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This study of the world’s largest recorded population of Reef Manta Rays (Mobula alfredi) uses seven years of photo-ID data and three years of video observations of foraging in the Maldives to investigate social structures at both the large (aggregation) and fine-scale (foraging group), individual foraging flexibility and the impacts of ecotourism management strategies on foraging behaviour.
M. alfredi can be observed aggregating in large numbers, yet little is understood about their social interactions. Using social network analysis, I found no evidence of structure within either the large or fine-scale. Individuals showed no preference in either aggregating or foraging with associates. There was no difference among individuals in gregariousness and dyads exhibited low temporal stability. Aggregations and foraging groupings did not appear to be driven by sociality, but by the dispersal of their ephemeral zooplankton prey, with strong fission-fusion dynamics and loose relationships. 
Within aggregations, manta rays have been seen to forage in both groups and solo. I examined whether M. alfredi adopted specific roles within groups and the drivers of group feeding. Using mixed models, I found that individuals were more likely to forage in groups than solo when food availability was high and smaller general aggregations resulted in larger individual foraging groups. Females were more likely to lead foraging aggregations than males. Variance partitioning models showed low among-individual variance in group size, positioning and leadership, showing that individuals were highly flexible in their foraging behaviour.
	Although multitudes of tourists interact with M. alfredi annually, few studies have assessed potential disturbance to their natural behaviour. I found significant changes to foraging behaviour resulting from intrusive human behaviours and interactions within 3m. My findings provide a clear evidence-base for the development of a binding code of conduct. This shows that manta rays are behaviourally flexible, with a tolerance to fluctuations in environmental conditions, yet are specifically vulnerable to disruptions to their prey.  
Contents

Abstract	2
List of tables	6
List of figures	8
Acknowledgements	13
Declaration	15
Abbreviations and Glossary	16

Chapter One: A study of the sociality, grouping and foraging behaviour and conservation of Manta Rays (Mobula alfredi), a general introduction	19
1.1	Analytical tools for examining social structures on a population level	21
1.1.1 Social structure	21
1.1.2 Weighted vs. unweighted networks	24
1.1.3 Challenges	25
1.1.4 Kinship	26
1.1.5 Resource distribution	27
1.2	How and why animals interact on a group level	29
1.2.1 Group formations	29
1.2.2 Interactions	31
1.2.3 Fission-fusion	32
1.3	Behavioural traits and differences on an individual level	33
1.3.1 State dependent variables	34
1.3.2 Personality	36
1.4	Manta Rays	38
1.5	Thesis synopsis	44

Chapter Two: The influence of foraging on the grouping behaviour of a population of Reef Manta Rays (Mobula alfredi) in the Maldives Archipelago.	47
2.1 Abstract	47
2.2 Introduction	48
2.1.1 Space use and resource dispersal	49
2.1.2 Temporal and seasonal variation in sociality	52
2.1.3 Individual variation in sociality	53
2.1.4 Social network analysis	54
2.1.5 Elasmobranch sociality	55
2.1.6 Study outline and aims	57
2.3 Methods	57
2.3.1 Study Site	57
2.3.2 Data Collection	58
2.3.3 Statistical analyses	61
2.3.4 Associations between individuals	63
2.3.5 Gregariousness	64
2.3.6 Temporal stability of relationships	65
2.4 Results	66
2.4. 1 Network overview	66
2.4. 2 Associations between individuals	67
2.4.3 Gregariousness	73
2.4.4 Temporal stability of relationships	77
2.5 Discussion	91
2.5.1 Resource distribution	94
2.5.2 Fluid social structures	96
2.5.3 Limitations and future considerations	97
2.6 Conclusions	100

Chapter Three: Individual flexibility in group foraging behaviour of reef manta rays (Mobula alfredi)	102
3.1 Abstract	102
3.2 Introduction	103
3.3 Methods	111
3.3.1 Study area	111
3.2.2 Data Collection	111
3.2.3 Video analysis:	113
3.2.4 Statistical Analysis	113
3.4 Results	118
3.6 Conclusions	138

Chapter Four: Protecting the million-dollar mantas; creating an evidence-based code of conduct for manta ray tourism interactions	139
4.1 Abstract	139
4.2 Introduction	140
4.3 Methods	146
4.3.1 Study Site	146
4.3.2 Data Collection	147
4.3.3 Video Analysis	148
4.3.3 Statistical Analysis	150
4.4 Results	151
4.5 Discussion	157
4.6 Conclusions	162

Chapter Five:  General discussion and conclusions	163
5.1 Summary of key results	163
5.2 Implications of my results	167
5.3 Limitations and weaknesses of my study	170
5.4 Remaining knowledge gaps	173
5.6 Final conclusions	174

Appendices	176
Appendix I: Annual variation in foraging conditions	176
Appendix III: Pilot study results for snorkel and dive interactions.	181
Appendix IV: Pilot study results for snorkel and dive interactions.	182
Appendix V: Pilot study results for snorkel and dive interactions.	183

References	184



[bookmark: _Toc14464068]List of tables

Chapter 2

Table 2. 1: Tests for preferred associations within aggregations. Permutation tests with swaps between pairs of associations with 5000 permutations, 100 swaps/permutation. n = 844, n (female: male) = 498:346, n (adult: juvenile) = 515:329. P-values below 0.05 indicate preferred associations	70

Table 2. 2: Tests for preferred associations within Hanifaru Bay foraging groups. Permutation tests with swaps between pairs of associations using 5000 permutations, with 100 swaps/permutation. n = 173, n (female: male) = 124:49, n (adult: juvenile) = 99:74. P-values below 0.05 specify preferred associations.	72

Table 2. 3: Effect of demographic factors (sex and age class) and interactions on gregariousness within aggregations. Statistics include estimate (positive, negative -), standard error (SE (β)), t value, probability of deviation from a slope of zero (p). Statistically significant (sig.) results appear in bold.  (n = 844).	74

Table 2. 4: Effect of demographic factors (sex and age class) and interactions on gregariousness within foraging groups. Statistics include estimate (positive, negative -), standard error (SE (β)), t value, probability of deviation from a slope of zero (p). Statistically significant (sig.) results appear in bold. (n = 173).	76


Chapter 3

Table 3. 1: Models tested to explain group size, position in group and leadership.	114

Table 3. 2: Effect of environmental factors on group versus solo foraging behaviour. Statistics include estimate (positive, negative -), standard error (SE), z value, probability of deviation from a slope of zero (p). Statistically significant results appear in bold. (n = 3106).	120

Table 3. 3: AIC comparisons for all a priori models of abiotic, biotic (within-group) and (external to group) variables for (a) group size, (b) position in group, (c) leadership. Model of best fit (indicated in bold) correspond to the model with lowest AIC values for each response variable. k, number of free parameters for a given model; R2, true repeatability ratio of fixed effects. (n = 1056).	122

Table 3. 4: Generalised Linear Mixed Models of best fit for behavioural traits, (a) group size, (b) position in group, (c) leadership and variance components (among (Vi), fixed effect (Vfe), within-individual (Vw)).  Statistics include estimate (positive, negative -), standard error (SE), t or z value, probability of deviation from a slope of zero (p), variance value and confidence intervals to a 95% level. Statistically significant results appear in bold. (n = 1056).	123

Table 3. 5: Generalised Linear Mixed Models the probability of (a) anthropogenic injury or (b) signs of shark bites varies position in group and group size. Statistics include estimate (positive, negative -), standard error (SE), z value, probability of deviation from a slope of zero (p). Statistically significant results appear in bold. (n = 1056).	127

Chapter 4
Table 4. 1: Definitions for human behaviour observed during interactions.	149

Table 4. 2: Definitions for manta ray avoidance reaction behaviours observed during interactions.	149

Table 4. 3: Definition for manta ray cessation behaviour observed during interactions.	150

Table 4. 4: Cumulative Link Mixed Model of Avoidance Behaviours versus five predictor variables. Statistics include the probability of deviation from a slope of zero (p), direction of the trend (positive +, negative -), confidence intervals to a 95% level. (n = 401). Statistically significant results appear in bold. ** Denotes a p-value of <0.01.	152

Table 4. 5: Cumulative Link Mixed Model of Cessation of feeding versus two predictor variables. Statistics include the probability of deviation from a slope of zero (p), direction of the trend (positive +, negative -), confidence intervals to a 95% level. (n = 387). Statistically significant results appear in bold. ** Denotes a p-value of <0.01.	155




[bookmark: _Toc14464069]List of figures

Chapter 1
FIgure 1. 1: Schematic showing the structure of this thesis and potential sources of variation in sociality at different levels of biological organisation.	20

Figure 1.2: Worldwide distribution of Reef Manta Rays – M. alfredi (Source: Manta Trust 2016).	41

Figure 1. 3: Map of the Maldives Archipelago and Baa Atoll with the research sites and Hanifaru Bay MPA highlighted.	41

Figure 1. 4: Reef Manta Ray, Manta alfredi, Mass Feeding Event, Hanifaru Bay,	42

Chapter 2
Figure 2. 1: Identification spots on the ventral surface (Source: Manta Trust 2016).	60

Figure 2. 2: The observed network of (a) M. alfredi in eastern Baa Atoll between 2010 and 2016. Coefficient estimates for the permuted networks indicate the observed network is not significantly different to random, p = 0.9998. (n = 844). (b) Foraging groups in eastern Baa Atoll between 2014 and 2016. Coefficient estimates for the permuted networks indicate the observed network is not significantly different to random, p = 0.9998. (n = 209). (c) Foraging groups in Hanifaru Bay MPA between 2014 and 2016. Coefficient estimates for the permuted networks indicate the observed network is not significantly different to random, p = 0.9940. (n = 173).	71

Figure 2. 3: Gregariousness (weighted degree centrality) measures for (a) sex and (b) age classes of M. alfredi as calculated using linear models within aggregations. The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles).  Coefficient estimates for the permuted networks indicate degree centrality for sex and age classes were not significantly different to random, p = 0.4152 (n = 844).	75

Figure 2. 4: Gregariousness (weighted degree centrality) measures for (a) sex and (b) age classes of M. alfredi as calculated using linear models within foraging groups. The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles).  Coefficient estimates for the permuted networks indicate degree centrality for sex and age classes were not significantly different to random, p = 0.5170 (n = 173).	77

Figure 2. 5: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for all individuals over year timesteps. Lines show the approximate differences in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).	78

Figure 2. 6: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for (a) female, (b) male, (c) juvenile, (d) adults over year timesteps. Lines show the approximate differences between sex and age classes in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).	81

Figure 2. 7: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for all individuals over 30-day timesteps. Lines show the approximate differences in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).	82

Figure 2. 8: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for (a) female, (b) male, (c) adults over 30-day timesteps. Lines show the approximate differences between sex and age classes in relation to the tested time-lag (30-days). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).	84

Figure 2. 9: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for all individuals over year timesteps. Lines show the approximate differences in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn). Red line shows null association rate. (n = 292).	85

Figure 2. 10: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for (a) female, (b) male, (c) juvenile, (d) adults over year timesteps. Lines show the approximate differences between sex and age classes in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn). Red line shows null association rate. (n = 292).	86

Figure 2. 11: Temporal stability of relationships within Hanifaru Bay  foraging groups: Lagged rates of association (LRA) for all individuals over 30-day timesteps. Lines show the approximate differences in relation to the tested time-lag (30-days). Red line shows null association rate. (n = 292).	87

Figure 2. 12: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for (a) female and (b) juvenile dyads over 30-day timesteps. Lines show the approximate differences in relation to the tested time-lag (30-days). Red line shows null association rate. (n = 292).	90

Figure 2. 13: Standardised lagged association rates (SLAR) for all individuals in aggregations over monthly timesteps across the seven-year research period (48 timesteps). Error bars were calculated using the temporal jackknife technique (omitting data points in turn). Red line shows null association rate. (n = 1196).	91

Figure 2. 14: Standardised lagged association rates (SLAR) for all individuals in Hanifaru Bay foraging groups in Hanifaru Bay over monthly timesteps across the three-year research period (18 timesteps). Error bars were calculated using the temporal jackknife technique (omitting data points in turn). Red line shows null association rate. (n = 292).	92

Chapter 3
Figure 3. 1: (a) Predation injuries and (b) fishing line damage to M. alfredi. © Guy Stevens, Manta Trust, 2010.	117

Figure 3. 2: Group vs. solo GLMMs fixed effects plots for model of best fit. Using AIC criterion, model was best explained by biotic (external to group) variables. Fixed effects, plankton density was statistically significant. (n = 3106).	119

Figure 3. 3:  Variance of behavioural traits, group size, position in group and leadership explained by among (Vi), fixed effect (Vfe) and within-individual difference (Vw). (n = 1056).	129

Figure 3. 4: Effect of (a) sex, (b) age class and (c) plankton density on among (Vi) and within-individual variance (Vw) in position in group.	131

Chapter 4
Figure 4. 1: Human-manta interactions. (a) Following the code of conduct guidelines, a snorkeller remains calm and still, whilst maintaining a safe distance, allowing the manta ray to control the interaction. (b) Disregarding the code of conduct, a snorkeller approaches and touches the manta ray directly during an interaction. © Guy Stevens, Manta Trust 2009, 2010.	146

Figure 4. 2: Comparison of reef manta ray (Mobula alfredi) responses to differing human behaviour: (a) passive observation, (b) accidental obstruction, (c) diving too near, (d) chasing. Numbers above bars represent sample size. (n = 401).	153

Figure 4. 3: Comparison of reef manta ray (Mobula alfredi) responses to differing human behaviour: (a) in response to estimated closest distance between human and manta ray, and (b) in response to direction of human approach. Numbers above bars represent sample size. (n = 401).	154

Figure 4. 4: Percentage of interactions which resulted in cessation of feeding (Stopped) or no change in feeding (No effect) in response to (a) Human behaviour: (Passive Observation; Accidental Obstruction; Diving too near/in front; Chasing). (b) Direction of human approach: (Side; Front; Behind; Above; Below). (n = 387). Numbers on bars represent sample size.	156

Figure 4. 5: Total number of tourists per site per day. The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles). Kruskal-Wallis test shows a significant difference between the number of humans per site, H = 200.87, p = <2.2e-16. (n = 401).	157

Appendices
Figure A1. 1: Median aggregation size across study years (2014, 2015, 2016). The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles). Kruskal-Wallis chi-squared = 1680.4, df = 2, p-value = < 0.05.(n = 401).	177

Figure A1. 2: Median plankton density (0 - 4) across study years (2014, 2015, 2016). The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles).  Kruskal-Wallis chi-squared = 424.21, df = 2, p-value < 0.05. (n = 401).	178

Figure A.3: (a) Snorkel interactions. Mean manta response in reaction to direction of human approach: Behind, Side, Front and Above/Below. (n = 639). (b) Dive Interactions Mean manta response in reaction to direction of human approach: Behind, Side, Front and Above/Below. (n = 66). (Data collected from Atkins (2011) and Lynam (2012).	181

Figure A.4: (a) Snorkel interactions. Mean manta response in reaction to type of interaction: Passive Interaction, Following, Accidental Obstruction, Diver Bubbles and Intentional Obstruction. (n = 626). (b) Dive interactions Mean manta response in reaction to type of interaction: Passive Interaction, Following, Accidental Obstruction, Diver Bubbles and Intentional Obstruction. (n = 66). Data collected from Atkins (2011) and Lynam (2012).	182

Figure A.5: (a) Snorkel interactions. Mean manta response in reaction to estimated closest distance categories: < 3 metres and > 3 metres. (n = 639). (b) Dive interactions (n = 66). (Data collected from Atkins (2011) and Lynam (2012).	183

 
















