 

chapter, I studied the life-history and demographic consequences in the peacock grouper of  persisting 

in degraded coral reefs. I found that, contrary to initial expectations, peacock groupers were in better 

body condition in degraded reefs, gaining more weight per length compared to reefs with high 

structural complexity. However, surviving in these sub-optimal habitats came at a considerable life-

history cost, reflected in a 20% reduction in longevity. In degraded reefs, density was almost 50% lower 

than that in high structured sites. In addition, subpopulations in degraded reefs were characterized by a 

relatively lower proportion of  juveniles indicative of  bottlenecks to recruitment. My work shows that 

the apparently high adaptive capacity of  species like the peacock grouper may mask significant life-

history consequences with long-term demographic effects that could add up as habitats degrade any 

further.  

Locally-induced HIREC and its consequences on 
benthic predators 

Owing to the relatively low local reef  fishing pressure in Lakshadweep, it was ideal for me to study the 

impacts of  climate change on groupers without the confounding effects of  fishing. Aspects of  the life 

history and reproductive biology of  groupers, particularly their tendency to form large spatio-

CHAPTER 6 !120



temporally explicit mass spawning aggregations, makes them highly vulnerable to fishing. In the 

anthropocene epoch, it is virtually impossible to find undisturbed and unaltered spawning aggregations 

in nature. This is particularly true of  long-lived predatory fish like groupers because of  the highly 

selective fishing pressures they face in most tropical reefs (Myers and Worm, 2003; Sadovy de 

Mitcheson et al.,  2012). As a result, most of  our understanding of  the behaviours of  many species 

comes from populations that may have historically faced some levels of  fishing. Groupers possess 

complex and highly flexible mating modes, ranging from pair-spawning and group-spawning tactics, 

demersal and broadcast spawning tactics, to gonochorism and hermaphroditism that can vary within 

and between populations (Erisman et al., 2013). In, Chapter five, I seized a rare opportunity to study 

mating behaviours in an unfished spawning aggregation of  the squaretail grouper (Plectropomus areolatus) 

in Lakshadweep and contrast it with behaviours reported from spawning aggregations across the Indo-

Pacific that had been fished. I found a dramatic difference in the mating behavior of  this species 

between the unfished population in Lakshadweep and aggregating populations from across the world. I 

report unique courtship behaviours in the unfished, high-density spawning aggregation of  the 

squaretail groupers (Plectropomus areolatus) in Lakshadweep, that are potentially associated with 

alternative reproductive tactics (ARTs) – pair spawning and ‘shoal spawning’. Aggregating males are 

typically known to court females in small territories (pair courtship), which is often associated with a 

pair-spawning tactic in aggregations. However, under high-density conditions, I observed the largest 

males simultaneously courting several females in mid-water shoals – a unique, high-cost-high-benefit 

courtship tactic which appears to result in a novel school-spawning tactic. I also observed a counter-

intuitive inverse size-assortment among individuals – large males courted smaller females and vice-a-

versa, linked to different pay-offs associated with male competitive ability, local mate density and female 

schooling behaviour.			

A post-script: The effects of fishing on a grouper 
spawning aggregation 

While Lakshadweep had been a laboratory of  climate-change studies due to low levels of  commercial 

reef  fishing, this changed drastically in the last year of  my PhD with the rise and expansion of  

commercial coral reef  fisheries. Of  specific concern was the rise in targeted grouper fishing which is 

now putting grouper spawning aggregations under risk of  extirpation. In Chapter five, I documented 

density and rare mating behaviours in an unfished squaretail grouper spawning aggregation. A rapid rise 

of  grouper fisheries in the last two years gave me the opportunity to track how (and how quickly) the 

density and behaviours in a pristine grouper aggregation can change under the pressures of  targeted 

fishing.  
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Since 2012, I continued to annually monitor the density and population size-structure of  the Bitra 

spawning aggregation using techniques described in chapter five. In addition, I surveyed reef  fish catch 

and consumption in the islands through structured interviews in 2016. I observed a dramatic 60% 

decline in the overall density of  the aggregating population since we first documented it in 2012 (Figure 

1). Particularly, smaller sized individuals (35-45 cm total length) have declined by 80% in the last four 

years (Figure 2). This size-class presumably represents females that engage in the rare shoal-spawning 

tactic. In addition to this dramatic population decline, I observed that female shoals were largely absent 

from the aggregation since 2015, ie. when the aggregation density had declined by a mere 20%. 

Interestingly, my ongoing fisheries surveys suggest that there is an overall increase in reef  fishing 

pressure in Lakshadweep, which is now targeting groupers in the size range of  38-45 cm. In early 2017, 

groupers made up for over 22.5% of  total reef  fish catch of  large commercial fishing vessels and the 

catch per unit effort of  groupers has doubled since 2014.  

My ongoing work with the grouper spawning aggregation is demonstrating how even a few years of  

targeted fishing activity can rapidly decimate a population and impact population behaviours. The once 

unfished, high-density Lakshadweep squaretail grouper aggregation currently matches densities and 

behavioural characteristics found in aggregations elsewhere in the Indo-Pacific. By drawing 

comparisons between fished and unfished population behaviours of  the squaretail grouper, my work 

throws light on Daniel Pauly’s shifting baselines syndrome, which suggests that we may be managing 

populations with significantly shifted baselines (Pauly, 1995). When managing populations with shifting 

baselines, managers often only think of  numerical responses of  populations but this ongoing work 

suggests that behavioral baselines may be just as important. Behavioural indicators like density-

dependent mating behaviours could be used to predict population crashes even before major 

demographic shifts appear. This makes documenting behavioural /ethological information from 

unfished populations like the squaretail grouper spawning aggregation in Lakshadweep all the more 

urgent. 

Figure 1. Annual aggregation density (mean ± 95% CI ) of the squaretail grouper spawning 
aggregation in Lakshadweep. Dashed line indicates years in which large female shoals were 
observed at the aggregation site. Surveys were conducted during the peak aggregation season in 
January/February.
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Figure 2.  A comparison of population size structure (mean ± 95% CI) of the squaretail grouper 
aggregation between 2013 (pre-fishing) and 2017 (rise of targeted fisheries).
 

Limitations and avenues for future work 

A current challenge in ecology and conservation is to understand how change in trait composition of  

communities due to HIRECs is translating into a change in ecosystem function. While post-disturbance 

reefs are strongly driven by herbivory functions played by herbivorous fish (Hughes et al.,  2007), the 

functional role of  predators in the recovery and resilience of  highly disturbed reefs is largely unresolved 

(Ritchie and Johnson, 2009; Roff  et al.,  2016). Several studies have shown that resident ambush 

predators are often part of  complex direct (Almany and Webster, 2006) and indirect interactions (trait-

mediated interactions, Catano et al., 2016) which together impact community structure and ecosystem 

function. From studies conducted in Fiji (Dulvy, et al.,  2004) and in East Africa (McClanahan and 

Muthiga, 1988), we know that the loss of  predatory function owing to high fishing pressure on 
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predatory fish can induce a trophic cascade on coral reefs already reeling from climate-change. The 

functional importance of  groupers in coral reefs has been largely assumed in this study. The 

Lakshadweep archipelago is one of  those rare regions where I was able to study the impacts of  climate-

change on groupers in relative isolation from fishing pressure. However, to fully understand the 

functional impact of  change in grouper composition due to habitat degradation, studies exploring the 

predatory function of  groupers need to be explicitly undertaken in Lakshadweep. In Chapter one, I 

studied how two functional traits in groupers - long life-span and body size respond to repeated habitat 

structural degradation. In the functional ecology literature these are called ‘response traits’, as they 

respond to a disturbance but their impact on function is unclear. To better understand the impact of  

HIRECs on predatory functions as raised earlier, it would be useful in the future to study ‘effect traits’ 

that directly influence the predatory functions of  groupers – example eco-morphological traits and 

physiological traits.    

In my thesis, I focused on understanding the response of  groupers to HIREC. However, I expect other 

benthic predatory fish to show very similar responses. It would be interesting and useful to study 

patterns and coping mechanisms across a wider taxonomic range of  benthic predators.  

In Chapter three and four, I focused on understanding foraging plasticity in one ubiquitous and 

seemingly successful grouper species. A natural question arising from this work is why are some species 

like the peacock grouper behaviourally plastic and others aren’t? Future studies could address the 

ecomorphological, physiological and evolutionary basis of  plasticity in species like the peacock grouper.   

In Chapter five, I used behavioural observations to describe ARTs in the high-density squaretail 

grouper spawning aggregation in Lakshadweep. As discussed in the earlier section, with increasing 

fishing pressure, there seems to be a significant decline in population densities, change in population 

size and sex structure and a possible loss of  the rare group spawning ART from the aggregation. A 

comprehensive study of  the reproductive biology of  the squaretail grouper needs to be undertaken to 

determine the implications of  shifting mating behaviours on population dynamics of  the squaretail 

grouper.  

Contribution  

This study has made an important contribution towards understanding disturbance responses in 

benthic predatory fish like groupers to global climate-change and repeated structural degradation in 

Lakshadweep, one of  India’s unique coral atoll systems. The archipelago-wide, underwater fish survey 

conducted as part of  this study was one of  the first comprehensive fish-species checklists produced for 

his region based on direct in-water observations in coral reefs. We reported over 500 species of  reef  

fish and 35 species of  groupers from Lakshadweep.  
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Through this study, we documented one of  the first grouper spawning aggregations in India. This was 

found to be one of  the largest aggregations of  squaretail groupers found across the Indian Ocean. 

Further, we reported a rare and unique mating tactic and unusual mating system in this high-density 

aggregation. The discovery and documentation of  this unique aggregation lead to a unique 

collaborative marine conservation initiative between the local Island Panchayat and the Fisheries 

Department in Lakshadweep. This has lead to the creation of  a seasonal fishing closure at the 

aggregation site during aggregation periods for the last five years. Our data continues to be used in 

informing the conservation and management of  fish spawning aggregations in Lakshadweep.  

Implications for management 

Information on the historical variability of  ecosystem conditions and the natural disturbance regimes 

that influence such variability is increasingly used in the design of  ecosystem management in systems. 

Coral reef  ecosystems are inexorably and increasingly confronted by HIRECs. An improved 

understanding of  changes occurring in these systems can be obtained by relying on the history of  

ecological systems (their past composition and structure, their spatial and temporal variability, past 

ecosystem functioning and the principal processes that influenced it (Landres et al.,  1999). To put it 

simply, the past is one of  the best means for understanding and predicting impacts to new and novel 

ecological conditions.  

In my thesis, I demonstrated the critical importance of  stable, high structured reefs for conserving the 

entire grouper assemblage, especially long-lived and large bodied species. Stable reefs of  high structural 

complexity appear to be safe havens for long-lived and less-plastic species, but more importantly they 

support recruitment processes and may potentially serve as ‘source’ habitats for even plastic species like 

the peacock grouper that can successfully survive even in degraded reefs. Moving forward, stable reefs 

need to be protected as climate-change refugia for benthic fish; to prevent local extinction of  

vulnerable benthic predators and to protect areas that foster recruitment of  ubiquitous species.  