[bookmark: _Toc14464070][bookmark: _Hlk1638362]Acknowledgements

[bookmark: _Hlk1636650]Firstly, I would like to thank my two supervisors Dr. Kathryn Arnold and Prof. Callum Roberts. They have been incredibly helpful throughout my thesis, providing invaluable guidance and insight and went above and beyond to support me throughout. This thesis would not have been possible without the help and input of Dr. Julie Hawkins. I would also like to thank Dr. Daniel Franks for acting on my thesis advisory panel and his vital direction on various aspects of my research, particularly my statistical analysis. Thank you also to Dr Raphaël Royauté for his statistical expertise, patient tutorials and invaluable guidance. Many thanks to Dr. Damien Farine for his direction and assistance in statistical techniques. Thank you to Eleanor Garrud for her meticulous hard work throughout her time working with me on aspects of this study.  
I would like to say a special thank you to Dr. Guy Stevens, without whom this thesis would never have been possible. Thank you for encouraging and supporting me from the very beginning and for all the opportunities you have given me. Many thanks also go to my Manager and friend, Niv Froman. Thanks for being a wonderful colleague, for all your support and for making my time in the Maldives so unforgettable and fun. 
The Manta Trust and the Maldivian Manta Ray Project (MMRP) allowed me to be a part of a very special team of passionate and dedicated people. Thank you for giving me the opportunity to follow my dreams of working with these incredible and my most loved animals. I feel very lucky to have you as colleagues and of course friends. To all my MMRP colleagues, volunteers, students and apprentices, thank you for your support and assistance with collecting data for this research: Hussain Ahsam, Jade Aldridge, Bec Atkins, Nicola Bassett, Alice Day, Niv Froman, Eleanor Garrud, Koobe Hassam, Simon Hillbourne, Susan Jackson, Katie Lee-Brooks, Ibrahim Lirar, James Leyland, Bex Lynam, Leah Meth, Maeesha Mohamed, Moosa Mohamed, Jamie Piyada Monmaneerat, Stefany Rojas, Joseph Russell, Tamryn Sawers, Beth Taylor, Adam Thol’hath and Prasanna Wijesinghe.
One organisation has been key in supporting the important ongoing work of the MMRP and my thesis research, the Four Seasons Resorts Maldives. I would like to acknowledge the Four Seasons, without whom I would not have been able to collect the field data for this research. Thank you to all the staff at the Four Seasons for their support and friendship throughout my thesis and in particular, the Regional Vice President and General Manager of Landaa Giraavaru, Armando Kraenzlin, thank you for your support. Thank you also goes to the University of York and the Fisheries Society of the British Isles (FSBI) for providing me with financial support which enabled me to partake in conferences and workshops, allowing me to share my work with fellow students and researchers. 
I would not have been able to complete this thesis without the incredible love and support from my amazing sisters, family and friends. Thank you for always encouraging and believing in me, and most of all for picking me up and making me laugh. 
Finally, I want to say a huge thank you to my Mum and Dad who have always been my biggest cheerleaders and an amazing support network. All those years of you putting up with me kicking and screaming about going to swimming lessons have paid off and set me on the path to where I am today. You passed on your love of the underwater world and adventure to me when I was a little girl and for that I am eternally grateful. Thank you for all your love, patience and for always supporting my dreams.
[bookmark: _Toc14464071]Declaration

Throughout the process and writing of this thesis, my supervisors, Dr. Kathryn Arnold and Prof. Callum Roberts guided and supported me. Dr. Julie Hawkins was instrumental in thesis design. For Chapter Two, I received statistical assistance from Dr. Daniel Franks, University of York and Dr. Damien Farine, Max Planck Institute for Ornithology. For Chapter Three I received statistical assistance from Dr Raphaël Royauté and for Chapter Four, I worked with Eleanor Garrud in the data collection process and was assisted in statistical planning by Francis Duah, University of York.
I hereby declare that this thesis is my original work and contains no material previously written or published by another person, or submitted in any form for another degree or diploma at any university or institution. I have clearly stated the contribution of others to my thesis above.
I consent to this thesis being made available through the University of York Library under the appropriate UK copyright laws and the University of York regulations.
[bookmark: _Hlk535428821]Annie Murray
[image: ]
22nd February 2019


[bookmark: _Toc14464072][bookmark: _Toc529980240][bookmark: _Toc534982553][bookmark: _Toc534982769]Abbreviations and Glossary
· [bookmark: _Hlk14372348]Aggregation – the collective grouping of similar organisms (temporary or permanent), often driven by predator avoidance, increased foraging and movement efficiency (Gueron et al. 1996; Smith et al. 2019). For the purpose of Chapter Two, I specifically define an “aggregation” as all the individuals observed at the same site within a survey.
· Animal personality – among-individual differences in animal behaviour arising from individual differences in state variables, for example body size, energy reserves, boldness, condition etc. which remain consistent over time (Sih et al. 2015).
· Behavioural traits – specific behavioural tendencies, for example aggressiveness, boldness, cooperativeness, impulsivity, sociality etc. (Wolf & Weissing, 2012).
· [bookmark: _Hlk14118933]Foraging groups – A group of individuals belonging to the same species, collected together spatially within a patch in order to feed (Bélisle 1998). For the purpose of Chapter Two, I specifically define “foraging groups” as two or more animals recorded feeding together within close proximity of each other, specifically two body lengths.
· Gregariousness – which is also known as Degree Centrality, is linked to the connections and an individual’s inclination to make associations (Pepper et al. 1999; Whitehead 2008). 
· Group –A set of individuals, often of the same species, assembled together with the potential to interact with each other and which are distinct from other clusters of individuals (Wilson 1975; Wey et al. 2007). Key fundamentals to define a group are individuals of a particular species, interacting together within time and space limits (Wilson 1975). 
· [bookmark: _Hlk14117621]Group foraging – a behavioural adaptation seen in many marine species which optimises foraging efficiency either directly via coordinated cooperative feeding strategies or indirectly via facilitation (McInnes et al. 2017). 
· Leadership – the change in or control of the direction of locomotion by an individual, who is in turn followed by other animals (Krause et al. 2000b).
· Preferred associations – within a social network, individuals which are observed together more than would be expected by chance (Connor et al. 2001; Lusseau 2003).
· Social complexity – the intricacy of a social structure and relationships of individuals living and/or interacting with each other (Wey et al. 2008).
· Social group – individuals associating with conspecifics, actively involving social attraction and proximity from conspecifics (Krause & Ruxton, 2002;  Jacoby et al. 2012b).
· Social network analysis (SNA) – an examination of the networks of social ties between individual nodes and their relationships in social groups (Wey et al. 2008)
· Social structure –the networks of social interactions between individuals within a population (Hinde 1976).  
· Sociality – defined by Alexander (1974), “Sociality means group-living”, a suite of affiliative social behaviours, cognitive processes and socially related actions including recognition, discrimination and conspecific approaches (Soares et al. 2010; Goodson 2013; Balshine et al. , 2017)
· State-dependent - an individual’s ‘state’ can be interpreted in many ways, but can refer to any features which can influence the individual behaviour to increase fitness, for example age, body size or energy reserves (Clark & Mangel 2000; Wolf & Weissing 2010).
· Temporal stability – a measure of association patterns between dyads/individuals over long-term periods (Krause et al. 2009), also known as lagged association rates (Farine, 2013) . 


















[bookmark: _Toc14464073]Chapter One: A study of the sociality, grouping and foraging behaviour and conservation of Manta Rays (Mobula alfredi), a general introduction 
Marine vertebrates exhibit a range of social strategies, from largely solitary species such as Blue whales (Balaenoptera musculus) (Sears et al. 2013; Torres 2013), to species which forage in groups transiently, for example when food is particularly abundant e.g. Whale sharks (Rhincodon typus) (de la Parra Venegas et al. 2011; Ramírez‐Macías et al.  2012; Hueter et al. 2013), to those species that spend the majority of their time living in or moving between groups such as bottlenose dolphins (Tursiops sp.) (Connor et al. 2000; Janik et al. 2006). There are still knowledge gaps regarding the dynamics of group formation at different temporal and spatial scales for many marine vertebrates and the roles adopted by individuals within groups.
[bookmark: _Hlk533091728]	Many reef fish live in shoals consisting of large numbers of unrelated individuals with little recognition of familiar individuals resulting in minimal social structure (Sale 2004). In contrast, many species including Parrotfish exhibit more complex sociality (Hawkins & Roberts, 2003), while cetaceans live within familial groups, relying on the cooperative actions of the group members to ensure foraging and migratory success (Jelinski et al. 2002; Gazda et al. 2005). Other species such as elasmobranchs are not so well understood, but their positively skewed brain to body mass ratio suggests elevated neural capabilities (Northcutt 1977; Hueter et al. 2004; Schluessel 2015). This begs the question, do these highly mobile animals exhibit social structures, form ‘friendships’ or adopt specific roles within groups? 
[image: ]In this thesis, I explore patterns of variation in the social behaviour of reef manta rays (Mobula alfredi) at different levels of biological organisation, namely the population, group and individual levels (Figure 1.1). I will particularly focus on social interactions during foraging events. In this general introduction, I outline conceptual frameworks that have been developed to explain the differences in social interactions at aggregation and foraging group levels, as well as the individual differences in foraging behaviour (Johnson et al. 2002; Krause & Ruxton 2002; Lusseau & Newman 2004; Conradt & Roper 2005; Sih & Bell 2008; Whitehead 2008; Conradt et al. 2009; Whitehead 2009; King & Cowlishaw 2009; Couzin & Laidre 2009; Dingemanse & Wolf 2010; Duboscq et al. 2016; Seebacher & Krause 2017). Analytical tools associated with these concepts are then applied to test key theories regarding the social behaviour and ecology of a population of manta rays in the Maldives.
[bookmark: _Toc1405657]Figure 1. 1: Schematic showing the structure of this thesis and potential sources of variation in sociality at different levels of biological organisation.
1.1 [bookmark: _Toc534982554][bookmark: _Toc534982770][bookmark: _Toc529980241][bookmark: _Toc14464074][bookmark: _Toc529980242][bookmark: _Toc534982555][bookmark: _Toc534982771]Analytical tools for examining social structures on a population level

[bookmark: _Toc14464075]1.1.1 Social structure
 “Improving our ability to scale up from the individual to the population by establishing why certain patterns of association develop and how inter-individual association patterns affect population-level structure will revolutionise our understanding of the function, evolution, and implications of social organisation” (Croft et al. 2008).
Study of the social behaviour and structure of animal societies has increased in light of new and powerful analytical tools which allow closer and more complex examination of sociality. Research on non-human organisms and their social relationships has revealed new and unimagined complexities, leading researchers to question the full extent and implications of sociality (Whitehead 2008; de Waal & Tyack 2009; Bergman 2010, 2015; Mackinnon & Fuentes 2011; Aplin et al. 2013).  Understanding the social structure of a population allows a better understanding of the social dynamics of animal populations, whilst also offering improved conservation and management approaches as environmental change progresses (Anthony & Blumstein, 2000; Lusseau & Newman, 2004). Social network analysis (SNA) is an analytical concept and toolbox of computational techniques used to examine resource use and exchange amongst individual animals or nodes, and the connections between these individuals which form a network of animals, representing groups (Haythornthwaite 1996). For example, bottlenose dolphins in Doubtful Sounds, New Zealand demonstrate strong connections with fast information exchange, indicating strong network connections (Lusseau 2003). With short links between dyads (a component made up of two individuals) and strong clustering behaviour, information is able to be passed between dyads, even when random individuals are removed (Lusseau 2003; Croft et al.  2005). These strong connections highlight a self-organising community which is able to withstand major disruption through individual removal (death events) and remain unified (Lusseau 2003). SNA allows different levels of interaction to be examined, considering various aspects of animal behaviour including sexual, cooperative and aggressive relations (Krause et al. 2009). Conducting this analysis on different scales of data, i.e. from individual to population level and all in between, allows an insight into how the behaviour of an individual can impact a population as a whole and vice versa (Krause et al. 2009). SNA may also play a key role in the conservation of species targeted by fishing; a full understanding of the social significance of individuals within the structure of a population as a whole may predict the impact felt if said individuals are removed i.e. via targeted fisheries or bycatch (Sutherland 1998; Whitehead 2009). It can also allow closer examination of gene flow, growth rates and dispersal amongst populations (Strier 1997; Whitehead 2009). 
SNA provides an insight into the degree of association amongst individuals and the formation of a social structure (Wey et al. 2008). It can also be used to examine information diffusion, signal use, kinship links and the sharing of resources amongst individuals, e.g. food or habitat (Wey et al. 2008). Generating network diagrams and matrices, SNA creates a map of the ties between members of the population and examines the strength of association between specific individuals providing new insights into the social complexity of various species (Wey et al. 2008). In this section, I will introduce factors which affect social structure, namely kinship and cooperative behaviour, non-random spatial distribution and predictability (spatially or temporally) of resources. 
[bookmark: _Hlk14278308]When conducting network analysis, one key consideration is sampling and the confounding effect this may have on results. The study of non-human animals presents a common hurdle; incomplete datasets with missing interactions or associations (Hoppitt & Farine 2018), however the use of association indices can counter incomplete records (Cairns & Schwager 1987). Association rates (the number of interactions or associations between dyads) signify a tendency for two nodes to associate or likelihood of being seen together (Hoppitt & Farine 2018). Associations, often resulting from the co-membership of a group, i.e. the individuals observed together, can be used to represent social interactions, which are often more direct, specifically the connections or edges between individuals, for example during grooming or fighting (Krause et al. 2007; James et al. 2009; Rubenstein et al. 2015). Commonly in data collection, associations or interactions are lost due to sampling demand or individuals can be missed altogether (Hoppitt & Farine 2018). Although both are problematic, Franks et al. (2010) found that missed observations between dyads can actually bias edges weights, leading to weak edges within a network being missed which can greatly influence the overall resulting network structure (Granovetter 1973). To reduce such discrepancies, Silk et al. (2015) suggest reducing the overall number of individuals in the network, even conducting hypothesis testing on just 30% of a population and instead maximising the number of observations of each animal (Hoppitt & Farine 2018).

[bookmark: _Toc14464076]1.1.2 Weighted vs. unweighted networks

Animals assort via passive or active processes; individuals may be actively attracted to others which are similar to themselves, for example, in sex or size (Hoare et al. 2000a; 2000b; Krause et al. 2000; Farine 2013). Linked to cooperation (Pusch et al. 2008) or disease transmission (Ashby & Gupta 2013), this active assortment of behavioural phenotypes is believed to be critical to the development of social network processes (Farine 2013).  However, the opposite, dis-assortment or active avoidance is also common, specifically in species which segregate by class (again sex or size), occupying different habitats according to life stages resulting in social association due to increased spatial overlap (Holyoak et al. 2008; Farine 2013). For analytical purposes, assortativity coefficients are a commonly used measurement; the number of associations between similar or dissimilar individuals (Farine 2013). Assortativity is commonly measured in two ways; binary (inferred) or weighted (known) networks. For example, two animals observed together at a site (binary) versus two animals seen interacting with each other (weighted) (Farine 2013). Binary (unweighted) networks measure presence (1) or absence (0) of individuals, however, this approach is subject to errors as it is highly unlikely that we have sufficient data to accurately assign a weight of zero (Whitehead 2008; Croft et al. 2011). Missing the interaction strengths between individuals, this method is considered less accurate (Croft et al. 2011). However, by using repeated measurements, we may examine the proportion of the total number of observations where individuals are observed together, thus reducing the impact which coincidental or rare interactions have on the edge weight strengths within a network (Farine 2013). Thresholding, eliminating or assigning zero to edges above or below a set value, can be used to reduce the limitations of binary networking (James et al. 2009; Lusseau et al. 2009; Farine 2013). Building the network after applying a threshold will enable us to preserve as much of this edge weight information (Croft et al. 2011; Lusseau et al. 2009; Farine 2013). 
	Within a given network, the links between two nodes can hold important information on the relationship status and is particularly important when tracking disease transmission within a population. A reciprocal or undirected relationship between two nodes is termed as an edge whereas unidirectional or directed links are defined as an arc and these measures can be binary or valued (Dubé et al. 2011). When examining how central a node (individual) is, an undirected network would measure the number of connections an individual node has while a directed network calculates the out- and in-degree (the number of connections initiated from the node and the number of connections a node receives) (Dubé et al. 2011). The use of directed networks is commonly used to model the flow of diseases, tracking the movement of livestock between farms (nodes) in order to trace infected individuals (Dubé et al. 2011).

[bookmark: _Toc14464077]1.1.3 Challenges 

SNA has proven to be a powerful tool, enabling us to unlock aspects of social interaction and organisation however, there remains challenges which researchers face. Firstly, the comparison of networks across different circumstances, be it between species or populations, with issues arising due to data standardisation (Farine & Whitehead 2015). If two separate networks are sampled with comparable contexts and resolution, then accurate comparison is possible however, any differences in data collection methods will result in key differences in the resulting structure which are not based on biological processes (Farine & Whitehead 2015). A second issue to tackle is repeatability. The use of repeated sampling of networks allows us to examine an individuals’ network position to establish whether it is consistent across samples and whether this position is resulting from behavioural, ecological or genetic purposes (Nakagawa & Schielzeth 2010; Wilson et al. 2013; Farine & Whitehead 2015). Thirdly, the use of dynamic network analysis, measuring the temporal influence on network dynamics. Considerations include collating a sufficient dataset which is representative at each temporal marker and the use of suitable statistical tests, including null hypotheses and models which capture the dynamic aspect of the network structure (Pinter-Wollman et al. 2013; Farine & Whitehead 2015). Finally, the descriptive nature of many SNA findings to date which can result in mis-interpretation or false significance placed on the strength of results (James et al. 2009; Farine & Whitehead 2015). To mitigate such interpretational mistakes and clarify results, studies should combine data manipulation, for example the experimental removal of individuals or varying ecological variables, with standard network analysis (Farine & Whitehead 2015). SNA has emerged as a powerful analytical tool which is increasingly being used in ecological studies however, users must be aware of the complexities of such analysis and understand and consider the basics of data collection and network building.