With respect to the grouper community, I demonstrated that there can be clear winners and losers in 

response to habitat degradation and the winning species are those that typically show plasticity in 

foraging behaviours. Identifying and protecting highly plastic species that are now taking on an 

increasingly keystone role in maintaining predatory function is critical for maintaining functional 

heterogeneity, as less plastic species drop out. However, it is also just as critical to identify the limits to 

plasticity in such species. Therefore, while conserving plastic keystone species in the future, habitat 

protection is still important to prevent them from crossing their thresholds. 
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Just a few years exposure to commercial fisheries can significantly alter the aggregation densities, 

population structure and behavioural integrity of  a remote grouper spawning aggregation. It is 

important to identify and strictly protect aggregation sites from fishing. Our work highlights the 

importance of  documenting and monitoring behavioural/ethological baselines to evaluate the success 

of  a management program at its early stages, before population or ecosystem-level responses are 

evident (e.g., Ikuta and Blumstein, 2003; Lindell 2008). As mentioned earlier, an outcome of  my work 

has lead to the formation of  a seasonal fishing closure at the aggregation site, to protect the 

aggregation from commercial fisheries. There seems to be very high compliance towards the closure, 

yet significant declines in the aggregation population are being observed. Our ongoing work is 

suggesting that in addition to complete fishing closures during the aggregating periods, it is urgent to 

manage targeted fisheries by introducing catch and or gear restrictions during non-aggregation periods 

as well. 

While HIREC appear to affect systems at scales much larger than local management – the resilience of  

systems to HIREC is strongly dependent on what fishers and managers do at local levels (Graham et 

al., 2014; Mumby, 2017). HIREC should not engender paralysis – rather it should challenge us to move 

towards a more resilience management approach which embraces natural variability and disturbance 

histories. This involves separating local from global drivers of  change, understanding past disturbance 

responses and mechanisms of  survival, reducing local disruptors, ameliorating the impacts of  global 

disruptors, and acknowledging that we are managing a system with a constantly changing baseline. 

CHAPTER 6 !127



 
1. Ackerly, D. D., & Cornwell, W. K. (2007). A trait-based approach to community assembly: 

Partitioning of  species trait values into within- and among-community components. Ecology 

Letters, 10(2), 135–145. https://doi.org/10.1111/j.1461-0248.2006.01006.x 

2. Agrawal, A. A. (2001). Phenotypic Plasticity in the Interactions and Evolution of  Species. Science, 

294(5541), 321–326. https://doi.org/10.1126/science.1060701 

3. Aguilar-perera, A. (2006). Disappearance of  a Nassau grouper spawning aggregation off  the 

southern Mexican Caribbean coast. Marine Ecology Progress Series, 327, 289–296. 

4. Almany, G. (2003). Priority Effects in Coral Reef  Fish Communities. Ecology, 84(7), 1920–1935. 

5. Almany, G. (2004a). Differential effects of  habitat complexity , predators and competitors on 

abundance of  juvenile and adult coral reef  fishes. Oecologia, 105–113. https://doi.org/10.1007/

s00442-004-1617-0 

6. Almany, G. (2004b). Does increased habitat complexity reduce predation and competition in coral 

reef  fish assemblages ?. Oikos, 106: 275-284. 

7. Almany, G., & Webster, M. (2006). The predation gauntlet: Early post-settlement mortality in reef  

fishes. Coral Reefs, 25(1), 19–22. https://doi.org/10.1007/s00338-005-0044-y 

8. Alonso, D., Pinyol-Gallemí, A., Alcoverro, T., & Arthur, R. (2015). Fish community reassembly 

after a coral mass mortality: Higher trophic groups are subject to increased rates of  extinction. 

Ecology Letters, 18(5), 451–461. https://doi.org/10.1111/ele.12426 

9. Alvarez-filip, L., Dulvy, N., Gill, J., Côté, I., & Watkinson, A. (2009). Flattening of  Caribbean coral 

reefs  : region-wide declines in architectural complexity Subject collections Flattening of  Caribbean 

coral reefs : region-wide declines in architectural complexity, (June). https://doi.org/10.1098/rspb.

2009.0339 

BIBLIOGRAPHY !128

BIBLIOGRAPHY 



10. Alvarez-Filip, L., Gill, J. A., Dulvy, N. K., Perry, A. L., Watkinson, A. R., & Côté, I. M. (2011). 

Drivers of  region-wide declines in architectural complexity on Caribbean reefs. Coral Reefs, 30(4), 

1051–1060. https://doi.org/10.1007/s00338-011-0795-6 

11. Andersen, T., Carstensen, J., Hernández-García, E., & Duarte, C. M. (2009). Ecological thresholds 

and regime shifts: approaches to identification. Trends in Ecology and Evolution, 24(1), 49–57. 

https://doi.org/10.1016/j.tree.2008.07.014 

12. Arthur, R. (2000). Coral bleaching and mortality in three Indian reef  regions during an El Nin ̃o 

southern oscillation event. Current Science, 79, 1723–1729. 

13. Arthur, R. (2004). Patterns and processes of  reef  recovery and human use in the Lakshadweep 

Islands, Indian Ocean. James Cook University, Australia. 

14. Arthur, R., Done, T., & Marsh, H. (2005). Benthic recovery four years after an El-Nino- induced 

coral mass mortality in the Lakshadweep atolls. Current Science, 89(4), 694–699. 

15. Arthur, R., Done, T. J., Marsh, H., & Harriott, V. (2006). Local processes strongly influence post-

bleaching benthic recovery in the Lakshadweep Islands. Coral Reefs, 25(3), 427–440.  

16. Arthur, R.  Patterns of  Benthic Recovery in the Lakshadweep Islands. Coasta; Oceans research and 

development in the Indian Ocean. In: Ten years after bleaching - facing the consequences of  

climate change in the Indian Ocean, Obura, D.O., Tamelander, J., & Linden, O. (Eds) (2008). 

CORDIO Status Report 2008. 

17. Athreya, V., Odden, M., Linnell, J. D. C., Krishnaswamy, J., & Karanth, U. (2013). Big Cats in Our 

Backyards: Persistence of  Large Carnivores in a Human Dominated Landscape in India. PLoS 

ONE, 8(3), 2–9. https://doi.org/10.1371/journal.pone.0057872 

18. Atz, J. (1964). Intersexuality in fishes. In C. Armstrong & M. AJ (Eds.), Intersexuality in vertebrates 

including man (pp. 145–232). London: Academic Press. 

19. Auld, J. R., Agrawal, A. A., & Relyea, R. A. (2010). Re-evaluating the costs and limits of  adaptive 

phenotypic plasticity. Proceedings of  the Royal Society B: Biological Sciences, 277(1681), 503–511. 

https://doi.org/10.1098/rspb.2009.1355 

20. Auster, P. (2005). Predatory behavior of  piscivorous reef  fishes varies with changes in landscape 

attributes and social context: integrating natural history observations in a conceptual model. Diving 

for Science 2005. Groton. 

21. Bates, D., Maechler, M., & Bolker, B. (2012). Linear mixed-effects models using S4 classes. 

22. Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using 

lme4. Journal of  Statistical Software, 67(1), 1–48. 

23. Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., & Courchamp, F. (2012). Impacts of  climate 

change on the future of  biodiversity. Ecology Letters, 15(4), 365–377. https://doi.org/10.1111/j.

1461-0248.2011.01736.x 

BIBLIOGRAPHY !129



24. Bellwood, D. R., Baird, A. H., Depczynski, M., González-Cabello, A., Hoey, A. S., Lefèvre, C. D., & 

Tanner, J. K. (2012). Coral recovery may not herald the return of  fishes on damaged coral reefs. 

Oecologia, 170(2), 567–573. https://doi.org/10.1007/s00442-012-2306-z 

25. Berglund, A. (1995). Many mates make male pipefish choosy. Behaviours, 170, 567–573. 

26. Berumen, M. L., & Pratchett, M. S. (2006). Recovery without resilience: persistent disturbance and 

long-term shifts in the structure of  fish and coral communities at Tiahura reef, Moorea. Coral 

Reefs, 25, 647–653. 

27. Beukers-Stewart, B. D., & Jones, G. P. (2004). The influence of  prey abundance on the feeding 

ecology of  two piscivorous species of  coral reef  fish. Journal of  Experimental Marine Biology and 

Ecology, 299(2), 155–184. https://doi.org/10.1016/j.jembe.2003.08.015 

28. Blessing, J., Marshall, J., & Balcombe, S. (2010). Humane killing of  fish for scientific research  : a 

comparison of  two methods. Journal of  Fish Biology, 76(10), 2571–2577. 

29. Bohnsack, J. (1982). Effects of  piscivorous predator removal on coral reef  fish community 

structure. In G. Cailliet & C. Simenstad (Eds.), Gutshop ‘81: Fish food habits studies (pp. 258–267). 

Washington Sea Grant Publication, Seattle, Washington. 

30. Bolker, B. (2008). Ecological models and data in R. Princeton and Oxford: Princeton University 

Press. 

31. Bolker, B., Skaug, H., Magnusson, A., & A, N. (2012). Generalized Linear Mixed Models using AD 

Model Builder. 

32. Borer, A. E. T., Seabloom, E. W., Shurin, J. B., Anderson, K. E., Blanchette, C. a, Cooper, S. D., & 

Halpern, B. S. (2008). What Determines the Strength of  a Trophic Cascade ? Ecological Society of  

America, 86(2), 528–537. 

33. Börschig, C., Klein, A. M., von Wehrden, H., & Krauss, J. (2013). Traits of  butterfly communities 

change from specialist to generalist characteristics with increasing land-use intensity. Basic and 

Applied Ecology, 14(7), 547–554. https://doi.org/10.1016/j.baae.2013.09.002 

34. Brockmann, H. (2001). The evolution of  alternative strategies and tactics. Advances in the Study of  

Behaviour, 30, 1–51. 

35. Brockmann, H., Oliveira, R., & Taborsky, M. (2008). Integrating mechanisms and function: 

prospects for future research. In R. Oliveira, M. Taborsky, & H. Brockmann (Eds.), Alternative 

reproductive tactics: an integrative approach (pp. 471–489). New York: Cambridge University 

Press. 

36. Brown, J., & Maurer, B. (1986). Body size, ecological dominance and Cope’s rule. Nature, 324, 248–

250. 

37. Bruno, J. F., & Selig, E. R. (2007). Regional decline of  coral cover in the Indo-Pacific: timing, extent 

and subreginoal comparisons. PLoS ONE, 2(8), e711. 

BIBLIOGRAPHY !130



38. Cabanban, A., Myers, R., Yeeting, B., Pollard, D., Kulbicki, M., & Fennessy, S. (2008). Cephalopholis 

sexmaculata. Retrieved September 18, 2012, from www.iucnredlist.org. 

39. Caley, M., & John, J. (1996). Refuge availability structures assemblages of  tropical reef  fishes. 

Journal of  Animal Ecology, 65, 414–428. 

40. Canty, A., & Ripley, B. (2014). Bootstrap R (S-Plus) Functions. Vienna: R Foundation for Statistical 

Computing. 

41. Canty, A., & Ripley, B. D. (2017). boot: Bootstrap R (S-Plus) Functions. 

42. Catano, L. B., Rojas, M. C., Malossi, R. J., Peters, J. R., Heithaus, M. R., Fourqurean, J. W., & 

Burkepile, D. E. (2016). Reefscapes of  fear: Predation risk and reef  heterogeneity interact to shape 

herbivore foraging behaviour. Journal of  Animal Ecology, 85(1), 146–156. https://doi.org/

10.1111/1365-2656.12440 

43. Charlton, B., Reby, D., & McComb, K. (2007). Female red deer prefer the roars of  larger males. 

Biology Letters, 3, 382–385. 

44. Cheal, A. J., MacNeil, M. A., Emslie, M. J., & Sweatman, H. (2017). The threat to coral reefs from 

more intense cyclones under climate change. Global Change Biology, 23(4), 1511–1524. https://

doi.org/10.1111/gcb.13593 

45. Chevin, L. M., Lande, R., & Mace, G. M. (2010). Adaptation, plasticity, and extinction in a changing 

environment: Towards a predictive theory. PLoS Biology, 8(4). https://doi.org/10.1371/

journal.pbio.1000357 

46. Chiappone, M., Sluka, R., & Sullivan, K. (2000). Groupers (Pisces: Serranidae) in fished and 

protected areas of  the Florida Keys, Bahamas and northern Caribbean. Marine Ecology Progress 

Series, 198, 261–272. 

47. Choat, J. (2012). Spawning aggregations in reef  fishes; ecological and evolutionary processes. In Y. 

S. de Mitcheson & P. Colin (Eds.), Reef  fish spawning aggregations: biology, research and 

management. (pp. 85–116). Netherlands: Springer. 

48. Choat, J. H., Robertson, D. R., Ackerman, J. L., & Posada, J. M. (2003). An age-based demographic 

analysis of  the Caribbean stoplight parrotfish Sparisoma viride. Marine Ecology Progress Series, 246, 

265–277. https://doi.org/10.3354/meps246265 

49. Choat, J. H., & Axe, L. M. (1996). Growth and longevity in acanthurid fishes; an analysis of  otolith 

increments. Marine Ecology Progress Series, 15-26. 

50. Chollett, I., & Mumby, P. (2012). Predicting the distribution of  Montastraea reefs using wave 

exposure. Coral Reefs, 31, 493–503. 

51. Clavel, J., Julliard, R., & Devictor, V. (2011). Worldwide decline of  specialist species: Toward a 

global functional homogenization? Frontiers in Ecology and the Environment, 9(4), 222–228. 

https://doi.org/10.1890/080216 

52. Clutton-Brock, T. (2009). Sexual selection in females. Animal Behaviour, 77, 3–11. 

BIBLIOGRAPHY !131



53. Coker, D. J., Graham, N. A. J., & Pratchett, M. S. (2012). Interactive effects of  live coral and 

structural complexity on the recruitment of  reef  fishes. Coral Reefs, 31(4), 919–927. https://

doi.org/10.1007/s00338-012-0920-1 

54. Coleman, F., Koenig, C., & Collins, L. (1996). Reproductive styles of  shallow- water groupers 

(Pisces: Serranidae) in the eastern Gulf  of  Mexico and the consequences of  fishing spawning 

aggregations. Environmental Biology of  Fishes, 47(2), 129–141. 

55. Colin, P., Sadovy, Y., Domeier, M., & Graham, R. (2003). Manual for the study and conservation of  

reef  sh spawning aggregations. Society for the Conservation of  Reef  Fish Aggregations. 

56. Colles, A., Liow, L., & Prinzing, A. (2009). Are specialists at risk under environ- mental change? 

Neoecological, paleoecological and phylogenetic approaches. Ecology Letters, 12(8), 849–863. 

57. Craig, M., & Hastings, P. (2007). A molecular phylogeny of  the groupers of  the subfamily 

Epinephelinae (Serranidae) with a revised classification of  the Epinephelini. Ichtyological Research, 

54, 1–17. 

58. Craig, M. T., Sadovy de Mitcheson, Y. J., & Heemstra, P. C. (2011). Groupers of  the world. (P. C. 

Heemstra & M. T. Craig, Eds.). Grahamstown, South Africa: NISC. 

59. Crawley,MJ. (2007). The R Book. (L. John Wiley & Sons, Ed.). Chichester: West Sussex PO19 8SQ, 

England. 

60. Crespi, B. (1989). Causes of  assortative mating in arthropods. Animal Behaviour, 38, 980–1000. 

61. Darling, E. S., Graham, N. A. J., Januchowski-Hartley, F. A., Nash, K. L., Pratchett, M. S., & 

Wilson, S. K. (2017). Relationships between structural complexity, coral traits, and reef  fish 

assemblages. Coral Reefs, 36(2), 561–575. https://doi.org/10.1007/s00338-017-1539-z 

62. Davison, J., Huck, M., Delahay, R. J., & Roper, T. J. (2009). Restricted ranging behaviour in a high-

density population of  urban badgers. Journal of  Zoology, 277(1), 45–53. https://doi.org/10.1111/

j.1469-7998.2008.00509.x 

63. de Mitcheson Sadovy, Y., Cornish, A., Domeier, M., Colin, P. L., Russell, M., & Lindeman, K. C. 

(2008). A global baseline for spawning aggregations of  reef  fishes. Conservation Biology, 22(5), 

1233–1244. https://doi.org/10.1111/j.1523-1739.2008.01020.x 

64. de Mitcheson Sadovy, Y., Craig, M. T., Bertoncini, A. A., Carpenter, K. E., Cheung, W. W. L., 

Choat, J. H., … Sanciangco, J. (2013). Fishing groupers towards extinction: A global assessment of  

threats and extinction risks in a billion dollar fishery. Fish and Fisheries, 14(2), 119–136. https://

doi.org/10.1111/j.1467-2979.2011.00455.x 

65. de Mitcheson Sadovy, Y. J. (2001). The threat of  fishing to highly fecund fish. Fish and Fisheries, 

59, 90–108. 

66. de Mitcheson Sadovy, Y. J., & Erisman, B. (2012). Fishery and biological implications of  fishing 

spawning aggregations, and the social and economic importance of  aggregating fishes. In Reef  fish 

spawning aggregations: biology, research and management (p. 225–84.) 

BIBLIOGRAPHY !132



67. de Mitcheson Sadovy, Y., & Liu, M. (2008). Functional hermaphroditism in teleosts. Fish and 

Fisheries, 9, 1–43. 

68. Delclos, P., & Rudolf, V. H. W. (2011). Effects of  size structure and habitat complexity on 

predator-prey interactions. Ecological Entomology, 36(6), 744–750. https://doi.org/10.1111/j.

1365-2311.2011.01324.x 

69. Devictor, V., Julliard, R., & Jiguet, F. (2008). Distribution of  specialist and generalist species along 

spatial gradients of  habitat disturbance and fragmentation. Oikos, 117(4), 507–514. https://

doi.org/10.1111/j.0030-1299.2008.16215.x 

70. DeWitt, T. J., Sih, A., & Wilson, D. S. (1998). Costs and limits of  phenotypic plasticity. Trends in 

Ecology and Evolution, 13(2), 77–81. https://doi.org/10.1016/S0169-5347(97)01274-3 

71. Dierking, J., & Meyer, A. L. (2009). Prey regurgitation in the grouper Cephalopholis argus. Journal of  

Applied Ichthyology, 25(5), 600–602. https://doi.org/10.1111/j.1439-0426.2009.01275.x 

72. Dierking, J., Williams, I. D., & Walsh, W. J. (2009). Diet composition and prey selection of  the 

introduced grouper species peacock hind (Cephalopholis argus) in Hawaii. Fishery Bulletin, 107(4), 

464–476. 

73. Domeier, M. L., & Colin, P. L. (1997). Tropical reef  fish spawning aggregations: Defined and 

reviewed. Bulletin of  Marine Science, 60(3), 698–726. 

74. Done, T. (1999). Coral community adaptability to environmental change at the scales of  regions, 

reefs and reef  zones. American Zoology, 39, 66–79. 

75. Donovan, M. K., Friedlander, A. M., DeMartini, E. E., Donahue, M. J., & Williams, I. D. (2013). 

Demographic patterns in the peacock grouper (Cephalopholis argus), an introduced Hawaiian reef  

fish. Environmental Biology of  Fishes, 96(8), 981–994. https://doi.org/10.1007/

s10641-012-0095-1 

76. Dulvy, N. K., Freckleton, R. P., & Polunin, N. V. C. (2004). Coral reef  cascades and the indirect 

effects of  predator removal by exploitation. Ecology Letters, 7(5), 410–416. https://doi.org/

10.1111/j.1461-0248.2004.00593.x 

77. Dulvy, N. K., Freckleton, R. P., & Polunin, N. V. C. (2004). Size structural change in lightly 

exploited coral reef  fish communities: evidence for weak indirect effects. Canadian Journal of  

Fisheries and Aquatic Sciences, 61, 466–475. 

78. Duursma, R. (2017). Nlshelper: Convenient Functions for Non-Linear Regression. 

79. Emlen, S., & Oring, L. (1977). Ecology, sexual selection, and the evolution of  mating systems. 

Science, 197, 215–223. 

80. Erisman, B. E., Craig, M. T., & Hastings, P. A. (2009). A Phylogenetic Test of  the Size-Advantage 

Model: Evolutionary Changes in Mating Behavior Influence the Loss of  Sex Change in a Fish 

Lineage. The American Naturalist, 174(3), E83–E99. https://doi.org/10.1086/603611 

BIBLIOGRAPHY !133

https://doi.org/10.1111/j.1439-0426.2009.01275.x


81. Erisman, B. E., & Hastings, P. A. (2011). Evolutionary Transitions in the Sexual Patterns of  Fishes: 

Insights from a Phylogenetic Analysis of  the Seabasses (Teleostei: Serranidae). Copeia, 2011(3), 

357–364. https://doi.org/10.1643/CG-10-086 

82. Erisman, B. E., Petersen, C. W., Hastings, P. A., & Warner, R. R. (2013). Phylogenetic perspectives 

on the evolution of  functional hermaphroditism in teleost fishes. Integrative and Comparative 

Biology, 53(4), 736–754. https://doi.org/10.1093/icb/ict077 

83. Erisman, B. E., Rosales-Casián, J. A., & Hastings, P. A. (2008). Evidence of  gonochorism in a 

grouper, Mycteroperca rosacea, from the Gulf  of  California, Mexico. Environmental Biology of  

Fishes, 82(1), 23–33. https://doi.org/10.1007/s10641-007-9246-1 

84. Estes, J. A., & Palmisano, J. F. (1974). Sea Otters: Their role in structuring nearshore communities. 

Science, 185(4156), 1058–1060. 