[bookmark: _Toc14464078]1.1.4 Kinship 

 	Social interactions and thus social networks are predicted, and indeed observed, to vary with the degree of relatedness between individuals (Silk 2002; Möller et al. 2006). Kin selection can be defined as evolutionary strategies where individuals invest, even at a cost to their own reproduction and survival, in the reproductive success of relatives (Wilson 2005). Kinship has been recognised as explaining variation in the affiliative and cooperative patterns of insects (Kocher et al. 2015; Galbraith et al. 2016a; 2016b), birds (Webb et al. 2012; Silk et al. 2014), fish (Le Vin et al. 2010; Hesse & Thünken 2014) anurans and mammals (Patzenhauerová et al. 2010; Clutton-Brock & Lukas 2012). Chimpanzees (Pan troglodytes), for example demonstrate diverse cooperative behaviour through grooming, resource sharing (seen between adults and in females sharing foods with offspring which are too hard for them to obtain) and forming long-term bonds (Boesch & Boesch-Achermann 2000; Muller & Mitani 2005; Gilby & Wrangham 2008; Langergraber et al. 2009; Jaeggi & van Schaik 2011; Silk et al. 2013). That said, affiliation is not solely linked to genetic relatedness (Mitani et al. 2000). However, even in species without parental care, including many fish species, it has been observed that individuals prefer to associate with kin rather than non-kin (Arnold 2000; Hain & Neff 2007; Daniel & Rodd 2015), particularly in high risk scenarios such as when faced with a predator (Ward & Hart 2003; Piyapong et al. 2011; Hesse et al. 2015). Thus, in terms of social networks we would expect to see preferred associations amongst kin, with dyad connections in highly structured communities which are different to what would be found at random.   

[bookmark: _Toc14464079]1.1.5 Resource distribution

[bookmark: _Hlk954590]	Social behaviour and groupings are highly influenced by resource distribution and predictability (Johnson et al. 2002; Hirsch 2011; Mourier et al. 2012; Newsome et al. 2013). Food, water and shelter are key resources which can determine habitat use by species and the size and shape of territories (Johnson et al. 2002). Foraging can be risky,  therefore species may adopt particular behaviours to reduce risk, for example avoiding productive feeding grounds in favour of less productive, but safe areas when predator density is highest (Heithaus & Dill 2006). This behaviour is adopted by bottlenose dolphins (Tursiops  aduncus) when tiger shark (Galeocerdo  cuvier) abundance was high in Shark Bay, Western Australia (Heithaus & Dill 2006). Species may reduce or stop feeding all together to avoid the risk, as observed in bumble bees avoiding ambush predators (Jones 2010). Another option, resource sharing, has been observed in mammals, insects, and birds (Chapman et al. 2003; Stevens 2004; Stevens & Gilby 2004; Whitlock et al. 2007; da Silva & de Melo 2013). Although resource sharing increases competition, it can result in immediate as well as delayed benefits, for instance status enhancement, increased growth of an offspring, increased resource access, group augmentation, trade and predator avoidance (Stevens & Gilby 2004; Ydenberg 2007; Waite & Field 2007; Ellis & Robinson 2016) and therefore it is observed in group living species. The resource dispersion hypothesis (RDH) may also explain group living (Johnson et al. 2002). Specifically across space and time, if resources are heterogeneously dispersed (patches) then group living may be more beneficial, with numerous individuals benefiting from resource exploitation and sharing (Johnson et al. 2002).  Thus, observed patterns of association in social networks could reflect long term relationships based round cooperation in relation to acquiring a resource such as food or simply reflect the fact that individuals happen to congregate in an area of high resource density, e.g. a rich foraging patch, water hole or a lek site. Key to teasing this out is to statistically examine any evidence of connections within observed groups, which will allow us to differentiate between spatial or resource-based associations and true social relationships. For example, within flocks of shorebirds, groups of individuals commonly make short and long-distance migrations together as a unit, suggesting a stable social structure (Conklin & Colwell 2008). This hypothesis was tested in Dunlin during high-tide associations in Humboldt Bay, California, examining co-occurrences and association rates, which ultimately told a different story. Analysis showed fluid membership, with random associations purely due to collective attraction to common roosts, highlighting a highly mobile migratory species where social structure was not beneficial (Conklin & Colwell 2008). 
	Just as resource dissemination is vital for survival, so is social learning.  Learning information which guides behaviour from conspecifics is seen in both plant and animals species (Duboscq et al. 2016). Using social information is more energy efficient than personal information collection and allows individuals to adapt more quickly to their environment, gaining knowledge on resource location, availability and quality, predator avoidance and mate selection (Danchin et al. 2004;  Laland 2004; Dall et al. 2005; Kendal et al. 2005; Bonnie & Earley 2007; Taborsky & Oliveira 2012; Duboscq et al. 2016). Examining the structure of a population also helps us to identify ‘information brokers’ or highly connected individuals (Mann & Singh 2015) which lead to a better understanding of a population’s social dynamics.

1.2 [bookmark: _Toc529980243][bookmark: _Toc534982556][bookmark: _Toc534982772][bookmark: _Toc14464080][bookmark: _Toc529980244][bookmark: _Toc534982557][bookmark: _Toc534982773]How and why animals interact on a group level

[bookmark: _Toc14464081]1.2.1 Group formations

When defining a “group”, spatial and temporal proximity are key components, with groups forming in response to external factors including predation risk, foraging, mate selection and energy saving (Krause & Ruxton 2002). Defining a group can be problematic as many species are “intermediates”, neither associating with conspecifics or in solitude one hundred percent of the time (Krause & Ruxton 2002). In terms of important biological settings, for example predation, there are key concepts which explain the benefits to group-living, for example the “selfish herd” concept explains the reduced risk of groups; an individual is safer when surrounded by a higher density of conspecifics (Hamilton 1971; Cipriani & Jaffe 2005), or the notion of “many eyes” increasing vigilance to predators or the self-explanatory safety in numbers concept (Krause & Ruxton 2002). But amongst groups, these benefits are weighed against the trade-offs, for example larger groups increase risk dilution but also encounter a surge in resource sharing (Thaker et al. 2010). Grouping is also influenced by environmental factors, i.e. seasonality and resource or habitat quality, which are heterogeneous over space and time therefore, group size and membership often varies and is not uniform in dispersion (Fortin et al. 2009; Thaker et al. 2010). Group size, composition and the context of grouping will impact the individual fitness of animals, with individuals incurring costs, for example within larger groups, animals are exposed to increased parasite load (Jacoby et al. 2012a). Considerations of group size are trade-offs and individual species traits, for example animals living in exposed environments would favour larger groups to reduce predation risk while species living in more structured, protected environments are less visible in smaller groups (Jarman 1974; Pays et al. 2007; Thaker et al. 2010), therefore we must consider species specifically before discussing group formation. 
[bookmark: _Hlk14300136][bookmark: _Hlk14638240][bookmark: _Hlk14300203][bookmark: _Hlk14282651]	Grouping behaviour is commonly observed in elasmobranch species, including manta rays (Mobula alfredi, M. birostris), with gatherings of large numbers of individuals linked to environmental factors including food abundance, seasonality or location (Jacoby et al. 2012a). In manta rays, grouping behaviour can commonly be seen on a large-scale in a small bay located in the Maldives, Hanifaru Bay Marine Protected Area (MPA), with numbers exceeding 200+ individuals during peak grouping events, linked to increased resource accumulation and strong lunar tides (Stevens 2016). Across both benthic and pelagic species, sharks have shown grouping behaviour in both juvenile and adult stages (Economakis & Lobel 1998; Hight & Lowe 2007; Rowat et al. 2007; Guttridge et al. 2009; Jacoby et al. 2012a). What is less known is the social component of grouping in sharks and rays; there is a better understanding of grouping behaviour driven by social attraction amongst teleost and captive species, with a clear indication that shoaling behaviour is a product of predator avoidance (Lachlan et al. 1998; Krause et al. 2000; Hoare et al. 2004; Jacoby et al. 2012a). Springer (1967) discussed the non-random distribution of groups of large sharks and rays, observing co-ordinated co-operative behaviours and size assortment which are now considered symptomatic of social interaction (Jacoby et al. 2012a). Due to the complex nature of collecting empirical data on grouping behaviour in wild populations of elasmobranchs, the study of social attractions and collective behaviour in elasmobranchs is still a burgeoning area of research but it is now recognised that aggregating behaviour, already observed in many shark and ray species, may act as a prerequisite for social grouping (Jacoby et al. 2012a). Hence such species have the potential for socially driven associations, and therefore there is a need for further research.

[bookmark: _Toc14464082]1.2.2 Interactions

Interactions among individuals and species are driven by behavioural differences and help control population stability (Wolf & Weissing 2012). There are five main categories of interactions in animal ecology, namely competition, predation, parasitism, mutualism and detritivory (Begon et al. 2006). Driving community distribution, abundance and diversity, competition is a key factor in social dynamics (Kaplan & Denno 2007) and an important factor to consider for my study. Competition theory examines the interaction between two or more organisms searching for resources, and predicts that interaction intensity escalates as “density, spatiotemporal co-occurrence and ecological similarity (e.g. feeding guild, phylogenetic relatedness) increases” (Kaplan & Denno 2007). It is also widely theorised that predation is a key factor in group living (Alexander 1974; Strassmann et al. 2014). Group living or social aggregating, even among multiple species, provides predator protection through dilution and vigilance, therefore impacting social dynamics (Byrne & Bates 2007). Thus interactions, concurrently drive and limit group living which provides a variety of benefits including anti-predator protection and dilution of predator risk, increased foraging efficiency, movement efficiency and increased mating success (Krause & Ruxton 2002).  At the same time, individuals may have to sacrifice personal preferences and make ‘consensus decisions’ in order to maintain group cohesion (Conradt & Roper 2005; King & Cowlishaw 2009).  
[bookmark: _Toc529980246][bookmark: _Toc534982559][bookmark: _Toc534982775]
[bookmark: _Toc14464083]1.2.3 Fission-fusion

Group membership can also be fluid. Amongst various species, including many marine, population structure is not necessarily solid, i.e. it changes spatially and/or temporally, with individuals moving within and between clusters, seeing groups split (fission) and/or merge (fusion) (Couzin & Laidre 2009). Fission-fusion is thought to be a solution to fluctuating resources, with fusing individuals drawn to areas of high resources, then splitting when competition is too high (Connor et al. 2000; Wittemyer et al. 2005; Smith et al. 2008; Asensio et al. 2009; Nandini et al. 2017). Species with fission-fusion dynamics demonstrate high within and between population flexibility, therefore group structure can be complex and solely reliant on resource abundance (Strier 2003; Amici et al. 2008; Lunardi & Ferreira 2014; Nandini et al. 2017).  Similar to structured groupings, fission-fusion affords both pros and cons; for example, fluctuations in resource levels can cause a surge in group fusion and foraging competition, whilst at the same time providing protection from predators (Couzin & Laidre 2009). Group size is highly reliant on the rate of fission and fusion (Aureli et al. 2008; Couzin 2009). Low fusion leads to unstable groups, secluded individuals amongst a population and the chances of finding larger groups decreases with group size (Couzin & Laidre 2009). Conversely, high fusion rates result in no distinctive group size, commonly seen in pelagic fish and vertebrates (Couzin & Laidre 2009). Fission-fusion dynamics within groups lead to fluid group membership reliant on various components of survival, with a fine balance of the pros and cons of group life, highlighting the flexibility of many species. 

1.3 [bookmark: _Toc529980247][bookmark: _Toc534982560][bookmark: _Toc534982776][bookmark: _Toc14464084]Behavioural traits and differences on an individual level

Groups do not necessarily consist of homogeneous individuals. In nature, groups consist of individuals that vary in their individual ‘state’, social position, personality, leadership tendencies and behavioural traits (Dingemanse et al. 2005; Couzin et al. 2005; Wey et al. 2008; Wolf & Weissing 2010; Dingemanse & Dochtermann 2013; Wolf & Krause 2014). The decisions animals make can be heavily influenced by their individual characteristics, surroundings or experience, with groups made up of a variety of personalities and individuals with differing roles, some adopting leadership while others following roles depending on the particular attributes of the individual (Conradt & Roper 2003; King & Cowlishaw 2009; Wolf & Weissing 2010). Certain animals connect a group due to their association with numerous individuals, including those more peripheral and less connected individuals, acting to direct the flow of information throughout groups (Tanner & Jackson 2012).  

1.3.1 [bookmark: _Toc529980248][bookmark: _Toc534982561][bookmark: _Toc534982777][bookmark: _Toc14464085]State dependent variables

Animals can be characterised by their state, for example variables including age, body size, energy reserves, morphology, available information, surrounding environment and physical and psychological condition (Dall et al. 2004; Wolf & Weissing 2010). These traits restrict and impact which actions an animal can undertake, influencing the costs and benefits of such actions. For example, an individual with low energy reserves is unlikely to devote its limited resources to developing reproductive organs, therefore is unable to reproduce (Dall et al. 2004). The experiences of the individual, such as exposure to stressors or predation risks early in life, may impact behavioural variation amongst animals within the same population, which can have both temporary or permanent effects depending on the individual and the experience (Stamps & Groothuis 2010; Sih 2011; Buwalda et al. 2013; Sih et al. 2015). State-dependent behaviour or phenotypic plasticity is an important social adaptation in animal behaviour and individual states may impact behaviour under numerous contexts hence, state-dependent behaviour has become a key consideration in behavioural studies (Wolf & Weissing 2010; Dingemanse & Wolf 2010).
[bookmark: _Hlk14284207]The sorting of an animal’s position within group living will be dependent on the individual species, but generally certain states play a key role: sex, age, body size, aggression and strength (Chase et al. 2002). The influence of others within a group can also affect the movement of individuals, particularly the motion, position or motion variation (Couzin & Krause 2003; Couzin 2009). “Social forces”, internal (e.g. hunger level) and external motivations (obstacle avoidance) and neighbours’ positions can all impact behavioural responses (Couzin & Krause, 2003). Dominance hierarchies within groups also determine the position and condition of individuals. Often resulting from agonistic interactions over a limited resource, for example food, water or habitat, dominance hierarchies are characterised by either aggression or intimidation which is exerted in order to establish a pecking order for access to said resource (Herberholz et al. 2003). Such hierarchies are observed in many species and can be highly detrimental for the fitness of lower ranking individuals. Within groups, the rank of an individual living in a dominance hierarchy can result in inequalities, for example reduced access to a resource which in turn can lead to a reduced standard of life for that individual (Sapolsky 2015). Stressors felt by individuals can be psychological and physical, thus lowering resistance to stress-related disorders and can affect both low- and high-ranking individuals (Sapolsky 2015). Resource inequalities are present in both despotic (where decisions are taken by a single animal or marginal few individuals (“leader”) with other members (“followers) abiding by this decision (Conradt & Roper 2003; King & Cowlishaw 2009) and consensus (all group members contribute to the decision, independent of their individual identities or social status thus, consensus decisions are reached democratically (Conradt & Roper 2007)) communities, with the latter resulting from clusters of subordinates teaming to gain dominance, as seen in Macaques (Thierry et al. 2004), whereas those within despotic societies are often governed through intimidation by dominants (Sapolsky 2015). Once rank and dominance is obtained, individuals have different means of maintaining power as it may not be a lifelong trait and can vary in relation to the “politics” of a group (de Waal 2007), either through despotic intimidation (seen in rodents and primates) or through aggression (seen in dog and primate species) (Sapolsky 2015). An individual’s position within a group can therefore be vital to survival and can reflect key drivers in social organisation of a group. 