85. Estes, J. A., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond, W. J., … Wardle, D. A. 

(2011). Trophic Downgrading of  Planet Earth. Science, 333(6040), 301–306. https://doi.org/

10.1126/science.1205106 

86. Fausch, K. D., Nakano, S., & Kitano, S. (1997). Experimentally induced foraging mode shift by 

sympatric charrs in a Japanese mountain stream. Behavioural Ecology, 8(4), 414–420. 

87. Feary, D. A., Almany, G. R., Jones, G. P., & McCormick, M. I. (2007). Coral degradation and the 

structure of  tropical reef  fish communities. Marine Ecology Progress Series, 333, 243–248. 

88. Feary, D. A., Almany, G. R., McCormick, M. I., & Jones, G. P. (2007). Habitat choice, recruitment 

and the response of  coral reef  fishes to coral degradation. Oecologia, 153(3), 727–737. https://

doi.org/10.1007/s00442-007-0773-4 

89. Fisher, D. O., Blomberg, S. P., & Owens, I. P. F. (2003). Extrinsic versus intrinsic factors in the 

decline and extinction of  Australian marsupials. Proceedings of  the Royal Society B: Biological 

Sciences, 270(1526), 1801–1808. https://doi.org/10.1098/rspb.2003.2447 

90. Fisher, J. a D., Frank, K. T., Kostylev, V. E., Shackell, N. L., Horsman, T., & Hannah, C. G. (2011). 

Evaluating a habitat template model ’ s predictions of  marine fish diversity on the Scotian Shelf  

and Bay of  Fundy , Northwest Atlantic. ICES Journal of  Marine Science, 68(10), 2096–2105. 

https://doi.org/10.1093/icesjms/fsr147 

91. Floeter, S., Krohling, W., Gasparini, J., Ferreira, C., & Zalmon, I. (2007). Reef  fish community 

structure on coastal islands of  the southeastern Brazil: the influence of  exposure and benthic 

cover. Environmental Biology of  Fishes, 78, 147–160. 

92. Fortin, D., Beyer, H. L., Boyce, M. S., Smith, D. W., Duchesne, T., & Mao, J. S. (2005). Wolves 

influence elk movements: Behavior shapes a trophic cascade in Yellowstone National Park. 

Ecology, 86(5), 1320–1330. https://doi.org/10.1890/04-0953 

93. Fox, J. W. (2013). The intermediate disturbance hypothesis should be abandoned. Trends in 

Ecology and Evolution, 28(2), 86–92. https://doi.org/10.1016/j.tree.2012.08.014 

BIBLIOGRAPHY !134



94. Francis, R. I. C. C. (1988). Are Growth Parameters Estimated from Tagging and Age–Length Data 

Comparable? Canadian Journal of  Fisheries and Aquatic Sciences, 45, 936–942. https://doi.org/

10.1139/f88-115 

95. Frazer, T., Portier, K., Vose, F., Loftin, J., Murie, D., Mason, D., … Hart, M. (2006). Density-

dependent habitat selection and performance by a large mobile reef  fish. Ecological Applications, 

16, 731–746. 

96. Friedlander, A. M., & Parrish, J. . (1998). Habitat characteristics affecting fish assemblages on a 

Hawaiian coral reef. Journal of  Experimental Marine Biology and Ecology, 224, 1–30. 

97. Froese, R., & Pauly, D. (1998). FishBase. Retrieved February 8, 2012, from www.fishbase.org 

98. Fulton, E. A. (2011). Interesting times: Winners, losers, and system shifts under climate change 

around Australia. ICES Journal of  Marine Science, 68(6), 1329–1342. https://doi.org/10.1093/

icesjms/fsr032 

99. Gallagher, A. J., Hammerschlag, N., Cooke, S. J., Costa, D. P., & Irschick, D. J. (2015). Evolutionary 

theory as a tool for predicting extinction risk. Trends in Ecology and Evolution, 30(2), 61–65. 

https://doi.org/10.1016/j.tree.2014.12.001 

100.Gallagher, A. J., Hammerschlag, N., Shiffman, D. S., & Giery, S. T. (2014). Evolved for extinction: 

The cost and conservation implications of  specialization in hammerhead sharks. BioScience, 64(7), 

619–624. https://doi.org/10.1093/biosci/biu071 

101.Garpe, K. C., Yahya, S. A. S., Lindahl, U., Ohman, M. C., & Öhman, M. (2006). Long-term effects 

of  the 1998 coral bleaching event on reef  fish assemblages. Marine Ecology Progress Series, 315, 

237–247. https://doi.org/10.3354/meps315237 

102.1Gherardi, F. (2013). Integrating animal behavior and conservation biology: a case study of  

invasive crayfish. Integrative and Comparative Biology (Vol. 53). Journals Dept, 2001 Evans Rd, 

Cary, Nc 27513 USa: Oxford University Press. 

103.Goeden, G. (1982b). Intensive fishing and a “‘keystone’” predator species: Ingredients for 

community instability. Biological Conservation, 22, 273–281. 

104.Goldstein, R. M., & Meador, M. R. (2005). Multilevel Assessment of  Fish Species Traits to 

Evaluate Habitat Degradation in Streams of  the Upper Midwest. North American Journal of  

Fisheries Management, 25(1), 180–194. https://doi.org/10.1577/M04-042.1 

105.Gotthard, K. (2000). Increased risk of  predation as a cost of  high growth rate: an experimental test 

in a butterfly. Journal of  Animal Ecology, 69(5), 896–902. https://doi.org/10.1046/j.

1365-2656.2000.00432.x 

106.Graham, N. A. J., Cinner, J. E., Norström, A. V., & Nyström, M. (2014). Coral reefs as novel 

ecosystems: Embracing new futures. Current Opinion in Environmental Sustainability, 7, 9–14. 

107. Graham, N. A. J., & Nash, K. L. (2013). The importance of  structural complexity in coral reef  

ecosystems. Coral Reefs, 32(2), 315–326. https://doi.org/10.1007/s00338-012-0984-y 

BIBLIOGRAPHY !135



108.Graham, N., Nash, K., & Kool, J. (2011). Coral reef  recovery dynamics in a changing world. Coral 

Reefs, 30, 283–294. https://doi.org/10.1007/s00338-010-0717-z 

109. Grandcourt, E. M. (2005). Demographic characteristics of  selected epinepheline groupers (family: 

Serranidae; subfamily: Epinephelinae) from Aldabra Atoll, Seychelles. Atoll Research Bulletin, 593, 

200–216. https://doi.org/10.5479/si.00775630.539.199 

110. Gross, M. (1984). Sun fish, salmon, and the evolution of  alternative reproductive strategies and 

tactics in fishes. In R. Wooton & G. Potts (Eds.), Fish reproduction: strategies and tactics (pp. 55–

75). London: Academic Press. 

111. Gust, N. (2002). Scarid biomass on the northern Great Barrier Reef: the influence of  exposure, 

depth and substrata. Environmental Biology of  Fishes, 64, 353–366. 

112.Gust, N., Choat, J. H., & Ackerman, J. L. (2002). Demographic plasticity in tropical reef  fishes. 

Marine Biology, 140(5), 1039–1051. https://doi.org/10.1007/s00227-001-0773-6 

113. Halford, A., Cheal, A., Ryan, D., & Williams, D. (2004). Resilience to large-scale disturbance in 

coral and fish assemblages on the Great Barrier Reef. Ecology, 85, 1892–1905. 

114. Hamilton, R., Giningele, M., Aswani, S., & Ecochard, J. (2012). Fishing in the dark-local 

knowledge, night spear fishing and spawning aggregations in the Western Solomon Islands. 

Biological Conservation, 145, 246–57. 

115. Hamilton, R., Potuku, T., & Montambault, J. (2011). Community-based conservation results in the 

recovery of  reef  fish spawning aggregations in the Coral Triangle. Biological Conservation. 

2011;144:1850–8. 57.  

116. Harari, A., Handler, A., & Landolt, P. (1999). Size-assortative mating, male choice and female 

choice in the curculionid beetle Diaprepes abbreviatus. Animal Behaviour, 58, 1191–1200. 

117. Harmelin-Vivien, M. L., & Bouchon, C. (1976). Feeding behavior of  some carnivorous fishes 

(Serranidae and Scorpaenidae) from Tulear (Madagascar). Marine Biology, 37(4), 329–340. 

118. Harmelin, J., & Harmelin-Vivien, M. (1999). A review on habitat, diet and growth of  the dusky 

grouper Epinephelus marginatus (Lowe, 1834). Marine Life, 9, 11–20. 

119. Harrell, F. (2015). Regression modeling strategies: with applications to linear models, logistic and 

ordinal regression, and survival analysis. (2nd ed.). Switzerland: Springer International Publishing. 

120. Heithaus, M., Alejandro, F., Wirsing, A., & Worm, B. (2008). Predicting ecological consequences 

of  marine top predator declines. Trends in Ecology & Evolution, 23, 202–210. 

121. Helfman, G. S. (1990). Mode selection and mode switching in foraging animals. Advances in the 

Study of  Behavior, 19, 249–298. 

122. Hempson, T. N., Graham, N. A. J., MacNeil, M. A., Williamson, D. H., Jones, G. P., & Almany, G. 

R. (2017). Coral reef  mesopredators switch prey, shortening food chains, in response to habitat 

degradation. Ecology and Evolution, 7(8), 2626–2635. https://doi.org/10.1002/ece3.2805 

BIBLIOGRAPHY !136



123. Hendry, A. P., Farrugia, T. J., & Kinnison, M. T. (2008). Human influences on rates of  phenotypic 

change in wild animal populations. Molecular Ecology, 17(1), 20–29. https://doi.org/10.1111/j.

1365-294X.2007.03428.x 

124. Henson, S., & Warner, R. (1997). Male and female alternative reproductive behaviours in fishes: a 

new approach using intersexual dynamics. Annual Review of  Ecology and Systematics, 28, 571–

592. 

125. Heron, S. F., Maynard, J. A., Van Hooidonk, R., & Eakin, C. M. (2016). Warming Trends and 

Bleaching Stress of  the World’s Coral Reefs 1985-2012. Scientific Reports, 6, 1–14. 

126. Hixon, M., & Beets, J. (1993). Predation, prey refuges and the structure of  coral-reef  fish 

assemblages. Ecol Monogr 63:77–101. Ecological Monographs, 63, 77–101. 

127. Hoegh-Guldberg, O., Mumby, P., Hooten, A., Steneck, R., Greenfield, P., Gomez, E., … Hatziolos, 

M. (2007). Coral reefs under rapid climate change and ocean acidification. Science, 318, 1737–1742. 

128. Hornell, J. (1910). Report on the results of  a fishery cruise along the Malabar Coast and the 

Laccadive Islands in 1908. Madras Fisheries Bulletin, 4, 71–126. 