1.3.2 [bookmark: _Toc529980249][bookmark: _Toc534982562][bookmark: _Toc534982778][bookmark: _Toc14464086]Personality

Individuals do not just vary in their state, but also show consistent individual differences in their behaviour which influence their interactions, roles and positions within groups (Dingemanse et al. 2005; Dingemanse & Dochtermann 2013).  Within the animal kingdom, Dingemanse et al. (2010) state a common definition of personality as the differences in the mean level of a behaviour of an animal, and over time, these differences remain consistent. This “consistency” is evident when examining an animal’s behaviour and temperament during interactions, for example individuals may consistently favour a behavioural type whether it be aggressive or submissive (Krause et al. 2010). Previously considered as noise in the data, these individual differences have now become a large focus of social studies due to two key findings: (1) behavioural differences are often temporally stable and correlated across various contexts which indicates structure (Sih et al. 2004a; Bell et al. 2009), and (2) structured differences are a common trait across various animal species (Gosling 2001; Sih et al. 2004b; Réale et al. 2007; Wolf & Weissing 2012). Consistent individual differences have been recorded in a fleet of behavioural traits including activity level, aggressiveness, boldness, cooperativeness, dispersal tendency, exploration tendency, docility, fearfulness, impulsivity, responsiveness and sociability (Gosling 2001; Sih et al. 2004a; Réale et al. 2007; Bell et al. 2009; Wolf & Weissing 2012) in reptile, mammal, fish, bird, amphibian, arthropod and mollusc species (Gosling 2001; Sih et al. 2004b; Wolf & Weissing 2012). 
In order to gain a more rounded understanding of an individual animal’s personality as opposed to simply a “snapshot” in time, one must also consider all secondary relationships and full network connections (Krause et al. 2010).  The close examination of the variability or power relation during interactions, i.e. who plays the focal role and who reciprocates and follows, establishes the presence of hierarchies (Croft et al.  2008). With individual survival at stake, an animal’s position is key; positioning will affect an animal’s growth (Forrester 1990) as well as mating success (Kroon et al. 2000).  
The roles adopted by individuals should be closely considered as the actions of each individual may impact the success and/or survival of a group as a whole. So, within these groups, what makes a leader? There are various traits which predispose individuals to adopting a leadership role: age (Hodgkin et al. 2017), previous environmental knowledge (Pillot et al. 2010), individual foraging requirements, often influenced by sexual dimorphism (Conradt 1998), or individual motivation (King & Cowlishaw 2009; Hodgkin et al. 2014). As the group leader, an individual’s position at the front firstly allows it control over the direction of movement and secondly, dominance over group activity (Hodgkin et al. 2014). Examples of leaders throughout ecology show that age and experience shape leadership selection (Hodgkin et al. 2017; Bonanni et al. 2010). With experience often comes environmental knowledge which holds clear benefits for the foraging, mating or migration success of a group; thus these individuals hold leadership traits (age and/or experience, dominance, social abilities or state, e.g. hunger (King & Cowlishaw 2009))  and are more likely to initiate group movement (Hodgkin et al. 2017). Studies have also shown that individuals positioned as leaders who lack the specific knowledge of an area will stop initiating movements, thus allowing a more knowledgeable animal to take over (Hodgkin et al. 2017). Here Hodgkin et al. (2017) imply that leadership is not simply due to some innate trait but can be flexible and mediated by specific environmental knowledge. Leaders may also act to stabilise the group structure; by acting as decision-makers, they maintain group connectivity and police activities, which can fracture when these key individuals are removed (King & Cowlishaw 2009). Hunger itself or the benefits derived from being positioned at the front may become the deciding factor in leadership, with the hungriest animal adopting the leadership role and the individual with higher energy reserves only choosing to follow and forage with the hungrier individual in order to minimise predation risk (King & Cowlishaw 2009). But what happens to leadership selection when the movements and groupings within a population are more fluid, with a constant stream of individuals joining, merging and leaving groups; i.e. fission-fusion? With these mobile populations, leadership is often by chance, with an individual beginning a movement becoming the incidental leader and groups of willing followers positioning behind them (Pillot et al. 2010). Therefore, the assigned leadership within a group depends on the mobility of the group structure itself, the knowledge of its members and the separate needs of the individuals.
[bookmark: _Toc529980250]
1.4 [bookmark: _Toc534982564][bookmark: _Toc534982780][bookmark: _Toc14464087]Manta Rays

Belonging to the planktivorous elasmobranch family, Mobulidae, there are two distinct species of manta rays: Reef manta (Mobula alfredi) and Oceanic manta (Mobula birostris) (Marshall et al. 2009). Although a staple favourite amongst SCUBA divers worldwide (O’Malley et al. 2013) (Figure 1.2), there is much which we still do not understand about manta rays. Both species are classed as vulnerable on the IUCN Red List (Lawson et al. 2017; Marshall et al. 2011); their large size, curious nature and aggregating behaviour leave them highly vulnerable to human threats, i.e. directed fisheries (Jacoby et al. 2012a; Lawson et al. 2017). Mantas are primarily targeted for their branchial filaments – gill rakers – which are used as part of a medicinal tonic, promoted as a traditional remedy on the Asian market (Couturier et al. 2012; Whitcraft et al. 2014; Lawson et al. 2017). The species are also commonly caught as bycatch (Lawson et al. 2017). Due to the high economic rewards for mobulid products, a worrying trend for bycatch fisheries to convert to directed fisheries is on the increase (CMS 2018), therefore with the profitable gill raker trade continuing to grow on the Asian market, now is the critical time to fully understand all aspects of the species. 
[bookmark: _Hlk14301614]The social dynamics of manta rays remains unclear, with many topics as yet unexplored, including the presence of social structure within aggregations, individual behavioural traits and significant relationships between individual animals. With a large brain to body mass ratio, manta rays potentially have the neural capacity to issue to address is the formation of social groupings; amongst manta populations, groups of individuals regularly sighted in the same geographic region are common (Stevens 2016). Manta rays are also commonly observed using complex coordinated group feeding strategies (Stevens 2016). Whether these formations are solely due to resource accumulation or if more complex social factors influence grouping remains unknown.
[image: ]Figure 1.2: Worldwide distribution of Reef Manta Rays – M. alfredi (Source: Manta Trust 2016).
Historic data collected at the primary study site, Hanifaru Bay MPA (Figure 1.3), Baa Atoll show an increase in manta sightings connected to the strong lunar tides (Stevens 2016). This point is addressed by Johnson et al. (2002), identifying that some animals form aggregations simply to take advantage of a resource which is either limited or restricted to a specific area, i.e. plankton blooms. The pattern of manta sightings in the Maldives is further backed by Guttal and Couzin (2010) who explain that the co-ordinated movement of groupings often follow daily and seasonal shifts. The grouping behaviour of wild elasmobranch populations is a burgeoning area of research (Jacoby et al. 2012b), but little work has been done on recognised manta ray aggregations (Figure 1.4) and movements specifically. The few studies carried out give some interesting indications to possible explanations. Scalloped hammerhead sharks (Sphyrna lewini),  are believed to be mostly solitary hunters, but large numbers aggregate at certain productive locations such as seamounts (Jacoby 2012a). The same study also noted their fission-fusion tendencies (Jacoby 2012a). These patterns can be identified in localised manta populations, with large numbers of individuals identified over the period of a single feeding event (Stevens 2016). White sharks (Carcharodon carcharias) alter their feeding grounds in the Pacific Ocean according to seal pupping seasons to avoid resource reduction (Papastamatiou & Lowe 2012; Weng et al. 2007; Domeier & Nasby-Lucas 2008; Jorgensen et al. 2010).  













[bookmark: _Toc1405659]Figure 1. 3: Map of the Maldives Archipelago and Baa Atoll with the research sites and Hanifaru Bay MPA highlighted.
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[bookmark: _Toc1405660]Figure 1. 4: Reef Manta Ray, M. alfredi, Mass Feeding Event, Hanifaru Bay, 
Baa Atoll, Maldives © Guy Stevens, Manta Trust 2011.

[bookmark: _Hlk954617]Within certain elasmobranch species, groups show specific clustering patterns (Jacoby et al. 2012a). Like many shark species, juvenile manta rays show site fidelity during their early life stages, as apparent in the discovery of important juvenile habitat for M. birostris in the Gulf of Mexico which appears to act as nursery grounds (Stewart et al. 2018). In other elasmobranch species, including sandbar sharks (Carcharhinus plumbeus) (Merson & Pratt 2001; Rechisky & Wetherbee 2003; Grubbs & Musick 2007; Grubbs et al. 2007; Heupel et al. 2007), lemon sharks (Negaprion brevirostris) (Sundström et al. 2001; Edrén & Gruber 2005; Heupel et al. 2007) and blacktip sharks (Carcharhinus limbatus) (Heupel & Hueter 2001; 2002; Heupel & Simpfendorfer 2005; Heupel 2007; Heupel et al. 2007), such areas have been shown to offer more protection to the vulnerable pups from predators (Jacoby et al. 2010). Defined as an area where individuals have reduced predation risks, higher overall juvenile fish densities and increased growth rates than other habitats, nursery habitats provide a safer environment for the more vulnerable juveniles (Heupel, et al. 2007).
M. alfredi  foraging strategies are heterogeneous and dependent on the number of individuals present and the type, location and density of prey available (Stevens 2016). Stevens (2016) described eight distinctive behaviours comprised of a mix of group and solo strategies. For example, individuals can be observed independently using straight, surface, somersault, sideways or bottom feeding strategies, using individual tactics to exploit prey (Stevens 2016). In contrast, we also observe group formations including chain, piggy-back and cyclone formations (Stevens, 2016). With zooplankton density and location changes throughout feeding events, manta rays switch between strategies in order to efficiently exploit feeding (Stevens, 2016), exhibiting a level of flexibility. Foraging behaviour occurs at specific sites, making it a key event for reliable sightings. M. alfredi are also commonly sighted at cleaning stations, areas of the reef, outcrops or coral bommies (Côté 2000), where individuals aggregate to socialise and have dead, injured skin or ectoparasites removed (O’Shea et al. 2010). The Maldives is one of the few locations in the world which boasts both multiple feeding and cleaning sites, allowing for year-round observations (Stevens 2016). 
The demography of groups is not just defined by age, but also sex. There is a female bias in recorded M. alfredi populations in eastern Australia and Mozambique (Stevens 2016) with various explanations. Hight and Lowe (2007) discuss the different life-history traits of males versus female elasmobranchs and how this affects their behaviour, with females dedicating a larger portion of their time than males scouting areas with optimum environmental conditions to support gestation or birthing (Hight & Lowe 2007). In the Maldives, a higher number of female than male mantas are re-sighted at feeding or cleaning sites (Stevens 2016). In contrast, males across many elasmobranch species are known to dedicate more of their time than females in search of a mate (Hight & Lowe 2007). This is also evident during the mating periods in the Maldives where the number of manta males sighted at cleaning stations increases; the majority of observed mating behaviour occurs on and around cleaning stations (Marshall & Bennett 2010a; Deakos 2012; Stevens 2016). There is however the potential for observer-bias; as researchers are commonly focused on these specific areas of the reef, therefore they are more likely to observe mating behaviour at cleaning stations. 

1.5 [bookmark: _Toc529980251][bookmark: _Toc534982565][bookmark: _Toc534982781][bookmark: _Toc14464088]Thesis synopsis

Using data collected over an eleven-year period, this thesis reports the findings from an examination of the social structure and behaviours of a large population of M. alfredi in the Maldives. My main aim is to investigate manta ray social behaviour, population structure and organisation during key social events, foraging and cleaning. Specifically, I analyse manta rays on (a) an aggregation level and (b) fine-scale foraging group level, to determine whether any social structure is different to expectations from random association. Secondly, among observed foraging groups, I investigate the individual flexibility of foraging behaviour. Finally, I discuss ecotourism strategies for enhancing conservation goals in one of the key ecotourism sites in the world. 
With photo-identifications of over 4300 individuals and more than 50,000 unique sightings (Manta Trust 2019), the Maldives population of M. alfredi presents a complex and varied population. As yet, no rigorous testing of the social network structure of this large population has been performed. SNA allows me to examine social network connections on varying levels, looking at large-scale analysis of interactions to garner information on subpopulation-level dynamics. In addition, fine-scale data, for example fission-fusion foraging group analysis allows me to examine the social structure of a small sub-section of a population during feeding events, which have been hypothesised as potentially intense social events. This is the theme of Chapter Two. General network testing on (a) aggregations and (b) foraging groups will examine whether the observed network is different to expectations from random associations. Linear models are used to specifically test the gregariousness (degree centrality) of the sex and age classes. Preferred association rates are used to test for differences within the demographics. Finally, a temporal analysis of association rates is used to examine long-term relations. 	In the Maldives, manta rays are commonly observed grouping in large numbers to feed, displaying various solo and group feeding techniques, discussed by Stevens (2016). Chapter Three examines these groupings observed in the main study area, eastern Baa Atoll, reporting on the feeding behaviour of this sub-population. Using video collected during foraging events over an intense three-year study period, this chapter examines both the environmental and demographic factors affecting group and solo feeding behaviour. I then analyse the structure of groups to highlight patterns of leadership behaviour amongst these group feeders and observe foraging flexibility of individuals during these social events.
Chapter Four reports the first evidence-based analysis and critique of a human-manta interaction Code of Conduct, produced by the research and conservation Non-Government Organisation, the Manta Trust. Using videos captured during tourist swim-with interactions, this chapter aims to link specific human behaviours with the resulting reactions by the manta rays, specifically (1) types of human behaviours during interactions, (2) closest observed distances between manta rays and humans, and (3) direction of human approaches towards animals. Finally, I test inter-site differences in tourist numbers during observations. This study rigorously tests the effect of guidelines published by the Manta Trust (www.mantatrust.org & www.swimwithmantas.org), with the view to providing scientific support for these recommendations to drive increased protective legislation at manta ray aggregation sites globally.
[bookmark: _Hlk531273675][bookmark: _Toc531877667][bookmark: _Toc531878364][bookmark: _Toc534982566][bookmark: _Toc534982782]Finally, in the concluding general discussion I draw together my empirical results in order to build a clearer picture of the social organisation of M. alfredi. Specifically, I establish whether there is any evidence of structure different to random and any variation in gregariousness or association preferences within population members. As little is known about the organisation of the species, I aim to develop a better understanding of the large and fine-scale connections of this highly mobile species. Gaining an insight into variation in individual foraging behaviour will highlight any key factors affecting overall group movements as well as the individual roles adopted by individuals. Finally, as the popularity of the species, classed as ‘Vulnerable’ on the Red List surges, and our focus shifts from fishing exploitation to ecotourism, I make conservation and management recommendations based on my research.




[bookmark: _Toc14464089]Chapter Two: The influence of foraging on the grouping behaviour of a population of Reef Manta Rays (Mobula alfredi) in the Maldives Archipelago.
[bookmark: _Toc14464090]2.1 Abstract

Foraging groups can form in response to ephemeral and or/spatially rich patches of resources. Over time, many species are observed aggregating in specific locations. Where large groups are observed, it can be a challenge to identify all individuals within these large aggregations, but examining these recorded relationships can reveal key social complexities and association patterns. With long-term datasets, we can study repeated interactions amongst the same individuals and test the temporal stability of social associations. Where repeated interactions are present, we can predict that familiarity amongst individuals is possible, especially amongst long-living species who are often recorded forming long-term relationships. However, group structure can be fluid across time or space, with fission-fusion dynamics developing, as members move within and between groups in response to external drivers, for example food availability. Reef manta rays (Mobula alfredi) are long-living, large filter-feeding elasmobranchs which aggregate in numbers of over 200 individuals to feed on ephemeral upwellings of their zooplankton prey. Using seven years of sightings data of aggregations in the Maldives and three years of foraging group data, I conduct the first network analysis on the world’s largest recorded population of M. alfredi. Overall, I found no evidence of social structure at either a large scale, within aggregations or small scale within foraging groups. There was no significant difference in association strengths on the population level for aggregations or foraging groups or on either scale within either sex or age classes suggesting that individuals did not have active, preferred associations. Individuals did not exhibit temporal dyadic associations over a year or 30-day period. There was low variation across dyads, indicating no preference for either long- or short-term relationships. Gregariousness did not differ significantly between males and females, or adults and juveniles highlighting no significant difference in sociality within the network.  Overall, manta rays exhibited highly fluid, fission-fusion group dynamics. My data indicates that mantas do not form structured societies, and are driven to interact by reasons other than sociality, instead due to resource concentration and spatial and temporal overlap.
Keywords: Structure, Preferred associations, Gregariousness, Temporal stability, Mobula alfredi.

[bookmark: _Toc14464091]2.2 Introduction

Whether they are transient aggregations formed due to a temporary resource abundance or a more structured long-term unit, group formations can profit individuals through increased feeding and movement efficiency and predator avoidance (Krause & Ruxton 2002; Kutsukake 2009; Mourier et al. 2012; Marras et al. 2015; Meunier 2015). Even species which are considered solitary can sometimes display social assemblages, for example numerous shark species have been observed aggregating (Guttridge et al. 2009; Powter & Gladstone 2009; Jacoby et al. 2012a; Mourier et al. 2012). Group formations can vary with location, season, and individual demographic traits, for example sex, age, status, relatedness and resource abundance (Krause et al. 2000a; Croft et al. 2005; Ruckstuhl 2007; Hirsch 2011; Hirsch et al. 2013). Familiarity and alliances built through long-term associations can benefit individuals through social learning, cooperative behaviour and vigilance (Swaney et al. 2001; Ward et al. 2004b; Kavaliers et al. 2005; Kutsukake 2006; Croft et al. 2006; Gilby & Wrangham 2008; Carter et al. 2009; MacIntosh & Sicotte 2009; Silk et al. 2014).  In turn, this affects foraging success and time budgets for individuals (Griffiths et al. 2004). Overall, within-species variation in group living arises.

[bookmark: _Toc14464092]2.1.1 Space use and resource dispersal

Unlike transient aggregations formed due to temporary resource abundance, social grouping involves complex structure, with individuals actively seeking out other animals to benefit from cooperative alliances (Couzin et al. 2005; Guttal & Couzin 2010; Jacoby et al. 2012b; Mourier et al. 2012). Many species retain a home-range, meaning that site fidelity becomes a key factor in the formation of a group’s social structure, as it may be more beneficial to remain and exploit resources within a specific habitat, therefore individuals repeatedly encounter each other (Wolf et al. 2007). Site fidelity, often varying between sex and age classes, can be influenced by the dispersal of prey or primary production (Anderson et al. 2011a; Jaine et al. 2014; Armstrong et al. 2016; Stevens 2016). Understanding patterns of site fidelity may also afford us a better understanding of the structure of populations and their dynamics (Benhamou 2006; Rich Jr et al. 2006; Knip et al. 2012). Between 2008 and 2010, Mourier et al. (2012) used photo-identification on four communities of blacktip reef sharks (Carcharhinus melanopterus) to explore group associations, revealing that group formation was almost exclusively determined by location, with individuals showing very limited social correspondence between communities (Mourier et al. 2012). This study conflicts with the findings of same-sex segregation amongst shark species due to dimorphism (Sims 2003), instead showing mixed-sex groups found throughout the study (Mourier, et al. 2012). Therefore, spatial range can be a key factor in grouping behaviour in species. In contrast, Killer Whales (Orcinus orca) have firm social bonds and highly structured matrilineal social groups (Bigg et al. 1990; Riesch et al. 2006; Ivkovich et al. 2010) which have shown long-term stability regardless of spatial location (Beck et al. 2012). However, Foster et al. (2012) indicated that even these strongly interconnected, stable and closed units have been shown to vary in group size in relation to resource abundance, as when, for instance, the social network of a population of Southern Killer whales became less connected in times of low Chinook salmon (Oncorhynchus tshawytscha) abundance. Even highly stable social units can alter in membership over time. 
[bookmark: _Hlk531357497]Across time or space, group structure can be fluid, with groups splitting (fission) and merging (fusion) as members move within and among groups (Couzin & Laidre 2009; Lewis et al. 2011; Tsai & Mann, 2013). These fission-fusion dynamics often occur within systems with temporally predictable environmental and intermediate spatial variability (Lee et al. 2007; Sueur et al. 2011; Silk et al. 2014). Not all groups have a complex social structure. A ‘social group’ is defined as an aggregation where social attraction is present (Jacoby et al. 2012a), but some groups are simply the by-product of, for example resource dispersion (Johnson et al. 2002). Resources are not always evenly distributed, but are heterogeneously dispersed in patches, “a discrete and internally homogeneous entity” (Kotlia & Wiens 1990) over space and time, which allow multiple individuals to benefit from the clumped areas of high productivity (Johnson et al. 2002; Newsome et al. 2013). This resource-based segregation has been used to describe the social organisation of some species including ants (Monomorium sydneyense) and African lions (Panthera leo) (Johnson et al. 2002; Lester et al. 2010; Valeix et al. 2012).  The correlation between resource availability and grouping behaviour is well established in the literature, and is seen across a variety of animal social systems, including many terrestrial mammals (Campbell et al. 2006; Sundaresan et al. 2007), cetaceans (Connor et al. 2000; Heithaus & Dill 2002; Parra et al. 2011) and numerous elasmobranch species (Weng et al. 2007; Domeier & Nasby-Lucas 2008; Papastamatiou & Lowe 2012). Patchy or ephemeral resources drive fission-fusion behaviour, for example Corcoran (2006) identified an increase in both the number of animal interactions and the level of site fidelity in Southern stingrays (Dasyatis Americana) at a human-supplied feeding site. The level of spatial overlap, even in solitary animals can greatly increase when individuals are drawn to areas of higher resource abundance (Atwood & Weeks 2003; Mourier et al. 2012), increasing levels of interaction and potential associations.
‘Area copying’, where individuals aggregate with other active individuals within a specific location, often with an increased resource abundance can drive the formation of groups (Budden & Wright 2005; Leu et al. 2011; Tanner & Jackson 2012). Individuals actively seeking out conspecifics and other drivers of group formation introduces the idea of group structure and sociality. The complexity (physical structure, i.e. topography) of an environment can in fact encourage ‘cliquey’ social dynamics, as a more structurally complex space limits the transfer of social cues, for example foraging techniques, meaning that individuals with a higher level of association may recognise such cues and thus benefit (Atton et al. 2012; Webster et al. 2013; Atton et al. 2014). Webster et al. (2013) examined the relationship between environmental complexity and group interactions amongst shoals of foraging sticklebacks (Gasterosteus aculeatus). Within structured environments, with reduced predator risk, information flow followed the network structure more strongly than within more open environments, indicating that associations have ecological importance within structured as opposed to open environments (Webster et al. 2013). The level of resource dispersion is also limited by the size of a habitat, controlling the rate of interaction amongst group members  (Webster et al. 2013). If familiarity amongst group members stems from similar resource exploitation, individuals are more likely to cluster with conspecifics with similar foraging needs for example (Ward et al. 2007; Webster et al. 2008; Atton et al. 2014). This in turn increases the level of re-association, leading to learned recognition through increased contact (Atton et al. 2014). Therefore, when considering social structure, we must also consider the arena species inhabit and how spatial constraints may elevate the flow of information, particularly when the exploitation of resources may influence behavioural traits, for example foraging techniques. 

[bookmark: _Toc14464093]2.1.2 Temporal and seasonal variation in sociality

Seasonal shifts also drive social dynamics, particularly where resource abundance impacts aggregating behaviour and predictable climatic conditions impact and initiate fission-fusion events (Krause & Ruxton 2002; Sueur et al. 2011; Silk et al. 2014). When resources are ephemeral and optimal conditions are seasonal, aggregation sizes and the sociality of a species can be highly variable (Silk et al. 2014). For example, whale sharks (Rhincodon typus) are large filter feeders, which opportunistically aggregate in localised areas of high productivity across the globe (Hoffmayer et al. 2007), observed off Western Australia, Djibouti, Taiwan, Japan, the Philippines, Belize and Mexico (Colman 1997; Compagno 2001; Stewart & Wilson 2005; Castro et al. 2007). Although a few aggregations are reported as year-round, others appear seasonally (Castro et al. 2007). Between the months of April and September, several hundred whale sharks aggregate off the Yucatan Peninsula, Mexico to feed on zooplankton blooms formed by seasonal upwellings (Motta et al. 2010). These individuals appear to aggregate together purely in order to exploit the temporary, rich localised feeding opportunity (Hoffmayer et al. 2007). As resources begin to deplete, so do aggregation sizes and group fission occurs. 

[bookmark: _Toc14464094]2.1.3 Individual variation in sociality

Moreover, phenotypic differences (morphological and behavioural) can alter group size, for example divide and fragment groups (fission) as individuals’ behaviour and requirements vary, thus the cost of cohesion increases (Couzin & Krause 2003; Silk et al. 2014). Behaviours including aggression, vigilance, social learning and co-operative behaviour are all influenced by familiarity which develop due to repeated interactions (Palm 2000; Kutsukake 2006; Kavaliers et al. 2005; Gilby & Wrangham 2008; Griffiths et al. 2004; Silk et al. 2014). Such behavioural traits will affect an individual’s foraging success and time budgets which in turn will impact the benefits of maintaining group cohesion (Silk et al. 2014). The same is found when varied physical phenotypes are present, namely fission increases due to heterogeneity in individuals’ physical traits (Couzin & Krause, 2003; Silk et al. 2014). Models have indicated that within groups of fish made up of two different physical phenotypes, fission happened more quickly than when all group members were the same (Silk et al. 2014). Thus, the stability and structure of populations is dependent on both environmental and phenotypic traits. However, as yet we still do not understand the impact of behavioural traits, which thus far have yet to be studied in relation to the grouping behaviour of Reef Manta Rays (Mobula alfredi).   

[bookmark: _Toc14464095]2.1.4 Social network analysis

The use of network theory in analysing individual organism interactions (Lusseau & Newman, 2004; Croft et al. 2005; Lusseau et al. 2006; McCowan et al. 2008; Krause et al. 2009; Croft et al. 2011) as measurable “nodes” (Newman 2003; Proulx et al. 2005) has become an increasingly popular analytical tool (Sih et al. 2009).  Social network analysis (SNA) examines various levels of behavioural interaction such as sexual, cooperative and  aggressive interactions as well as, disease and information dispersal (Croft et al. 2005; Krause et al. 2009). Conducting such analyses allows us an insight into the impact of the behaviour of an individual on a population level and vice versa (Krause et al. 2009). Using SNA and tracking the number of times individuals are observed within the same group over numerous surveys, we can create a catalogue of associations, which illustrate the strength of association using the “Gambit of the Group” (GoG) approach (Franks et al. 2010). GoG assumes that each individual observed together at one time are associating equally with every other member within the same group, therefore are generally able to transfer information or share resources equally, therefore the GoG approach maps connections within aggregations (James et al. 2009). The frequency of associations within and between specific individuals, for example sex and age highlights any evidence of preferred associations (Wey et al. 2008). Preferred associations will influence the formation of a social structure (Wey et al. 2008) (where social attraction is active within aggregations or groups (Jacoby et al. 2012b)) on an overall population level, between all individuals and within and between specific categories, for example sex and age. An individual’s network position, for example how connected they are, is influenced by their relationships and those of their conspecifics, and ultimately can impact their sociality, experience, and in turn future success (Krause et al. 2010; Jacoby et al. 2014). We can identify patterns of sociality by examining the ‘degree centrality’ (the gregariousness and the level of connectedness of individuals (Farine & Whitehead 2015)). These interactions can also be constrained or stimulated by their environment (Jacoby et al. 2014). Specific behavioural traits or phenotypic (parasite load, body-length, species or colouration (Krause et al. 2000; Croft et al. 2005)) or physiological characteristics of conspecifics may influence an individual’s predilections for grouping behaviour, which may also change temporally and under different environmental conditions (Krause & Ruxton 2002; Jacoby et al. 2014).  Whether interactions are driven by active sociality, through kinship or familiarity, or merely via the increased exposure to associates during aggregating events, varies among species (Barber & Wright 2001; Wiszniewski et al. 2010; Jacoby et al. 2014). These large fission-fusion aggregations will also be likely to be made up of both familiar and unfamiliar individuals (Atton et al. 2014), therefore closer examination of social dynamics will reveal the extent of the social complexity within individual populations. 

[bookmark: _Toc14464096]2.1.5 Elasmobranch sociality

Elasmobranch species are known to demonstrate grouping behaviour, with specific beneficial purposes (Jacoby et al. 2012a; Nosal et al. 2014). Amongst planktivorous species, like the whale sharks mentioned above, aggregations are often seen in relation to ephemeral zooplankton blooms, which are quick to disperse and often heterogeneously spread (Heyman et al. 2001; Dewar et al. 2008; Mourier et al. 2012;  Stevens 2016; Murray et al. Chapter Three). Sexual or age-related segregation can increase safety, as juveniles, for example might inhabit shallower, more structured and sheltered areas (Heupel & Simpfendorfer 2005; Duncan & Holland 2006; Guttridge et al. 2012), whilst female-only aggregations may reduce courtship harassment (Sims et al. 2001; Jacoby et al. 2010; Wearmouth et al. 2012) or provide safe and secluded birthing grounds following gestation (Hight & Lowe 2007; Jirik & Lowe 2012; Nosal et al. 2014). Closer examination of network measures, specifically preferred associations can be used to consider whether M. alfredi also favour within sex or age grouping as observed in other elasmobranch species. 
In the Maldives, M. alfredi are observed foraging in large aggregations in discrete locations, most notably, Hanifaru Bay marine protected area (MPA) in Baa Atoll (Stevens 2016; Murray et al. Chapter Three). The unique topographic features of the bay,  combined with colliding lunar and monsoonal currents draw high densities of zooplankton into this small area, and in turn large aggregations of manta rays and whale sharks (Stevens 2016; Murray et al. Chapter Three). Peak sightings also appear to follow daily and seasonal shifts (Guttal & Couzin 2010; Murray et al. Chapter Three) as seen in other elasmobranch species. Leopard shark (Triakis semifasciata) aggregations, for example, fluctuate in accordance to the rising and falling tidal movements, allowing sharks to maintain depth and core temperature consistency, as well as exploiting newly covered intertidal feeding grounds (Ackerman et al. 2000; Carlisle & Starr 2009; 2010; Nosal et al. 2014). It is clear to see the ecological benefits of M. alfredi aggregating and forming foraging groups during the optimal conditions at specific locations, i.e. Hanifaru Bay, but whether these groupings have any benefit other than foraging success, for example sociality is yet unknown and analysis of associations and interactions is needed.

[bookmark: _Toc14464097]2.1.6 Study outline and aims

[bookmark: _Hlk529189897][bookmark: _Hlk529189847][bookmark: _Hlk14641741]My study tests the group dynamics and structure of M. alfredi in the Maldives on two scales, (a) large aggregations and (b) fine scale foraging groups. Specifically, when controlling for location and time, do manta rays in aggregations or foraging groups in eastern Baa Atoll: (1) show network structure different to random association? (2) Do females differ to males in their association strength, exhibiting preferred associations within their own sex? (3) Do adults differ to juveniles in their association strength? (4) Do females differ to males in their gregariousness, exhibiting a higher level of connectedness? (5) Do adults differ to juveniles in their gregariousness? (6) Across timesteps of (a) One year (to account for fluctuations in manta sightings between seasons); (b) 30 days (to account for hypothesised fluctuations in manta sightings across the calendar months within the six-month season), do females differ to males in their long-term relationships? (7) Do adults differ to juveniles in their long-term relationships?

[bookmark: _Toc14464098]2.3 Methods	

[bookmark: _Toc14464099]2.3.1 Study Site

Spread across 870 kilometres (540 miles), the 26 geographical atolls that compose the Maldives Archipelago are situated south-west of India in the Indian Ocean and are home to the world’s largest recorded population of M. alfredi (Stevens 2016). The seasonal sightings of M. alfredi are heavily influenced by the monsoons (Anderson et al. 2011a). This study was conducted in Baa Atoll, which in 2009, became known globally due to media exposure showcasing the large feeding aggregations of M. alfredi and whale sharks which visit the key study site, Hanifaru Bay MPA. During the south-west monsoon (May through November), monsoonal currents and lunar tides produce a back-eddy concentrating the manta’s zooplankton prey into the body of the bay, attracting large numbers of the filter feeding animals (Stevens 2016).

[bookmark: _Toc14464100]2.3.2 Data Collection

A data collection protocol for standardised information developed by Stevens (2016) was used to develop the Manta Trust’s Maldivian regional branchial database of identified individuals.  Manta ray surveys started in the Maldives in 2005, collecting ID images across 155 known feeding and cleaning aggregation sites (Stevens 2016).