129. Howard, R., Martens, R., Innis, S., Drnevich, J., & Hale, J. (1998). Mate choice and mate 

competition in influence male body size in Japanese medaka. Animal Behaviour. 1998;55:1151–63. 

Animal Behaviour, 55, 1151–1163. 

130. Huey, R. B., & Pianka, E. R. (1981). (1981). Ecological consequences of  foraging mode. Ecology, 

62, 991e999. Ecology, 62, 991–999. 

131. Hughes, T. P., Barnes, M. L., Bellwood, D. R., Cinner, J. E., Cumming, G. S., Jackson, J. B. C., … 

Scheffer, M. (2017). Coral reefs in the Anthropocene. Nature, 546(7656), 82–90. https://doi.org/

10.1038/nature22901 

132. Hughes, T. P., Rodrigues, M. J., Bellwood, D. R., Ceccarelli, D., Hoegh-Guldberg, O., McCook, L., 

… Willis, B. (2007). Phase Shifts, Herbivory, and the Resilience of  Coral Reefs to Climate Change. 

Current Biology, 17(4), 360–365. https://doi.org/10.1016/j.cub.2006.12.049 

133. Irschick, D., Dyer, L., & Sherry, T. (2005). Phylogenetic methodologies for studying specialization. 

Oikos, 110, 404–408. 

134. Jaini, M., Advani, S., Shanker, K., Oommen, M., & Namboothri, N. (2017). Worlds apart: How 

history, culture, infrastructure and export markets shape fisheries and reef  accessibility in India’s 

oceanic islands. Environmental Conservation, IN PRESS. https://doi.org/10.1017/

S037689291700042X 

135. James, P., & Heck, K. (1994). The effects of  structural complexity and light in- tensity on ambush 

predation in a simulated seagrass habitat. Journal of  Experimental Marine Biology and Ecology, 

176, 187–200. 

136. James, P., Pillai, C., Pillai, P., Livingston, P., & Mohan M. (1986). Marine fisheries research in 

Lakshadweep - a historical resume. Marine Fisheries Information Service, 68, 7–9. 

BIBLIOGRAPHY !137



137. Jennings, B. J., Ozanne, S. E., & Hales, C. N. (2000). Nutrition, Oxidative Damage, Telomere 

Shortening, and Cellular Senescence: Individual or Connected Agents of  Aging? Molecular 

Genetics and Metabolism, 71(1–2), 32–42. https://doi.org/10.1006/mgme.2000.3077 

138. Jennions, M., & Petrie, M. (1997). Variation in mate choice and mating preferences: a review of  

causes and consequences. Biological Reviews, 72, 283–327. 

139. Jiang, L., & Morin, P. J. (2004). Temperature-dependent interactions explain unexpected responses 

to environmental warming in communities of  competitors. Journal of  Animal Ecology, 73(3), 569–

576. https://doi.org/10.1111/j 0021-8790.2004.00830.x 

140. Jiang, Y., Bolnick, D., & Kirkpatrick, M. (2013). Assortative mating in animals. Am Nat. 

2013;181:125–38. Americal Naturalist, 181, 125–138. 

141. Johannes, R. (1978). Reproductive strategies of  coastal marine fishes in the tropics. Environmental 

Biology of  Fishes, 3, 65–84. 

142. Johannes, R. (1988). Spawning aggregation of  the grouper, Plectropomus areolatus (Ruppel) in the 

Solomon Islands. p.751–55. 

143. Johannes, R., Squire, L., Graham, T., Sadovy, Y., & Renguul H. (1999). Spawning aggregations of  

groupers (Serranidae) in Palau. Arlington: Marine Conservation Research Series Publication #1. 

144. Jones, S., & Kumaran, M. (1959). The fishing industry of  Minicoy Island with special reference to 

the tuna fishery. Indian Journal of  Fisheries, 6, 30–57. 

145. Julliard, R., Jiguet, F., & Couvet, D. (2004). Common birds facing global changes: What makes a 

species at risk? Global Change Biology, 10, 148–154. 

146. Karkarey, R., Alcoverro, T., Kumar, S., & Arthur, R. (2017). Coping with catastrophe: foraging 

plasticity enables a benthic predator to survive in rapidly degrading coral reefs. Animal Behaviour, 

131. https://doi.org/10.1016/j.anbehav.2017.07.010 

147. Karkarey, R., Kelkar, N., Lobo, A. S., Alcoverro, T., & Arthur, R. (2014). Long-lived groupers 

require structurally stable reefs in the face of  repeated climate change disturbances. Coral Reefs, 

33(2), 289–302. https://doi.org/10.1007/s00338-013-1117-y 

148. Karkarey, R., Zambre, A., Isvaran, K., & Arthur, R. (2017). Alternative reproductive tactics and 

inverse size-assortment in a high-density fish spawning aggregation. BMC Ecology, 17(1), 10. 

https://doi.org/10.1186/s12898-017-0120-5 

149. Kerry, J., & Bellwood, D. (2012). (2012) The effect of  coral morphology on shelter selection by 

coral reef  fishes. Coral Reefs 31:415–424. Coral Reefs, 31, 415–424. 

150. Kerry, J., & Bellwood, D. (2016). Competition for shelter in a high-diversity system: Structure use 

by large reef  fishes. Coral Reefs, 35(1), 245–252. 

151. Kittle, A. M., Anderson, M., Avgar, T., Baker, J. A., Brown, G. S., Hagens, J., … Fryxell, J. (2015). 

Wolves adapt territory size, not pack size to local habitat quality. Journal of  Animal Ecology, 84(5), 

1177–1186. https://doi.org/10.1111/1365-2656.12366 

BIBLIOGRAPHY !138

https://doi.org/10.1111/j


152. Kokko, H., & Rankin, D. (2006). Lonely hearts or sex in the city? Density-dependent effects in 

mating systems. Philosophical Transactions of  the Royal Society B: Biological Sciences, 361, 319–

334. 

153. Kruuk, H. (2002). Hunter and Hunted: Relationships between carnivores and people. Cambridge, 

UK: Oxford University Press. 

154. Landres, P. B., Morgan, P., & Swanson, F. J. (1999). Overview of  the use of  natural variability 

concepts in managing ecological systems. Ecological Applications, 9(4), 1179–1188. https://

doi.org/10.2307/2641389 

155. Layman, C., Quattrochi, J., Peyer, C., & Allgeier, J. (2007). Niche width collapse in a resilient top 

predator following ecosystem fragmentation. Ecology Letters, 10(10), 937–944. 

156. LeRoy Poff, N., & Ward, J. (1990). Physical habitat template of  lotic systems: recovery in the 

context of  historical pattern of  spatiotemporal heterogeneity. Environmental Management, 14(5), 

629–645. 

157. Levin, S. A., & Paine, R. T. (1974). Disturbance, Patch Formation, and Community Structure. 

Proceedings of  the National Academy of  Sciences, 71(7), 2744–2747. Retrieved from http://

www.pnas.org/content/71/7/2744.full.pdf  

158. Lieske, E., & Myers, R. (2002). Coral reef  fishes: Caribbean, Indian Ocean and Pacific Ocean 

Including the Red Sea (Revised Ed). Princeton, New Jersey: Princeton University Press. 

159. Lindberg, W. J., Frazer, T. K., Portier, K. M., Vose, F., Loftin, J., Murie, D. J., … Hart, M. K. (2006). 

Density-dependent habitat selection and performance by a large mobile reef  fish. Ecological 

Applications : A Publication of  the Ecological Society of  America, 16(2), 731–746. https://doi.org/

10.1890/1051-0761(2006)016[0731:DHSAPB]2.0.CO;2 

160. Lindenfors, P., Gittleman, J., & Jones, K. (2007). Sexual size dimorphism in mammals. In D. 

Fairbairn & W. Blanckenhorn (Eds.), Sex, size and gender roles: evolutionary studies of  sexual size 

dimorphism (pp. 16–26). New York: Oxford University Press. 

161. Liu, M., & Choat, J. (2012). Cephalopholis argus. IUCN. 

162. Liu, M., & Sadovy, Y. (2004). The influence of  social factors on adult sex change and juvenile 

sexual differentiation in a diandric, protogynous, epinepheline, Cephalopholis boenak (Pisces, 

Serranidae). Journal of  Zoology, 264, 239–48. 

163. Lowry, H., Lill, A., & Wong, B. B. M. (2013). Behavioural responses of  wildlife to urban 

environments. Biological Reviews, 88(3), 537–549. https://doi.org/10.1111/brv.12012 

164. Luckhurst, B., & Luckhurst, K. (1978). Analysis of  influence of  substrate variables on coral-reef  

fish communities. Marine Biology, 49, 317–323. 

165. MacArthur, R., & MacArthur, J. (1961). On bird species diversity. Ecology, 42, 594–598. 

166. Mackey, R. L., & Currie, D. J. (2001). The diversity-disturbance relationship: Is it generally strong 

and peaked? Ecology, 82(12), 3479–3492. https://doi.org/10.2307/2680166 

BIBLIOGRAPHY !139



167. Maddox, T. (2003). The ecology of  cheetahs and other large carnivores in a pastoralist- dominated 

buffer zone (Ph.D. thesis). University College, London. 

168. Madin, J., & Connolly, S. (2006). Ecological consequences of  major hydrodynamic disturbances on 

coral reefs. Nature, 444, 477–480. 

169. Manenti, R., Denoël, M., & Ficetola, G. F. (2013). Foraging plasticity favours adaptation to new 

habitats in fire salamanders. Animal Behaviour, 86(2), 375–382. https://doi.org/10.1016/j.anbehav.

2013.05.028 

170. Marvier, M., Kareiva, P., & Neubert, M. (2004). Habitat destruction, fragmentation, and 

disturbance promote invasion by habitat generalists in a multispecies metapopulation. Risk 

Analysis, 24(4), 869–878. 

171. Matthiopoulos, J., Harwood, J., & Thomas, L. (2005). Metapopulation consequences of  site fidelity 

for colonially breeding mammals and birds. Journal of  Animal Ecology, 74, 716–727. 

172. McClanahan, T. (2011). Coral reef  fish communities in management systems with unregulated 

fishing and small fisheries closures compared with lightly fished reefs–Maldives vs. Kenya. Aquatic 

Conservation: Marine and Freshwater Ecosystems, 21, 186–198. 

173. McClanahan, T., Ateweberhan, M., Graham, N., Wilson, S., Sebastian, C., Guillaume, M., & 

Bruggemann, J. (2007). Western Indian Ocean coral communities: bleaching responses and 

susceptibility to extinction. Marine Ecology Progress Series, 337, 1–13. 

174. McClanahan, T., & Muthiga, N. (1988). Changes in Kenyan coral reef  community structure and 

function due to exploitation. Hydrobiologia, 166(3), 269–276. 

175. McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding community ecology from 

functional traits. Trends in Ecology and Evolution, 21(4), 178–185. https://doi.org/10.1016/j.tree.