2.3.2.1 Aggregations

[bookmark: _Hlk14372265][bookmark: _Hlk14624879] Due to the concentrated sampling effort and quantity of historical data in eastern Baa Atoll, only these surveys were included. Surveys were conducted whilst either SCUBA diving or free-diving from the dedicated research vessel, at 11 recognised aggregation sites: Andhagiri, Anga Faru, Dharavandhoo Corner, Dharavandhoo Thila, Dhigu Thila, Dhonfanu Faru, Hanifaru Bay MPA, Hanifaru Beyru, Hurai Faru, Reethi Falhu, Veyofushi Falhu. Data were collected during the months of May and November, between 2010 and 2016 and across a variety of times throughout the day, as part of the Maldivian Manta Ray Project (MMRP) daily surveys. Surveys were conducted using either SCUBA or freediving by members of the MMRP research team, with photo-IDs collected ensuring that manta rays’ natural behaviour was not impeded or disturbed. Additional information was recorded when manta rays were observed, for example species, photo-ID, sex, age class, maturity status and behaviour (feeding, cleaning, courtship, cruising) (Stevens 2016). 
An “aggregation” was defined as all the individuals observed at the same site within a survey. Aggregation data includes interactions at both foraging and cleaning sites within the area. Total aggregation size was estimated visually in the field and confirmed by verifying identification photos. 
When manta rays were observed, researchers free-dived beneath the animals to record the unique ID spots on the ventral surface (Marshall & Pierce 2012), taking care not to impede or alter their behaviour. All photo-ID images were downloaded immediately after surveys and filed according to site; images taken by multiple researchers at a single location were compiled for efficient identification purposes. Manta rays can be individually identified by the unique and unchanging spot markings located on the ventral surface, between the gill slits (Marshall & Pierce 2012; Stevens 2016) (see Figure 2.1). Individual identification was confirmed by matching this pattern with the categorised photographs in the regional branchial database. For every individual positively identified, sex, age class, and behavioural activity (feeding, cleaning, courtship, cruising) during the observation period were recorded.

[bookmark: _Toc1405947][image: ]
Figure 2. 1: Identification spots on the ventral surface (Source: Manta Trust 2019).

[bookmark: _Toc14464101]2.3.2.2 Hanifaru Bay foraging groups

I defined “foraging groups” as two or more animals recorded feeding together within two body lengths and the foraging type, either ‘solo or ‘group’ was noted for interaction. Solo feeders, mantas foraging more than two body lengths away from another manta, were also recorded and included in analysis.
 Surveys were conducted on 160 days between 26th May and 1st December 2014, 156 days between 1st June and November 30th 2015, and 155 days between 21st May and November 30th in 2016. Data were collected across the day to ensure a broad surveying window.  I surveyed foraging at six sites in eastern Baa Atoll: Baathala Kandu, Dhigu Thila, Hanifaru Bay MPA, Hurai Faru, Reethi Falhu and Veyofushi Falhu. Hanifaru Bay MPA was considered the key research site due to the unique environmental conditions and significant number of M. alfredi observed foraging seasonally.
The data collection protocol used by Murray et al. (Chapter Three) was used. Video data were collected by free-diving beneath the foraging manta rays, using a GoPro Hero 3, or a Canon PowerShot S110 compact camera.
Only individually identified M. alfredi were included in analyses. Using Stevens’ (2016) methods for identification, each animal was identified and sexed. Age-class was noted for each individual. 

[bookmark: _Toc14464102]2.3.3 Statistical analyses

2.3.3.1 Associations within Aggregations
[bookmark: _Hlk529190844]Aggregation data were used across all eleven sites in eastern Baa Atoll. An association is defined as interactions and/or communications between individuals in spatial, temporal and/or behavioural metrics (Whitehead 2008; Whitehead & James 2015). To avoid biasing association strengths, only individuals with a minimum of five observations were included in analysis (Aplin et al. 2013).  Edge weight and degree distributions, scaling association (edges) between zero (never observed in the same group) and one (always observed in the same groups (Cairns & Schwager 1986; Aplin et al. 2013)) were used to calculate association strengths using the GoG approach (Whitehead & Dufault 1999; Franks et al. 2010; Aplin et al. 2013).  I tested whether the observed network was statistically different to random by running 5000 permutation tests on the group-by-individual matrix, controlling for time and location, with 100 swaps on animal ID (Whitehead 1999; 2008; Aplin et al. 2013). Permutations assess whether the observed network is statistically different to randomised networks. For permutation tests, I first calculated the test statistic, in this case the coefficient of variance (CV) for the observed network. The permutation tests create multiple (5000) datasets, scrambling the animal ID in order to calculate a test statistic for each randomised network. These two statistics are then compared, if the observed statistic is less or greater than 97.5%, we can reject the null hypothesis that the permutations had no effect, i.e. if a p-value of 0.05 or less is found, then the observed network is statistically different to random (Whitehead 1997). To estimate a p-value, I calculated the number of times the CV for the observed value was smaller than the CV value of the randomised networks, divided by the number of permutations, plus the observed network, i.e. 5001 (Farine & Whitehead 2015). Analyses were conducted using Asnipe package, version 1.1.19 (Farine 2018) in R 3.0.0 Statistics Package.   

2.3.3.2 Associations within Foraging groups

Only foraging data collected at Hanifaru Bay MPA were used for this analysis. To avoid biasing association strengths, only individuals with a minimum of five observations were included in analysis (Aplin et al. 2013). Creating sampling periods of co-occurrences from association data, I generated an association matrix of all individuals observed foraging together within time and space, using a designated sampling period of one day. This was done to ensure independence of each observed group. This matrix records the presence (one) or absence (zero) of an association between dyads within the sampling period. An occurrence matrix, representing the presence of each individual in each sampling period, allowed me to also include observations of lone individuals sighted during a sampling period in the overall network (this is necessary as co-occurrence matrices only analyse associations, not attendance (Farine 2018)). I initially calculated edge weight and degree distributions and created the full eastern Baa Atoll foraging network for the six designated sites. As Hanifaru Bay is recognised as a key foraging site, I repeated this process and created a Hanifaru Bay network. Due to the high number of foraging observations in Hanifaru Bay which make up 80% of all data, all further foraging group analyses were focused on this site alone. 

[bookmark: _Toc14464103]2.3.4 Associations between individuals

Preferred association is defined as individuals which are seen together more than would be expected at random (Lusseau 2003) and is an indicator of individuals preferential companionship. A weighted analysis was used.

2.3.4. 1 Associations between individuals within Aggregations

I tested preferred associations in the observed network statistically using 5000 data stream permutation tests on the group-by-individual matrix, controlling for time and location, with 100 swaps on animal ID (Whitehead 1999; Whitehead 2008; Aplin et al. 2013). Next, using edge weight and degree distributions, I calculated preferred associations within sex and age class. The overall network was subsetted and tests were conducted on the full network, as well as female only, male only, juvenile only and adult only networks to examine within-class variation in preferred associations. P-values signify any significant difference between the CV of the observed network and the coefficient estimates of the 5000 permuted networks (as explained above). 

[bookmark: _Hlk535848435]2.3.4. 2 Associations between individuals within foraging groups in eastern Baa Atoll

[bookmark: _Hlk535848410]I tested for preferred associations in the overall eastern Baa Atoll network statistically using data stream permutation tests on the one-day sampling period matrix, controlling for time and location, with 100 swaps on animal ID.

2.3.4. 3 Associations between individuals within Hanifaru Bay foraging groups

[bookmark: _Hlk535848727]The above analyses were repeated on the Hanifaru Bay association matrix of all individuals co-existing within time and space, using a designated sampling period of one day. The overall network was subsetted and tests were conducted on the full network, female only, male only, juvenile only and adult only networks. 
[bookmark: _Toc14464104][bookmark: _Hlk530046040]2.3.5 Gregariousness 
Next, I tested each individuals’ gregariousness (also known as degree centrality) by calculating the number of individuals with which they associated with over the specified time period (Aplin et al. 2013). The same methodology was used for both aggregations and foraging groups).
Using the permutation method proposed by Bejder et al. (1998; Farine 2013), I tested the parameter estimate significance against the null model.  A comparison of the coefficient estimates for the slope of the observed network and the individuals’ weighted degree coefficient estimate for the permuted networks allowed me to test for significance against the randomised data. I then tested whether age class and sex predicted gregariousness by running a linear model with degree centrality as the ‘dependent’ variable (Farine 2013).
[bookmark: _Toc14464105]2.3.6 Temporal stability of relationships 
[bookmark: _Hlk14373586]The temporal stability of the population and repeated associations was examined using the lagged rates of association technique (LRAS) (Farine 2013), testing the rate and stability of dyad re-associations across the full study period divided into temporal periods of (a) one year and (b) 30-days. These periods were selected to show fluctuations across the long and short term, i.e. 30-day periods indicate finer scale variation, theorised to be influenced by strong environmental factors within study calendar months, while annual timesteps accounted for the strong influence of the seasonal nature of observations across the sampling period. The same methodology was used for both aggregations and foraging groups. By accounting for the frequency of associations between dyads over a specific time lag (τ), the lagged rate of association technique achieves results which are statistically akin to those calculated by using simple ratio indexes, using the equation;

			(Farine, 2013). 


Here, X and Y represent individuals’ measures, with aⱼ(X, Y) the number of X  and Y dyad observations during the time period j and aₖ (Y, X) the number of observations of individual X during the time period k (Farine 2013).  A null (random) model was created, presuming there is an equal probability of all individuals associating, as proposed by Whitehead (1995). Plotting the null model indicates whether individuals associate more or less often than expected at random. For this analysis, all individuals were used regardless of the number of observations, as rates can be positively biased if only data from frequently observed individuals are used (Baird & Whitehead 2000; Lusseau et al. 2003). The mean association rate was calculated for dyads per timestep, i.e. one year/30-days and results plotted against the null model for comparison. A mean lagged rate of association of one (the maximum value) would indicate that individuals have a high probability of companionship and to be always sighted together, whereas a value of zero indicates a zero probability of re-association. Standard errors were calculated using a jackknife technique, where each sample is removed one at a time from the dataset to calculate jackknife parameter measures (Whitehead 1997; Farine 2013), indicating variation within the data. This test was then run within sex and age class as these were regarded key biological factors influencing re-association patterns.

[bookmark: _Hlk527466361]Sampling in the wild can lead to certain individuals not being observed during a survey leading to an association reading of zero, however, this does not mean that they were not in fact associating. Therefore, I calculated standardised lagged association rates (SLAR). Using the concept that if individual Y associates with individual X at time point zero of the study, SLARs estimate the average probability that the dyad will be observed associating together again at succeeding time points (Whitehead 2008; Garroway & Broders 2007). This was run testing all individuals.  The SLAR was calculated over monthly timesteps for aggregations and foraging groups and results plotted against lag. Standard errors were calculated using a jackknife technique. 

[bookmark: _Toc14464106]2.4 Results

[bookmark: _Toc14464107]2.4. 1 Network overview

2.4.1.1 Associations within Aggregations

Between 14th May 2010 and 26th November 2016, 1454 aggregations, ranging in size from one to 242 individuals, were observed across 11 study sites (both foraging and cleaning sites) in eastern Baa Atoll. Sightings included 844 unique individual manta rays over 883 days of data collection. Individuals were observed between five and 190 times, with a median of 15 times. 

2.4.1.2. Associations within eastern Baa Atoll foraging groups

Between 25th May 2014 and 26th November 2016, 1774 foraging groups were observed across six sites in eastern Baa Atoll, ranging in size from one to 13 individuals. A total of 209 individual manta rays were observed feeding across 77 days of sampling. Individuals were sighted between five and 74 times, with a median of ten times. 

2.4.1.3 Associations within Hanifaru Bay foraging groups

Finally, I analysed data from just the foraging groups recorded at Hanifaru Bay MPA. Across 64 sampling days from 2014 and 2016, 1398 foraging groups were observed, including 173 unique individual manta rays and ranging in size from one to 12 individuals. Individuals were sighted between five and 68 times, with a median of nine times. 
[bookmark: _Toc14464108]
2.4. 2 Associations between individuals

2.3.2.1 Associations between individuals within Aggregations

  A social network was constructed for the whole sampling period from 2010 to 2016 using a GoG approach (Whitehead & Dufault 1999; Franks et al. 2010; Aplin et al. 2013), with all individuals observed at the study site per survey classed as aggregation members. I tested the full and subsetted sex and age class networks for preferred associations. Within the whole aggregation network including all individuals, there were no significantly preferred associations amongst individuals different to the null model (p = 0.9998) (Figure 2.2a and Table 2.1a). Analysing the sexes separately, neither females or males (Table 2.1b and c) showed preferred associations. This result was the same when the networks were split into juvenile and adult only networks (Table 2.1d-e), indicating that observed associations within-class resulted from random associations and that all individuals, regardless of sex or age had an equal chance of associating. 
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[bookmark: _Toc535854909]
[bookmark: _Toc1405948]
Figure 2. 2: The observed network of (a) M. alfredi in eastern Baa Atoll between 2010 and 2016. Coefficient estimates for the permuted networks indicate the observed network is not significantly different to random, p = 0.9998. (n = 844). (b) Foraging groups in eastern Baa Atoll between 2014 and 2016. Coefficient estimates for the permuted networks indicate the observed network is not significantly different to random, p = 0.9998. (n = 209). (c) Foraging groups in Hanifaru Bay MPA between 2014 and 2016. Coefficient estimates for the permuted networks indicate the observed network is not significantly different to random, p = 0.9940. (n = 173).
[bookmark: _Toc14464412]Table 2. 1: Tests for preferred associations within aggregations. Permutation tests with swaps between pairs of associations with 5000 permutations, 100 swaps/permutation. n = 844, n (female: male) = 498:346, n (adult: juvenile) = 515:329. P-values below 0.05 indicate preferred affiliations.
	  Permutations:

Measure:
	Controlling for time and location


	a. All individuals (n=844)
Coefficient of Variance (Observed: Random)
 P-value
Confidence Intervals
	
1.4436: 2.5224
p = 0.9998
0.9997 – 0.9999

	b. Females only (n=498) 
Coefficient of Variance (Observed: Random)
P-value
              Confidence Intervals
	
1.3763: 2.2617
p = 0.9996
0.9995 – 0.9997

	c. Males only (n=346) 
Coefficient of Variance (Observed: Random)
P-value
Confidence Intervals
	
1.5015: 2.9609
p = 0.9998  
0.9997 – 0.9999

	d. Adults only (n=515) 
Coefficient of Variance (Observed: Random)
P-value
Confidence Intervals
	
1.2775: 2.2058
p = 0.9998 
0.9997 – 0.9999

	e. Juveniles only (n=329) 
Coefficient of Variance (Observed: Random)
P-value
Confidence Intervals
	
 1.6273: 2.2066
p = 0.9998 
0.9997 – 0.9999












2.3.2.2 Associations between individuals within eastern Baa Atoll foraging groups
	
	With a p-value of 0.9998 (CV = 6.501) there was no evidence of preferred associations within the whole eastern Baa Atoll foraging groups network, therefore I can reject the presence of social structure (Figure 2.2b). 

2.3.2.3 Associations between individuals within Hanifaru Bay foraging groups

The Hanifaru Bay foraging social network was constructed using a sampling period approach, constructing an association matrix for co-occurrences using a one-day sampling period. Within the whole foraging group network, coefficient estimates for the permuted networks indicated the observed network was not significantly different to random, p = 0.9940 (Figure 2.2c and Table 2.2a). Splitting the network by sex, neither females or males showed preferred associations (Table 2.2b & c). This indicates no significant preferred associations within the sexes, with no evidence of females significantly associating more with other females and males with other males. This result is reflected within age class, with neither adults or juveniles showing preferred associations (Table 2.2d & e). Overall manta rays did not adopt preferred associations with individuals of the same sex or age class indicating no structural benefits to associating with similar conspecifics. 








[bookmark: _Toc14464413]Table 2. 2: Tests for preferred associations within Hanifaru Bay foraging groups. Permutation tests with swaps between pairs of associations using 5000 permutations, with 100 swaps/permutation. n = 173, n (female: male) = 124:49, n (adult: juvenile) = 99:74. P-values below 0.05 specify preferred associations.
	Permutations:

Measure:
	
Controlling for time 



	a. All individuals (n=173)
             Coefficient of Variance (Observed: Random)
             P-value
             Confidence Intervals
	
4.8689: 5.1829
p = 0.9940
0.9935 – 0.9945

	b. Females only (n=124)
Coefficient of Variance (Observed: Random)
              P-value
              Confidence Intervals
	
4.6429: 4.8632
p =0.9974
0.9971 – 0.9977

	c. Males only (n=49) 
Coefficient of Variance (Observed: Random)
P-value
Confidence Intervals
	
4.6757: 5.3128
p = 0.9998
0.9997 – 0.9999

	d. Adults only (n=74)
Coefficient of Variance (Observed: Random)
P-value
Confidence Intervals
	
4.4237: 4.7655
P = 0.9918
0.9912 – 0.9924

	e. Juveniles only (n=99) 
Coefficient of Variance (Observed: Random)
P-value
Confidence Intervals
	
5.1859: 5.6804
p = 0.9950
0.9945 – 0.9955











[bookmark: _Toc14464109]2.4.3 Gregariousness 

2.4.3.1 Gregariousness within Aggregations

A linear model tested the influence of sex and age class on the gregariousness (degree centrality) of individuals in the observed aggregation network. Model results indicated that both demographic classes were significant in the gregariousness of M. alfredi but the interaction between sex and age class proved non-significant. (see Table 2.3). Males had significantly lower degree centrality than females, indicating that females were more gregarious (see Fig 2.3a). This was reflected in the age classes too, with adults showing statistically significantly higher gregariousness than juveniles (see Fig 2.3b). The coefficient estimates for the weighted degree centrality of individuals were tested against the null model to confirm overall significance. With a p-value of 0.4152, there was no significant indication of varying levels of gregariousness different to what is found at random, influenced by sex or age amongst the study population.