2006.02.002 

176. McKinney, M. L., & Lockwood, J. L. (1999). Biotic homogenization: A few winners replacing 

many losers in the next mass extinction. Trends in Ecology and Evolution, 14(11), 450–453. 

https://doi.org/10.1016/S0169-5347(99)01679-1 

177. Mery, F., & Burns, J. G. (2010). Behavioural plasticity: An interaction between evolution and 

experience. Evolutionary Ecology, 24(3), 571–583. https://doi.org/10.1007/s10682-009-9336-y 

178. Metcalfe, N., & Monaghan, P. (2001). Compensation for a Bad Start: Grow Now, Pay Later?”. 

Ecology and Evolution, 16(5), 254–260. 

179. Meyer, A. (2008). An ecological comparison of  Cephalopholis argus between native and introduced 

populations. University of  Hawai’i. 

180. Meyer, A. L., & Dierking, J. (2011). Elevated size and body condition and altered feeding ecology 

of  the grouper Cephalopholis argus in non-native habitats. Marine Ecology Progress Series, 439, 202–

212. https://doi.org/10.3354/meps09338 

BIBLIOGRAPHY !140



181. Michel, M., & Adams, M. (2009). Differential effects of  structural complexity on predator foraging 

behavior. Behavioural Ecology, 20(3), 313–317. 

182. Miller, A. D., Roxburgh, S. H., & Shea, K. (2011). How frequency and intensity shape diversity-

disturbance relationships. Proceedings of  the National Academy of  Sciences, 108(14), 5643–5648. 

https://doi.org/10.1073/pnas.1018594108 

183. Mills, S., & Reynolds, J. (2003). Operational sex ratio and alternative reproductive behaviours in the 

European bitterling, Rhodeus sericeus. Behavioral Ecology and Sociobiology, 54, 98–104. 

184. Mims, M. C., & Olden, J. D. (2013). Fish assemblages respond to altered flow regimes via 

ecological filtering of  life history strategies. Freshwater Biology, 58(1), 50–62. https://doi.org/

10.1111/fwb.12037 

185. Mittelbach, G. G., Osenberg, C. W., & Leibold, M. A. (1988). Trophic relations and ontogenetic 

niche shifts in aquatic ecosystems. In B. Ebenman & L. Persson (Eds.), Size-structured populations 

(pp. 219–233). Berlin: Germany: Springer- Verlag. 

186. Molloy, P., Goodwin, N., Côté, I., Reynolds, J., & Gage, M. (2007). Sperm competition and sex 

change: a comparative analysis across fishes. Evolution, 61, 640–652. 

187. Mumby, P. J. (2017). Embracing a world of  subtlety and nuance on coral reefs. Coral Reefs, 36(3), 

1003–1011. https://doi.org/10.1007/s00338-017-1591-8 

188. Mumby, P. J., Dahlgren, C. ., Harborne, A. ., Kappel, C. ., Micheli, F., Brumbaugh, D. R., … Gill, 

A. . (2006). Fishing, Trophic Cascades, and the Process of  Grazing on Coral Reefs. Science, 

311(5757), 98–101. https://doi.org/10.1126/science.1121129 

189. Mumby, P. J., & Wabnitz, C. C. (2002). Spatial patterns of  aggression, territory size, and harem size 

in five sympatric Caribbean parrotfish species. Environmental Biology of  Fishes, 63(3), 265–279. 

190. Munday, P. L. (2004). Habitat loss, resource specialisation, and extinction on coral reefs. Global 

Change Biology, 10, 1642–1647. 

191. Munday, P. L., Buston, P. M., & Warner, R. R. (2006). Diversity and flexibility of  sex-change 

strategies in animals. Trends in Ecology and Evolution, 21(2), 89–95. https://doi.org/10.1016/

j.tree.2005.10.020 

192. Myers, A., & Worm, B. (2003). Rapid worldwide depletion of  predatory fish communities. Nature, 

423, 280–283. 

193. National Health and Medical Research Council. (2008). Guidelines to promote the wellbeing of  

animals used for scientific purposes : the assessment and alleviation of  pain and distress in research 

animals, 1–189. https://doi.org/10.1037/e513122012-001 

194. Newton, K., Coˆte ́, I., Pilling, G., Jennings, S., & Dulvy, N. (2007). Current and future 

sustainability of  island coral reef  fisheries. Current Biology, 17, 655–658. 

195. Obura, D., & Grimsdith, G. (2009). Resilience assessment of  coral reefs- Assessment protocol for 

coral reefs, focusing on coral bleaching and thermal stress. Gland, Switzerland. 

BIBLIOGRAPHY !141



196. Olden, J. D., LeRoy Poff, N., Douglas, M. R., Douglas, M. E., & Fausch, K. D. (2004). Ecological 

and evolutionary consequences of  biotic homogenization. Trends in Ecology & Evolution, 19(1), 

18–24. https://doi.org/10.1016/j.tree.2003.09.010 

197. Oliveira, R., Taborsky, M., & Brockmann, H. (2008). Alternative reproductive tactics: an integrative 

approach (1st Edition). New York: Cambridge University Press.  

198. Paine, R., Tegner, M., & Johnson, E. (1998). Compounded perturbations yield ecological surprises. 

Ecosystems, 1, 535–545. 

199. Palumbi, S. (2007). Humans as the World’s Greatest Evolutionary Force. Science, 293(5536), 1786–

1790. 

200. Pandolfi, J., Bradbury, R., Sala, E., Hughes, T., Bjorndal, K., Cooke, R., … Jackson, J. (2003). 

Global trajectories of  the long- term decline of  coral reef  ecosystems. Science, 301, 955–959. 

201. Parmesan, C. (2006). Ecological and Evolutionary Responses to Recent Climate Change. Annual 

Review of  Ecology, Evolution, and Systematics, 37(1), 637–669. https://doi.org/10.1146/

annurev.ecolsys.37.091305.110100 

202. Pauly, D. (1995). Anecdotes and the shifting baseline syndrome of  fisheries. Trends in Ecology & 

Evolution, 10(10), 430. https://doi.org/10.1016/S0169-5347(00)89171-5 

203. Pears, R., Choat, H., Mapstone, B., & Begg, G. (2006). Demography of  a large grouper, Epinephelus 

fuscoguttatus from Australia’s Great Barrier Reef: implications for fishery management. Marine 

Ecology Progress Series, 307, 259–272. 

204. Pears, R. J. (2005). Comparative demography and assemblage structure of  serranid fishes : 
implications for conservation and fisheries management, (October), 195. 

205. Perry, G., & Pianka, E. R. (1997). Animal foraging: Past, present and future. Trends in Ecology & 

Evolution, 12(9), 358–364. 

206. Pet, J., Mous, P., Muljadi, A., Sadovy, Y., & Squire, L. (2005). Aggregations of  Plectropomus areolatus 

and Epinephelus fuscoguttatus (groupers, Serranidae) in the Komodo National Park, Indonesia: 

monitoring and implications for management. Environmental Biology of  Fishes, 74:209–18. 

207. Peters, R. L., & Lovejoy, T. E. (1992). Global warming and biological diversity. New Haven, CT: 

Yale University Press. 

208. Petersen, C. (1990). The relationship among population density, individual size, mating tactics and 

reproductive success in a hermaphroditic fish, Serranus fasciatus. Behaviour, 113, 57–80. 

209. Petersen, C. (1991). Variation in fertilization rate in the tropical reef  fish, Halichoeres bivattatus: 

correlates and implications. The Biological Bulletin, 181, 232–237. 

210. Petersen, C., Warner, R., Cohen, S., Hess, H., & Sewell, A. (1992). Variable pelagic fertilization 

success: implications for mate choice and spatial patterns of  mating. Ecology, 73, 391–401. 

211. Petren, K., & Case, T. J. (1998). Habitat structure determines competition intensity and invasion 

success in gecko lizards. Proceedings of  the National Academy of  Sciences, 95(20), 11739–11744. 

BIBLIOGRAPHY !142



212. Pichegru, L., Ryan, P. J., Crawford, R. J. M., VanderLingen, C. D., & Grémillet, D. (2010). 

Behavioural inertia places a top marine predator at risk from environmental change in the Benguela 

upwelling system. Marine Biology, 157, 537–544. 

213. Pigliucci, M., Murren, C. J., & Schlichting, C. . (2006). Phenotypic plasticity and evolution by 

genetic assimilation. Journal of  Experimental Biology, 209(12), 2362–2367. https://doi.org/

10.1242/jeb.02070 

214. Pike, T. W., Blount, J. D., Bjerkeng, B., Lindstrom, J., & Metcalfe, N. B. (2007). Carotenoids, 

oxidative stress and female mating preference for longer lived males. Proceedings of  the Royal 

Society B: Biological Sciences, 274(1618), 1591–1596. https://doi.org/10.1098/rspb.2007.0317 

215. Pillai, P., Kumaran, M., Pillai, C., Mohan, M., Gopakumar, G., Livingston, P., & Srinath, M. (1986). 

Exploited and potential resources of  live-bait fishes of  Lakshadweep. Marine Fisheries 

Information Service, 68, 25–32. 

216. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & Core Team, R. (2017). nlme: Linear and Nonlinear 

Mixed Effects Models. Retrieved from https://cran.r-project.org/package=nlme 

217. Pinnegar, K., Polunin, N. V. C., Francour, P., Badalamenti, F., Chemello, R., Harmelin-Vivien, M. 

L., … Pipitone, C. (2000). Trophic cascades in benthic marine ecosystems: lessons for fisheries and 

protected-area management. Environmental Conservation, 27(2), S0376892900000205. https://

doi.org/10.1017/S0376892900000205 

218. Post, D. M. (2002). Using stable isotopes to estimate trophic position: Models, methods, and 

assumptions. Ecology, 83(3), 703–718. 

219. Prange, S., Gehrt, S. D., & Wiggers, E. P. (2004). Influences of  anthropogenic re- sources on 

raccoon (Procyon lotor) movements and spatial distribution. Journal of  Mammalogy, 85, 483–490. 

220. Pratchett, M. S., Munday, P. L., Wilson, S. K., Graham, N. A. J., Cinner, J. E., Bellwood, D. R., … 

Mcclanahan, T. R. (2008). Effect of  climate-induced coral bleaching on coral reef  fishes - 

Ecological and Economic consequences. An Annual Review, 46, 251–296. 

221.Price, T. D., Qvarnstrom, A., & Irwin, D. E. (2003). The role of  phenotypic plasticity in driving 

genetic evolution. Proceedings of  the Royal Society B: Biological Sciences, 270(1523), 1433–1440. 

https://doi.org/10.1098/rspb.2003.2372 

222. Purvis, A., Gittleman, J. L., Cowlishaw, G., & Mace, G. M. (2000). Predicting extinction risk in 

declining species. Proceedings of  the Royal Society B: Biological Sciences, 267(1456), 1947–1952. 

223. Ray, J., Redford, K., Steneck, R., & Berger, J. (2005). Large carnivores and the conservation of  

biodiversity (2005th ed.). Washington Dc: Island Press. 