[bookmark: _Toc14464414]Table 2. 3: Effect of demographic factors (sex and age class) and interactions on gregariousness within aggregations. Statistics include estimate (positive, negative -), standard error (SE (β)), t value, probability of deviation from a slope of zero (p). Statistically significant (sig.) results appear in bold.  (n = 844).

	Variables
	Coef β
	SE (β)
	t
	Sig.

	(Intercept)
	18.0883
	0.4958
	36.482
	<2e-16

	Sex
	 
	 
	 
	 

	Female
	
	
	
	

	Male
	-5.7839
	1.1155
	-5.185
	2.71e-07

	Age class
	 
	 
	 
	 

	Juvenile
	
	
	
	

	Adult
	3.8174
	0.7233
	5.278
	1.67e-07

	Interaction
	 
	 
	 
	 

	Sex: Age
	1.7608
	1.328
	1.330
	0.184
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[bookmark: _Toc535854910][bookmark: _Toc1405949]Figure 2. 3: Gregariousness (weighted degree centrality) measures for (a) sex and (b) age classes of M. alfredi as calculated using linear models within aggregations. The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles).  Coefficient estimates for the permuted networks indicate degree centrality for sex and age classes were not significantly different to random, p = 0.4152 (n = 844).

2.4.3.2 Gregariousness within Hanifaru Bay foraging groups

I tested the influence of sex and age classes on the gregariousness of individuals in the foraging groups network using a linear model. Neither sex or age or the interactions between sex and age were significant in explaining variation in gregariousness of foraging M. alfredi (see Table 2.4). The coefficient estimates for the weighted degree centrality of individuals were not significantly different to random (p = 0.5170), which indicated that any variation in individual gregariousness of the Hanifaru Bay foraging network is not affected by sex or age class (Fig 2.4a and b).

[bookmark: _Toc14464415]Table 2. 4: Effect of demographic factors (sex and age class) and interactions on gregariousness within foraging groups. Statistics include estimate (positive, negative -), standard error (SE (β)), t value, probability of deviation from a slope of zero (p). Statistically significant (sig.) results appear in bold. (n = 173).
	Variables
	Coef β
	SE (β)
	t
	Sig.

	(Intercept)
	1.7103
	0.1295
	13.202
	<2e-16

	Sex
	 
	 
	 
	 

	Female
	
	
	
	

	Male
	0.3277
	0.3222
	1.017
	0.311

	Age class
	 
	 
	 
	 

	Juvenile
	
	
	
	

	Adult
	0.1567
	0.2253
	0.695
	0.488

	Interaction
	
	
	
	

	Sex: Age
	-0.5725
	0.4243
	-1.349
	0.179






[bookmark: _Toc535854911]a.
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[bookmark: _Toc1405950]
Figure 2. 4: Gregariousness (weighted degree centrality) measures for (a) sex and (b) age classes of M. alfredi as calculated using linear models within foraging groups. The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles).  Coefficient estimates for the permuted networks indicate degree centrality for sex and age classes were not significantly different to random, p = 0.5170 (n = 173). 

[bookmark: _Toc14464110]2.4.4 Temporal stability of relationships

[bookmark: _Hlk529890402]2.4.4.1 Temporal stability of relationships: Aggregations

[bookmark: _Hlk535849736]I measured the temporal stability of dyad associations of individuals over the seven years of data collection split into (a) annual and (b) 30-day timesteps and compared against the null (random) model. The probability of re-association (repeated observations of dyads) within the whole population, as well as within sex and age classes was low overall across both the annual and 30-day timestep. The probability of re-association for all individuals within aggregations across year timesteps was small, with a mean association probability of 0.060, but remained consistently higher than the null model (Figure 2.5).  This result indicates that dyads associated more than expected at random.  
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Figure 2. 5: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for all individuals over year timesteps. Lines show the approximate differences in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).


Over annual timesteps, females had a mean association probability of 0.069, again consistently higher than the null model (Figure 2.6a). Re-association steadily declined across the seven-annual timesteps with a minor peak and drop in associations toward the end of the study period, suggesting a distinct change in the activity and movement of individuals. Males had a lower mean association probability than females, of 0.048 (Figure 2.6b) but were above the null. Annually, juveniles recorded a mean association probability of 0.065, again remaining above the null model (Figure 2.6c). These were steady over time before experiencing a steep decline during the last year of the study period. Adults had a lower mean association probability of 0.060 but had little decline towards the null, indicating associations were different to what is expected at random (see Figure 2.6d). Standard errors were low for all classes, showing low variation across the timesteps.
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[bookmark: _Toc1405952]Figure 2. 6: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for (a) female, (b) male, (c) juvenile, (d) adults over year timesteps. Lines show the approximate differences between sex and age classes in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).


Overall, the probability of re-association for all individuals within aggregations across 30-day timesteps was low, with a mean association probability of 0.063, consistently higher than the null model (Figure 2.7).  
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[bookmark: _Toc1405953]Figure 2. 7: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for all individuals over 30-day timesteps. Lines show the approximate differences in relation to the tested time lag (30-days). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).


[bookmark: _Hlk14381766]Over 30-day timesteps, females had a mean association probability of 0.074 and males 0.046 (Figure 2.8a & b). Again, female re-association was consistently higher than the null model, suggesting association more than expected at random. Male re-association probability was generally lower than females, at times dropping towards and below the null model, suggesting periods of random re-association. Juvenile mean rate of association returned a value of NaN, which represents individuals which were not observed associating across the timesteps and therefore are not presented below. Adult mean association rate was 0.063, with dips towards but never dropping below the null model, resulting in low but non-random re-association (Figure 2.8c). Again, standard errors were low for all classes across the timesteps. Re-association probability across both sexes and adults appears low across the sampling period but the distinct fluctuations throughout the sampling period indicates discrete changes in manta ray activities and association patterns. These fluctuations in probability appear throughout the timesteps, suggesting re-associations are influenced by variations in manta sightings, with higher probabilities occurring when group sizes are larger. 
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[bookmark: _Toc535854913]
[bookmark: _Toc1405954]Figure 2. 8: Temporal stability of relationships within aggregations: Lagged rates of association (LRA) for (a) female, (b) male, (c) adults over 30-day timesteps. Lines show the approximate differences between sex and age classes in relation to the tested time-lag (30-days). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn).  Red line shows null (random) association rate. (n = 1196).



2.4.4.2 Temporal stability of relationships: Hanifaru Bay foraging groups

The probability of re-association for all individuals within foraging groups across year timesteps was low, with a mean association probability of 0.006, below the null model and steadily declining across the entire study period (Figure 2.9).  This result indicates that dyads associated at random.  
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[bookmark: _Toc1405955]Figure 2. 9: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for all individuals over year timesteps. Lines show the approximate differences in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn). Red line shows null association rate. (n = 292).


The probability of re-association within sexes was low when testing across the three-year study period using both annual and 30-day timesteps. For annual timesteps, females had a mean association probability of 0.010, starting higher then dropping below the null model, indicating non-random re-associations within the three timesteps (Figure 2.10a). Males were below the null model with a zero probability of re-associating across the timesteps (Figure 2.10b). I saw similar results with age class. Annually, juveniles recorded a mean association probability of 0.009, beginning above but then following a slow but steady decline below the null model over the three timesteps indicating random associations (Figure 2.10c). In contrast, adults had an association probability of zero, suggesting no long-term associations (see Figure 2.10d). Standard errors were low for both sex and age class, showing minimal variation across the timesteps. For both females and juveniles, re-association patterns decline to their lowest at the end of the full study period. This decline indicates that dyad association is not long-term and that over extended periods of time, individuals do not maintain relationships. Further study should test shorter time periods, for example a 14-day period, centred between the new and full moon phases, which are the two theorised peak periods for manta sightings. This would consider the link between resource density and manta associations. 
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Figure 2. 10: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for (a) female, (b) male, (c) juvenile, (d) adults over year timesteps. Lines show the approximate differences between sex and age classes in relation to the tested time lag (1-year). Horizontal dashes indicate approximate standard errors calculated using temporal jackknife method (omitting data points in turn). Red line shows null association rate. (n = 292).

The probability of re-association for all individuals within foraging groups across 30-day timesteps again was low with consistent fluctuations towards and below the null model (Figure 2.11). Dyads had a mean association probability of 0.012. This result indicates association trends decreasing toward random.  
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[bookmark: _Toc1405957]
Figure 2. 11: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for all individuals over 30-day timesteps. Lines show the approximate differences in relation to the tested time-lag (30-days). Red line shows null association rate. (n = 292).

[bookmark: _Hlk14382988]Over 30-day timesteps, females had a mean association probability of 0.020 with distinct peaks in re-association but also episodic drops towards and below the null model, suggesting periodic random trends to female dyad re-associations (Figure 2.12a). The probability of re-association increases in variation during the second half of the study period. Conversely, male association rates returned a value of NaN, which represents individuals which were not observed associating across the timesteps and therefore are not presented below. Juveniles had a mean association probability of 0.016, with overall lower peaks in re-association than females and fluctuating below the null model, indicating the presence of random re-association (Figure 2.12b). Results again showed distinct fluctuation across the period.  Adults, however, returned a value of NaN, once again suggesting no association which could be due to the low sample size. Due to low sampling for the 30-day subsetted data, analysis resulted in incomplete standard errors and partial LRAS results, potentially influencing values of NaN for males and adults. Re-association rates across both sex and age class were low across the sampling period indicating a low probability that manta rays have long-term associations. The distinct variation observed throughout the study period indicates discrete changes in manta ray movements and association patterns throughout sampling. This variation in re-association could be indicative to the fluctuation in resource dispersion throughout the monthly cycle due to the effects of lunar currents across the season, which are felt strongly in Hanifaru Bay MPA. This could be more rigorously tested in future studies by centring LRAS tests around either a 14-day (to consider the period between new and full moon phases) or a 28-day cycle (to consider the full lunar cycle).
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[bookmark: _Toc535854915][bookmark: _Toc1405958]
Figure 2. 12: Temporal stability of relationships within Hanifaru Bay foraging groups: Lagged rates of association (LRA) for (a) female and (b) juvenile dyads over 30-day timesteps. Lines show the approximate differences in relation to the tested time-lag (30-days). Red line shows null association rate. (n = 292).

SLARs across both aggregation and foraging groups for month timesteps were consistently low. Figure 2.13 shows that the probability that dyads within the aggregations will associate together gradually and consistently reduces across the full seven-year research period, eventually dropping below the null. The low and declining probability of associations on an aggregation level indicates that long-term associations are unlikely. 
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[bookmark: _Toc535854916][bookmark: _Toc1405959][bookmark: _Hlk532826468]Figure 2. 13: Standardised lagged association rates (SLAR) for all individuals in aggregations over monthly timesteps across the seven-year research period (48 timesteps). Error bars were calculated using the temporal jackknife technique (omitting data points in turn). Red line shows null association rate. (n = 1196).


Figure 2.14 shows similar results for the foraging groups. A gradual rise in probability is seen throughout season one (months 1-6) but then drops moving into season two (month eight) and remains low until the end of the full research period, periodically dropping below the null. SLARs suggest a lack of long-term associations within both aggregations and foraging groups. 
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[bookmark: _Toc535854917][bookmark: _Toc1405960]


Figure 2. 14: Standardised lagged association rates (SLAR) for all individuals in Hanifaru Bay foraging groups in Hanifaru Bay over monthly timesteps across the three-year research period (18 timesteps). Error bars were calculated using the temporal jackknife technique (omitting data points in turn). Red line shows null association rate. (n = 292).



[bookmark: _Toc14464111]2.5 Discussion

My study demonstrates that there is no clear evidence of social structure different to random in the observed network of M. alfredi at an aggregation or foraging group level. Overall, I observed no difference in association strengths on the population level for aggregations or foraging groups on either scale within either sex or age classes which suggests that individuals lacked preferred associations. Individuals showed no difference in gregariousness between males and females, or juveniles and adults and showed low dyad re-association rates across both year and 30-day temporal scales with periods of random association, which further indicates that M. alfredi form loose, temporary relationships and overall have fluid dynamics without social structure.
	By examining the coefficient of variance for the observed network against the permuted random networks, I could establish a lack of social structure which is also reflected in the absence of preferred associations found in this study. This result suggests that these manta rays aggregate in order to benefit from group activities other than sociality and conspecific associations. Jacoby et al. (2012a) discuss the passive and active processes of animal group formations, with some species actively electing to associate with conspecifics and choosing to adopt their direction of locomotion (Couzin et al. 2005; Guttal & Couzin 2010). Conversely, species movements, on both the small (daily) and large (seasonal) scale can cause individuals to aggregate within overlapping boundaries without actively seeking social interactions (Guttal & Couzin 2010; Jacoby et al. 2012a). Although the observed large and small-scale networks in this study demonstrate fission-fusion dynamics and experience spatial and temporal overlaps, the lack of preferred associations suggests that mantas form aggregations and foraging groups which involve no social attraction, indicating no evidence of social structure.  Environmental drivers, for example the abundance or limitation of resources or habitat quality (Johnson et al. 2002) or individuals aggregating for anti-predator benefits (Krause & Ruxton 2002; Kutsukake 2009; Marras et al. 2015; Meunier 2015) may also draw non-social species together within the same areas, resulting in passive associations. As seen in certain elasmobranchs, site-attached behaviours, including resource requirements are present (Jacoby et al. 2012a) and appear a likely reason behind M. alfredi aggregations and foraging groups within Baa Atoll. As previously noted, manta ray sightings in the Maldives fluctuate seasonally as zooplankton blooms, the manta rays’ primary food source, are driven by monsoonal currents (Anderson et al. 2011a). Due to passing monsoonal currents, waters become increasingly enriched with nutrients due to the seasonal upwellings and mixing, resulting in phytoplankton blooms on the downward stream of atolls (Anderson et al. 2011a). This in turn, influences high zooplankton biomass, timed in accordance with this rich downward stream, which in turn supports increased manta activity (Anderson et al. 2011a). This study was conducted during the south-west monsoon, when manta ray sightings are generally concentrated on the eastern fringes of atolls, including and particularly densely at the study site, Hanifaru Bay MPA and the surrounding area (Stevens 2016).  These results therefore suggest a strong influence of resource dispersion within the research area on the formation of aggregations and foraging groups observed in this study.
[bookmark: _Hlk14383475]For both sex and age classes, there appears to be variation in the association pattern of individuals in both aggregations and foraging groups throughout the sampling periods. As manta ray sightings are seasonally driven, with peaks in sightings related to tidal movements across a monthly period, this result could mark the change in current and resource dispersion, as well as the monsoonal switch, thus driving the alteration in re-association rates. If this was to be repeated, either an overall larger (in terms of sample size as oppose to sampling period length) foraging dataset should be considered to avoid incomplete analyses or alternative, shorter time lags should be selected, for example 14-days, centred between the new and full moon phases. Results from SLARs for both aggregations and foraging groups reduce over the full study periods, which could be explained by the open, fission-fusion dynamics of the species. The lack of strict structure and loose relationships suggest that relationships are not long-term with mantas not actively seeking specific individuals to associate with.
[bookmark: _Toc14464112]2.5.1 Resource distribution