224. Reichard, M., Jurajda, P., & Smith, C. (2004). Male-male interference competition decreases 

spawning rate in the European bitterling (Rhodeus sericeus). Behavioural Ecology and Sociobiology, 

56, 34–41. 

BIBLIOGRAPHY !143



225. Rhodes, K., Nemeth, R., Kadison, E., & Joseph, E. (2014). Spatial, temporal, and environmental 

dynamics of  a multi-species epinephelid spawning aggregation in Pohnpei, Micronesia. Coral Reefs, 

33, 765–775. 

226. Rhodes, K., & Sadovy, Y. (2002). Temporal and spatial trends in spawning aggregations of  

camouflage grouper, Epinephelus polyphekadion, in Pohnpei, Micronesia. Environmental Biology of  

Fishes, 63, 27–39. 

227. Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., & Pigliucci, M. (2006). Jack of  all trades, 

master of  some? On the role of  phenotypic plasticity in plant invasions. Ecology Letters, 9(8), 

981–993. https://doi.org/10.1111/j.1461-0248.2006.00950.x 

228. Richardson, L. E., Graham, N. A. J., Pratchett, M. S., & Hoey, A. S. (2017). Structural complexity 

mediates functional structure of  reef  fish assemblages among coral habitats. Environmental 

Biology of  Fishes, 100(3), 193–207. https://doi.org/10.1007/s10641-016-0571-0 

229. Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., Hebblewhite, M., … 

Wirsing, A. J. (2014). Status and Ecological Effects of  the World’s Largest Carnivores. Science, 

343(6167), 1241484–1241484. https://doi.org/10.1126/science.1241484 

230. Ritchie, E. G., & Johnson, C. N. (2009). Predator interactions, mesopredator release and 

biodiversity conservation. Ecology Letters, 12(9), 982–998. https://doi.org/10.1111/j.

1461-0248.2009.01347.x 

231. Ritchie, M. (2002). Competition and coexistence of  mobile animals. In U. Sommer & B. Worm 

(Eds.), Competition and coexistence (pp. 109–113). Heidelberg, Germany: Springer. 

232. Roberts, C. M., & Hawkins, J. P. (1999). Extinction risk in the sea. Trends in Ecology & Evolution, 

14(6), 241–246. 

233. Roff, D. A. (1983). An Allocation Model of  Growth and Reproduction in Fish. Canadian Journal 

of  Fisheries and Aquatic Sciences, 40(9), 1395–1404. https://doi.org/10.1139/f83-161 

234. Roff, G., Doropoulos, C., Rogers, A., Bozec, Y. M., Krueck, N. C., Aurellado, E., … Mumby, P. J. 

(2016). The Ecological Role of  Sharks on Coral Reefs. Trends in Ecology and Evolution, 31(5), 

395–407. https://doi.org/10.1016/j.tree.2016.02.014 

235. Rooney, T. P., Olden, J. D., Leach, M. K., & Rogers, D. A. (2007). Biotic homogenization and 

conservation prioritization. Biological Conservation, 134(3), 447–450. https://doi.org/10.1016/

j.biocon.2006.07.008 

236. Rosenzweig, M. L. (1995). Species diversity in space and time. Cambridge, UK: Cambridge 

University Press. 

237. Roth, B., Slinde, E., & Robb, D. H. (2007). Percussive stunning of  Atlantic salmon (Salmo salar) and 

the relation between force and stunning. Aquatic Engineering, 36(2), 192–197. 

238. Rowe, S., & Hutchings, J. (2003). Mating systems and the conservation of  commercially exploited 

marine Fish. Trends in Ecology & Evolution, 18, 567–572. 

BIBLIOGRAPHY !144



239. Russ, G., & Alcala, A. (1998). Natural fishing experiments in marine reserves 1983-1993: roles of  

life history and fishing intensity in family responses. Coral Reefs, 17(4), 399–416. 

240. Russell, M., & Muller, L. (n.d.). SCRFA Fish Aggregation Database. Spawning aggregation 

database by Science and Conservation of  Fish Aggregations. Retrieved June 1, 2015, from http://

www.scrfa.org/database 

241. Sabetian, A. (2003). The association of  physical and environmental factors with abundance and 

distribution patterns of  groupers around Kolombangara Island, Solomon Islands. Environmental 

Biology of  Fishes, 68, 93–99. 

242. Samoilys, M. (1997). Movement in a large predatory fish: coral trout, Plectropomus leopardus (Pisces: 

Serranidae), on Heron Reef, Australia. Coral Reefs, 16, 151–158. 

243. Samoilys, M. A., & Carlos, G. (2000). Determining methods of  underwater visual census for 

estimating the abundance of  coral reef  fishes. Environmental Biology of  Fishes, 57(3), 289–304. 

244. Sano, M. (2000). Stability of  reef  fish assemblages: responses to coral recovery after catastrophic 

predation by Acanthaster planci. Marine Ecology Progress Series, 198, 121–130. 

245. Sattar, S., Najeeb, A., Afzal, M., Islam, F., & Wood, E. (2011). Review of  the Maldivian grouper 

fishery and export industry. UK. 

246. Scharf, F. S., Buckel, J. A., Juanes, F., & Conover, D. O. (1997). Estimating piscine prey size from 

partial remains: Testing for shifts in foraging mode by juvenile bluefish. Environmental Biology of  

Fishes, 49, 377–388. 

247. Schemmel, E. M., Donovan, M. K., Wiggins, C., Anzivino, M., & Friedlander, A. M. (2016). 

Reproductive life history of  the introduced peacock grouper Cephalopholis argus in Hawaii. Journal 

of  Fish Biology, 89(2), 1271–1284. https://doi.org/10.1111/jfb.13036 

248. Sergio, F., Caro, T., Brown, D., Clucas, B., Hunter, J., Ketchum, J., … Hiraldo, F. (2008). Top 

Predators as Conservation Tools: Ecological Rationale, Assumptions, and Efficacy. Annual Review 

of  Ecology, Evolution, and Systematics, 39(1), 1–19. https://doi.org/10.1146/annurev.ecolsys.

39.110707.173545 

249. Shanker, D., Vinayachandran, P., Unnikrishnan, A., & Shetye, A. (2001). The monsoon currents in 

the north Indian Ocean. Progress in Oceanography, 52, 63–119. 

250. Sheppard CRC, Harris A, S. A. (2008). Archipelago-wide coral recovery patterns since 1998 in the 

Chagos Archipelago, central Indian Ocean. Marine Ecology Progress Series, 362, 109–117. 

251. Shibuno, T., Nakamura, Y., Horinouchi, M., & Sano, M. (2008). Habitat use patterns of  fishes 

across the mangrove-seagrass-coral reef  sea- scape at Ishigaki Atoll, southern Japan. Ichtyological 

Research, 55, 218–237. 

252. Shpigel, M., & Fishelson, L. (1989). Food habits and prey selection of  three species of  groupers 

from the genus Cephalopholis (Serranidae: Teleostei). Environmental Biology of  Fishes, 24, 67–73. 

BIBLIOGRAPHY !145



253. Shpigel, M., & Fishelson, L. (1999). Territoriality and associated behvaiour in three species of  the 

genus Cephalopholis (Pisces: Serranidae) in the Gulf  of  Aquba, Red Sea. Journal of  Fish Biology, 

38, 887–896. https://doi.org/10.1111/j.1095-8649.1991.tb03628.x 

254. Shuster, S. (2009). Sexual selection and mating systems. Proceedings of  the National Academy of  

Sciences, 10009–10016. 

255. Shuster, S., & Wade, M. (2003). Mating systems and strategies (1st ed.). New Jersey: Princeton 

University Press. 

256. Siddiquie, H. (1980). The ages of  the storm beaches of  the Lakshadweep (Laccadives). Marine 

Geology, 38, 11–20. 

257. Sih, A. (2013). Understanding variation in behavioural responses to human-induced rapid 

environmental change: A conceptual overview. Animal Behaviour, 85(5), 1077–1088. https://

doi.org/10.1016/j.anbehav.2013.02.017 

258. Sih, A., Ferrari, M. C. O., & Harris, D. J. (2011). Evolution and behavioural responses to human-

induced rapid environmental change. Evolutionary Applications, 4(2), 367–387. https://doi.org/

10.1111/j.1752-4571.2010.00166.x 

259. Sih, A., Stamps, J., Yang, L. H., McElreath, R., & Ramenofsky, M. (2010). Behavior as a key 

component of  integrative biology in a human-altered world. Integrative and Comparative Biology, 

50(6), 934–944. https://doi.org/10.1093/icb/icq148 

260. Slobodkin, L. B. (1964). The strategy of  evolution. American Scientist,. American Scientist, 52(3), 

342–357. 

261. Sluka, R. (2000). Grouper and napoleon wrasse ecology in Laamu atoll, republic of  Maldives: part 

1. Habitat, behavior, and movement patterns. Atoll Research Bulletin, 491, 1–26. 

262. Sluka, R., & Reichenbach, N. (1996). The density and diversity of  groupers at two sites in the 

Republic of  Maldives. Atoll Research Bulletin, 438, 1–16. 

263. Snell-Rood, E. C. (2013). An overview of  the evolutionary causes and consequences of  

behavioural plasticity. Animal Behaviour, 85(5), 1004–1011. https://doi.org/10.1016/j.anbehav.

2012.12.031 

264. Sol, D., Lapiedra, O., & González-Lagos, C. (2013). Behavioural adjustments for a life in the city. 

Animal Behaviour, 85(5), 1101–1112. https://doi.org/10.1016/j.anbehav.2013.01.023 

265. Sol, D., Timmermans, S., & Lefebvre, L. (2002). Behavioural flexibility and invasion success in 

birds. Animal Behaviour, 63(3), 495–502. https://doi.org/10.1006/anbe.2001.1953 

266. Sousa, W. P. (1984). The Role of  Disturbance in Natural Communities. Annual Review of  Ecology 

and Systematics, 15(1984), 353–391. Retrieved from http://cescos.fau.edu/gawliklab/papers/

SousaWP1984.pdf  

267. Southwood, T. R. E. (1977). Habitat, the Templet for Ecological Strategies? The Journal of  Animal 

Ecology, 46(2), 336. https://doi.org/10.2307/3817 

BIBLIOGRAPHY !146



268. Spalding, M., Ravilious, C., & Green, E. (2001). World atlas of  coral reefs. University of  California 

Press. 

269. Spitze, K., & Sadler, T. D. (1996). Evolution of  a generalist genotype: Multivariate analysis of  the 

adaptiveness of  phenotypic plasticity. American Naturalist, 108–123. 

270. Stearns, S. . (1992). The Evolution of  Life Histories. Oxford: Oxford University Press. 

271. Stephens, D. W., & Krebs, J. R. (1986). Foraging theory. New Jersey: Princeton University Press. 

272. Stork, N. E. (2010). Re-assessing current extinction rates. Biodiversity and Conservation, 19, 357–

371. 

273. Syms, C. (1995). Multi-scale analysis of  habitat association in a guild of  blennioid fishes. Marine 

Ecology Progress Series, 125, 31–43. 

274. Syms, C., & Jones, G. (2000). Disturbance, habitat structure, and the dynamics of  a coral-reef  fish 

community. Ecology, 81, 2714–2729. 

275. Taborsky, B., Guyer, L., & Taborsky, M. (2008). Size-assortative mating in the absence of  mate 

choice. Animal Behaviour, 77, 439–448. 

276. Taborsky, M. (1998). Sperm competition in fish: bourgeois males and parasitic spawning. Trends in 

Ecology & Evolution, 13, 222–227. 

277. Taborsky, M. (2001). The evolution of  bourgeois, parasitic, and cooperative reproductive 

behaviors in fishes. Journal of  Heredity, 92, 100–110. 

278. Taborsky, M. (2008). Alternative reproductive tactics in fish. , editors. In R. Oliveira, M. Taborsky, 

& H. Brockmann (Eds.), Alternative reproductive tactics: an integrative approach. (pp. 263–311). 

New York: Cambridge University Press. 

279. Taborsky, M., & Brockmann, H. (2010). Alternative reproductive tactics and life history 

phenotypes. In P. Kappeler (Ed.), Animal behaviour: evolution and mechanisms (pp. 537–586). 

Heidelberg, Germany: Springer. 

280. Takahashi, K., Seino, T., & Kohyama, T. (2005). Plastic changes of  leaf  mass per area and leaf  

nitrogen content in response to canopy openings in saplings of  eight deciduous broad-leaved tree 

species. Ecological Research, 20(1), 17–23. https://doi.org/10.1007/s11284-004-0003-z 

281. Tamelander, J., & Hoon, V. (2008). The artisanal reef  fishery on Agatti Island, Union Territory of  

Lakshadweep, India. In D. Obura, J. Tamelander, & O. Linden (Eds.), Ten years after bleaching– 

facing the consequences of  climate change in the Indian Ocean. Mombasa: CORDIO Status 

Report 2008. CORDIO (Coastal Oceans Research and Development, Indian Ocean)/Sida-SAREC. 

282. Team., R. C. (2016). R: A language and environment for statistical computing. Vienna: Austria: R 

Foundation for Statistical Computing. 

283. Tigas, L. A., Van Vuren, D. H., & Sauvajot, R. M. (2002). Behavioral responses of  bobcats and 

coyotes to habitat fragmentation and corridors in an urban environment. Biological Conservation, 

108, 299–306. 

BIBLIOGRAPHY !147



284. Tomkins, J., & Brown, G. (2004). Population density drives the local evolution of  a threshold 

dimorphism. Nature, 431, 1099–1103. 

285. Townsend, C. R., & Hildrew, A.G.  (1994). Species traits in relation to habitat templet for river 

systems . Freshwater Biology Species traits in relation to a habitat templet for river systems. 

Freshwater Biology, 31, 265–275. https://doi.org/10.1111/j.1365-2427.1994.tb01740.x 

286. Tuomainen, U., & Candolin, U. (2011). Behavioural responses to human-induced environmental 

change. Biological Reviews, 86(3), 640–657. https://doi.org/10.1111/j.1469-185X.2010.00164.x 

287. Unsworth, R., Powell, A., Hukom, F., & Smith, D. (2007). The ecology of  Indo-Pacific grouper 

(Serranidae) species and the effects of  a small scale no take area on grouper assemblage, abundance 

and size frequency distribution. Marine Biology, 152, 243–254. 

288. Valeix, M., Hemson, G., Loveridge, A. J., Mills, G., & Macdonald, D. W. (2012). Behavioural 

adjustments of  a large carnivore to access secondary prey in a human-dominated landscape. 

Journal of  Applied Ecology, 49(1), 73–81. 

289. Valladares, F., Gianoli, E., & Gómez, J. M. (2007). Ecological limits to plant phenotypic plasticity. 

New Phytologist, 176(4), 749–763. https://doi.org/10.1111/j.1469-8137.2007.02275.x 

290. Van Buskirk, J., & Steiner, U. K. (2009). The fitness costs of  developmental canalization and 

plasticity. Journal of  Evolutionary Biology, 22(4), 852–860. https://doi.org/10.1111/j.

1420-9101.2009.01685.x 

291. van den Berghe, E., & Warner, R. (1989). The effects of  mating system on male mate choice in a 

coral reef  fish. Behavioral Ecology and Sociobiology, 24, 409–415. 

292. Vanhooydonck, B., Van Damme, R., & Aerts, P. (2002). Variation in speed, gait characteristics and 

microhabitat use in lacertid lizards. The Journal of  Experimental Biology, 205(Pt 7), 1037–1046. 

293. Vázquez, D. P., & Simberloff, D. (2002). Ecological Specialization and Susceptibility to 

Disturbance: Conjectures and Refutations. The American Naturalist, 159(6), 606–623. https://

doi.org/10.1086/339991 

294. Venables, W., & Ripley, B. (2002). Modern applied statistics with S (4th ed.). New York: Springer. 

295. Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., & Garnier, E. (2007). Let 

the concept of  trait be functional! Oikos, 116(5), 882–892. https://doi.org/10.1111/j.

2007.0030-1299.15559.x 

296. Visser, M. E., Holleman, L. J. M., & Gienapp, P. (2006). Shifts in caterpillar biomass phenology 

due to climate change and its impact on the breeding biology of  an insectivorous bird. Oecologia, 

147(1), 164–172. https://doi.org/10.1007/s00442-005-0299-6 

297. Vitousek, P. M., Mooney, H. a, Lubchenco, J., & Melillo, J. M. (1997). Human Domination of  

Earth’ s Ecosystems. Science, 277(5325), 494–499. https://doi.org/10.1126/science.277.5325.494 

BIBLIOGRAPHY !148



298. Wallach, A. D., Ripple, W. J., & Carroll, S. P. (2015). Novel trophic cascades: Apex predators enable 

coexistence. Trends in Ecology and Evolution, 30(3), 146–153. https://doi.org/10.1016/j.tree.

2015.01.003 

299. Walther, G., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J. C., … Bairlein, F. (2002). 

Ecological responses to recent climate change. Nature, 416(6879), 389–395. https://doi.org/

10.1038/416389a  

300. Warner, R. (1984). Differed Reproduction as a Response to Sexual Selection in a Coral Reef  Fish: 

A Test of  the Life Historical Consequences. Evolution, 38(1), 148–62. 

301. Warner, R. (1987). Female choice of  sites versus mates in a coral reef  fish, Thalassoma bifasciatum. 

Animal Behaviour, 35, 1470–1478. 

302. Warner, R., & Hoffman, S. (1980). Local population size as a determinant of  mating system and 

sexual composition in two tropical marine fishes (Thalassoma spp.). Evolution, 34, 508–18. 

303. Wasiolka, B., Jeltsch, F., Henschel, J., & Blaum, N. (2010). Space use of  the spotted sand lizard 

(Pedioplanis l. lineoocellata) under different degradation states. African Journal of  Ecology, 48, 96–104. 

304. Webb, P. W. (1984). Body Form, Locomotion and Foraging in Aquatie Vertebrates. American 

Zoology, 24(1), 107–120. https://doi.org/10.1007/s13398-014-0173-7.2 

305. West-Eberhard, M. J. (2003). Developmental plasticity and evolution. Oxford: Oxford University 

Press. 

306. West, J., & Salm, R. (2003). Resistance and resilience to coral bleaching: Implications for coral reef  

conservation and management. Conservation Biology, 17, 956–967. 

307. Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., & Wright, I. J. (2002). Plant Ecological 

Strategies: Some Leading Dimensions of  Variation Between Species. Annual Review of  Ecology 

and Systematics, 33(1), 125–159. https://doi.org/10.1146/annurev.ecolsys.33.010802.150452 

308. Wilson, S., Fisher, R., Pratchett, M., Graham, N., Dulvy, N., Turner, R., … Rushton, S. (2008). 

Exploitation and habitat degradation as agents of  change within coral reef  fish communities. 

Global Change Biology, 14, 2796–2809. 

309. Wilson, S., Graham, N., Pratchett, M., Jones, G., & Polunin, N. (2006). Multiple disturbances and 

the global degradation of  coral reefs: are reef  fishes at risk or resilient? Global Change Biology, 12, 

2220–2234. 

310. Wong, B. (2004). Superior fighters make mediocre fathers in the Pacifc blue-eye fish. Animal 

Behaviour, 67, 583–590. 

311. Wong, B. B. M., & Candolin, U. (2015). Behavioral responses to changing environments. 

Behavioral Ecology, 26(3), 665–673. https://doi.org/10.1093/beheco/aru183 

312. Wong, B., & Candolin, U. (2005). How is female mate choice affected by male competition? 

Biological Reviews, 80, 559–571. 

BIBLIOGRAPHY !149

https://doi.org/10.1038/416389a
https://doi.org/10.1038/416389a


313. Yadav, S., Rathod, P., Alcoverro, T., & Arthur, R. (2016). “Choice” and destiny: The substrate 

composition and mechanical stability of  settlement structures can mediate coral recruit fate in 

post-bleached reefs. Coral Reefs, 35(1), 211–222. 

314. Zeileis, A., Kleiber, C., & Jackman, S. (2008). Regression Models for Count Data in R. Journal of  

Statistical Software, 27(8), 1–25. 

315. Zeileis, A., Leisch, F., Hornik, K., & Kleiber, C. (2002). Strucchange: An R package for testing for 

structural change in linear regression models. Journal of  Statistical Software, 7(2), 1–38. 

316. Zuur, A., Ieno, E., Walker, N., Saveliev, A., & Smith, G. (2009). Mixed-effects models and 

extensions in ecology with R. New York: Springer.

BIBLIOGRAPHY !150


	Taking it from the top: Predators, an essential but vulnerable group
	Introduction
	Human induced rapid environmental change (HIREC) and benthic top predators
	HIREC: Identifying winners and losers in the community
	A Conceptual framework for the thesis
	Study species and site
	Thesis structure, goals and objectives
	Long-lived groupers require structurally stable reefs in the face of repeated climate change disturbances
	Abstract
	Keywords
	Introduction
	Methods
	Results
	Discussion
	Coping with catastrophe: foraging plasticity enables a benthic predator to survive in rapidly degrading coral reefs
	Abstract
	Keywords
	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	Appendix
	Live strong, live short: peacock groupers trade-off longevity over body condition to persist in structurally degraded reefs
	Abstract
	Keywords
	Introduction
	Methods
	Results
	Discussion
	Alternative reproductive tactics and inverse size‑assortment in a high‑density, unfished fish spawning aggregation
	Abstract
	Keywords
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Appendix
	A brave new world: embracing human- induced rapid environmental change
	Introduction
	Globally-induced HIREC and its consequences on benthic predators
	Locally-induced HIREC and its consequences on benthic predators
	A post-script: The effects of fishing on a grouper spawning aggregation
	Limitations and avenues for future work
	Contribution
	Implications for management