[bookmark: _Hlk954346]The heterogeneous nature of zooplankton abundance and dispersal, both temporally and spatially (Greene et al. 1998; Sims et al. 2005) is often key in the movement and ultimately, the social interactions of planktivorous species, including Humpback whales (Megaptera novaeangliae) and Basking sharks (Cetorhinus maximusare) (Tyack 1981; Sims et al. 2000). The uneven distribution of prey patches leads to both species’ movements being driven to specific locations which are resource-rich, which ultimately has influenced their observed mating behaviour as the two activities, feeding and mating become intrinsically linked (Tyack 1981; Sims et al. 2000). Known to be solitary feeders, basking sharks in south-west England form loose aggregations during the summer season purely due to the dispersion of discrete prey patches (Sims & Quayle 1998; Sims 1999; Sims et al. 2000). This in turn permits rare social interaction and courtship behaviour amongst surface-feeding groups (Sims et al. 2000). Even amongst more socially structured, fission-fusion communities, resource dispersion causes variation in group organisation, for example delphinid species demonstrate disparity in grouping behaviour, often driven by food availability and predation risk (Chapman et al. 1995). Bottlenose dolphins (Tursiops) show a high level of fission-fusion behaviour in response to heterogeneous and patchy prey availability, splitting in size when resources are low, reducing intraspecific competition but surging in size to dilute predation risk when resource levels rise (Connor et al. 2000; Heithaus & Dill 2002; Parra et al. 2011). This strong influence of resource dispersion on the grouping behaviour of species, causing social interaction amongst even the most solitary animals strengthens the suggestion that the observed aggregations and foraging groups in this study, which show no evidence of social structure are influenced by resource exploitation. Individuals appear to be drawn together spatially and temporally to exploit their ephemeral prey rather than seeking social interactions. 
	Here I found that general associations among mantas proved non-significant within both sex and age classes, with low temporal re-association rates, suggesting random rather than sought relations amongst the population. In nature, resources are not often distributed homogenously, therefore animals benefit from tracking the density of a prey patch and dedicating longer periods of time to foraging within richer patches (Thompson et al. 2001; Stenberg & Persson 2005). Considering the non-homogenous nature of zooplankton blooms, I can hypothesise that manta rays exploit the patchy nature of resource dispersion within Baa Atoll, with the caveat that not all observed associations are a true reflection of social ties but are more likely due to the high benefits of exploiting the same territory outweighing the costs of shared resources (Johnson et al. 2002; Lusseau et al. 2006; Wey et al. 2008; Silk et al. 2014). The ephemeral, variable and fleeting blooms of zooplankton, often peaking in density in accordance with natural drivers, e.g. lunar tides, which can be observed within eastern Baa Atoll, and specifically in Hanifaru Bay MPA resemble White & Pickett's (1985) definition, a   "patch implies a relatively discrete spatial pattern, but does not establish any constraint on patch size, internal homogeneity or discreteness". Periodically, this small area is awash with large volumes of zooplankton, drawn in from the deeper waters outside the atoll by the strong lunar currents, thus attracting large numbers of manta rays and other megafauna to feed on the ephemeral surge in prey (Stevens 2016). Foraging groups here significantly grow before and during high tide when currents are strongest but quickly disperse after the peak tide, with group numbers dwindling (Murray et al. Chapter Three). This result indicates that individuals use these periods primarily to exploit feeding behaviour, thus strengthening the idea of loose relationships sparked by the surge in food availability (Murray et al. Chapter Three). 

[bookmark: _Toc14464113]2.5.2 Fluid social structures

Similar fluidity can be seen in other highly mobile, nonterritorial species, for example Dunlin (Calidris alpina pacifica) wintering at Humboldt Bay, California which, like manta rays, can be observed in large numbers but have low co-occurrence rates between dyads, with associations occurring by chance due to shared territory (Conklin & Colwell 2008). Dyads moved between roosts separately, with sporadic associations occurring purely from roost choice as opposed to rigid flock structure (Conklin & Colwell 2008). Therefore, site fidelity and observed co-occurrences and the associations which arise solely from shared territory should be considered. Conklin and Colwell (2008) highlight two converse concepts, firstly, site fidelity itself may fuel grouping behaviour, with similar preferences attracting individuals to the same habitat. However, in contrast, the groupings themselves can result in site fidelity, as sociality drives flocks to remain together in their movement (Conklin & Colwell 2008).  As with other pelagic species, female manta rays in this study show higher site fidelity than males (Stevens 2016), showing natal preferences to a particular region, while males travel further (Hueter et al. 2005; Lee et al. 2007; Engelhaupt et al. 2009). Stevens (2016) found significantly higher than average repeat sightings amongst females across both feeding and cleaning sites than males, therefore fidelity is recognised amongst this population to explain the observed grouping within the study area. As an area with high primary productivity, with periods of elevated prey density, the study area is likely to influence site fidelity and migration paths (Anderson et al. 2011a; Jaine et al. 2014; Armstrong et al. 2016; Stevens 2016). Therefore, this study indicates that one explanation for the observed grouping behaviour in aggregations and foraging groups may be that it is a by-product of natal site fidelity demonstrated by female manta rays and of the localised high primary productivity favoured by males as part of their migratory route. However, a definitive answer would require further rigorous testing. These shared primary feeding grounds come with the added benefit of allowing the sexes, who demonstrate different time allocations and fidelity patterns, to invest in vital courtship and mating behaviour (Conklin & Colwell 2008; Stevens et al. 2018). 

[bookmark: _Toc14464114]2.5.3 Limitations and future considerations

[bookmark: _Hlk954202]My study found no evidence of social structure within the test population; although this is not a definitive answer, any indication of a strong structure would likely have been observed. We must consider whether firstly, the correct variables are being measured, secondly whether they are being measured in the correct way and lastly what other factors may explain structure. The first consideration is that due to photo-ID data collection restrictions, it is unlikely that all individuals are identified during one sampling event. This will mean that key individuals (more gregarious and connected individuals) and associations will not be included in the analysis, a common problem for biologists working in the field (James et al. 2009). A developing and more inclusive sampling method could be to use tracking devices, used on an array of marine species including tag-recapture, automated satellite and acoustic telemetry (Garla et al. 2006; Hart & Hyrenbach 2009). Although such technology produces more accurate and inclusive data sampling, which is likely to increase precision in social network analysis, the major financial, ethical and welfare consideration is a key limitation, meaning that this method remains unavailable to many studies including this one. The use of automated tracking devices would enable network data to be collected away from simply the designated key sites, including cleaning stations and during animal transit outside the relative safety of the inner-atoll waters and in areas where predation risk increases. Kelley et al. (2011) found that under higher risk circumstances, associations increased and a higher-level of connectedness was observed within the structure of shoals of guppies, therefore we could theorise that if the risk of predation was a more important driver than food itself, manta rays may exhibit stronger sociality than observed in this study. Further reflection of relevant factors could be key, for example sub-structure can be influenced by mating choice and status (Sih et al. 2009), relatedness  (Rollins et al. 2012; Diaz-aguirre 2018) or the cohort/age of individuals (Carter et al. 2013). To further examine gregariousness, I could test the hierarchy and behavioural differences of individuals, for example bold versus shy individuals and how this affects the frequency of network interactions and ultimately the transfer of information amongst a population, as tested in three-spined sticklebacks (Gasterosteus aculeatus) (Pike et al. 2008).  Tanner and Jackson (2012) tested behavioural factors and the type of connections made by individual European Shore Crabs, (Carcinus maenas) which were shown to maintain the overall social structure of the network (Jacoby et al. 2014). Associating more extensively, the more exploratory individuals acted to connect with the poorly connected individuals, thus acting as “powerbrokers” as their network position allowed the continued flow of information and maintained interactions between all individuals (Scott 2000; Tanner & Jackson 2012). In turn, these social interactions, both “direct” within dyads and “indirect” via associations are thought to influence the emergence of personality (Krause et al. 2010; Jacoby et al. 2014), which has been linked to temporal stability within populations (Aplin et al.2013). Therefore, if this study was to be repeated, a revised and more extensive list of test variables could increase the accuracy of analysis.
Overall, this study has demonstrated a lack of social structure and fission-fusion dynamics of the observed manta rays, confirming the null hypothesis that aggregations and groupings result from random patterns of association. Presumptions of social organisation due to observed cooperative behaviours, including group feeding strategies and size assortment (Myrberg & Gruber 1974; Sims et al. 2000; Jacoby 2012) are understandable as this can be observed in other elasmobranch species, including social preferences amongst juvenile Lemon sharks (Negaprion brevirostris), (Guttridge et al. 2011) however, flexibility in manta ray foraging behaviour is known. Murray et al. (Chapter Three) examined grouping and leadership behaviour amongst the test population and found that females were leaders, but age class had no influence in either behaviour and that overall, high within-individual variation explained foraging behaviour. With certain factors, including resource dispersion affecting group size (Krause & Ruxton 2002) and environmental drivers, including seasonality influencing the predictability of fission-fusion dynamics (Sueur et al. 2011; Silk et al. 2014), manta ray aggregations represent a highly dynamic fission-fusion community. Understanding the flexibility and dynamics of such aggregations and foraging groups is important in terms of conservation and future management implications, particularly in species classed as vulnerable, such as manta rays (Parra et al. 2011; Haulsee et al. 2016). Loose community structures, with associations driven by spatiotemporal variation can be difficult to monitor due to their changing size and movements, which in turn can leave proportions of the population more or less vulnerable to natural or anthropogenic threats, making management complex (Haulsee et al. 2016). Although this fission-fusion community lacks strict structure, these interactions remain important to population survival, permitting information and disease exchange, as well as genetic transmission and population fitness (Altizer et al. 2003; Archie et al. 2008; Silk 2007; Parra et al. 2011), making aggregations and groups formed due to foraging a vital behaviour for future individual success and population persistence. 

[bookmark: _Toc14464115]2.6 Conclusions

[bookmark: _Hlk14384550]	My study examined the overall social structure, including spatial and temporal associations and gregariousness of the study population in eastern Baa atoll. I found no evidence of social structure significantly different to random across the large or fine-scale, highlighting a loose social structure and highly dynamic fission-fusion population. As yet, I cannot confirm whether there is structure away from foraging grounds but my results suggest that associations appear to be driven by resource dispersion and habitat use, with site fidelity and foraging behaviour driving the observed aggregations. This lack of rigid structure does have a positive implication however. Due to the loose relationships and open population, foraging efficiency and success could be maintained and would not experience total social disruption if key individuals (more gregarious and connected individuals) were removed. However loose and unstructured the population may be, aggregations and foraging groups remain key to population fitness, especially in light of the increasing anthropogenic threats and changing marine environmental conditions.
















[bookmark: _Toc14464116]Chapter Three: Individual flexibility in group foraging behaviour of reef manta rays (Mobula alfredi)

[bookmark: _Toc531877668][bookmark: _Toc531878365][bookmark: _Toc534982567][bookmark: _Toc534982783][bookmark: _Toc14464117]3.1 Abstract

In spatially and temporally dynamic environments, animals need to vary their foraging strategies to optimise effort and reduce metabolic costs. Group foraging should be beneficial to increase efficiency of resource exploitation but may be costly in terms of intra-specific competition particularly at low prey abundances.  This cost-benefit trade-off is likely to vary within and among individuals. Reef manta rays (Mobula alfredi) are large filter-feeding elasmobranchs which often aggregate to feed on ephemeral upwellings of their zooplankton prey. I filmed 3106 foraging events involving 343 individually identifiable M. alfredi over three years in the Maldives. Within aggregations, individuals fed either solo or in groups, forming feeding chains with a clear leader and between one and eight followers. My study investigated whether various biotic and abiotic factors affected individual foraging strategies. M. alfredi were significantly more likely to forage in groups than solo at high zooplankton levels, and at certain locations. Both biotic and abiotic factors contributed to variation in group foraging. Within aggregations, M. alfredi foraged in larger groups when more food was available, and when the overall aggregation was relatively small. This suggests that foraging in large groups is more beneficial when food is abundant and/or intra-specific competition is outweighed by the efficiency resulting from the use of group foraging strategies. Females, the larger sex, were more likely to lead foraging groups than males. Notably, I found little evidence of among-individual differences in group foraging, i.e. individuals did not show a high degree of consistency in their group foraging behaviour. For all behavioural traits, residual within-individual variance explained over 55% of the variance. My results indicate that individual M. alfredi cannot be classified into foraging types or specialists. Instead, each individual was capable of considerable behavioural flexibility.
Keywords: Foraging, group, position, leadership, variation, Mobula alfredi. 
[bookmark: _Toc531877669][bookmark: _Toc531878366][bookmark: _Toc534982568][bookmark: _Toc534982784]
[bookmark: _Toc14464118]3.2 Introduction

Within spatially and temporally dynamic environments, animals need to vary their foraging strategies to increase feeding efficiency and reduce metabolic costs. Group living provides specific benefits by increasing foraging and movement efficiency, social information exchange and learning (specifically regarding resource patches)  and providing cooperative predator defence and reducing predator risk (Thompson et al.1974; Giraldeau & Caraco 2000; Krause & Ruxton 2002;  Danchin et al. 2004; Fernández-Juricic et al. 2006; Seppänen et al. 2007; Fortin & Fortin 2009; Kutsukake 2009; Marras et al. 2015; Meunier 2015). However, the costs of intraspecific competition in foraging can lead to groups splitting (Svanback & Bolnick, 2007). These costs of group living include increased detection to predators due to larger versus smaller numbers, higher competition for resources, often more intense in larger groups, with individuals paying the consequences for reduced food intake (Lindström1989; Molvar & Bowyer 1994; Ruxton et al. 1995; Ruxton et al.1995; Hobbs et al.1996; Hebblewhite & Pletscher 2002; Kausrud et al. 2006; Fraser et al. 2006; Fortin & Fortin 2009). This cost-benefit trade-off may vary dynamically within and among individuals reflecting energetic needs, relative position within feeding hierarchies, intra-specific competition and food availability (Morrell & Romey 2008; Fortin & Fortin 2009; Marras et al. 2015; Seebacher & Krause 2017). For example, small Pacific bluefin tuna (Thunnus orientalis) expend more energy in order to match the speed of larger individuals and stay with the group during intermittent locomotion (Seebacher et al. 2017); amongst three-spined sticklebacks (Gasterosteus aculeatus), bold individuals risked increased predation at the front of groups but benefited from increased growth rates (Ward et al. 2004a).  Thus, foraging group membership can be fluid, with multiple options open to individuals, including to leave, being left behind, staying in the group, or dying. Amongst various species (including many marine), group structure is not necessarily fixed, i.e. it changes spatially and/or temporally. Individuals move within and between groups, leading to group splits (fission) and/or merges (fusion) (Couzin & Laidre 2009; Lewis et al. 2011; Tsai & Mann 2013). Environmental factors (including resource abundance) can influence fission-fusion of groups; increasing or decreasing competition (Popa-Lisseanu et al. 2008; Couzin & Laidre 2009; Silk et al. 2014). Thus, an individual’s role (e.g. leader or follower) or position (e.g. at the edge or in the middle) within a group alters with the changing social, biotic and abiotic conditions (Bonanni et al. 2010; David et al. 2011; Fischhoff et al. 2007; Lendvai et al. 2006; Nakayama et al. 2013).
Increasingly, studies are examining what influences the role or position which individuals adopt, including knowledge, state dependence (nutritional or status), age (knowledge) or sex (body size) (Sueur 2011; Lee & Teichroeb 2016). The ‘leading according to need’ theory proposes that food-deprived animals, or those with the highest nutritional needs, will adopt the front position and guide the direction of collective foraging in order to reap the benefits of leadership, including an increased net resource intake and potentially a better quality diet, as seen in other fish species including northern anchovy (Engraulis mordax) and Atlantic cod (Gadus morhua) (O'Connell 1972; Muruthi et al. 1991; Krause et al. 1992; DeBlois & Rose 1996; Krause et al. 2000b; King & Cowlishaw 2009; Fischhoff et al. 2009; Sueur 2011; Lee & Teichroeb 2016). This theory reflects Eggers (1976) theory that planktivorous fish acquire a higher food intake positioned at the front as opposed to the back. Using dynamic modelling, Rands et al. (2008) synchronised species pair actions and compared their response to environmental factors and energy levels. These theoretical models found that individuals may predominantly act as a leader despite lacking specific leadership traits, including dominance or social abilities (King & Cowlishaw 2009), and that hunger levels as opposed to dominance plays a key role in which animal leads; the hungrier of the two becomes the decision-maker (Rands et al. 2008). These findings support the theory that leading and following may be state-dependent behaviours (Rands et al. 2003). Foragers differ in their hunger states, energy reserves, susceptibility to predators, and parental demands (Nonacs 2000). In theory, fringe positions may be adopted by those hungrier individuals, who travel further and faster, leaving the less hunger-driven and more cohesive group members positioned more safely, inside the group (Krause & Ruxton 2002). Therefore, within and between-individual variation in the propensity to lead and follow (and other behavioural traits) can be predictable. However, leaders may not necessarily be positioned at the front of the group, or remain unpassable, yet they initiate group movement and are followed by others (Lee & Teichroeb 2016). They also often have more strong connections within a social network than peripheral animals (Bode et al. 2011). In some species, individuals with beneficial prior knowledge (e.g. the optimal time or location to move) act as leaders, with conspecifics choosing an informed leader (Hodgkin et al. 2017; McComb et al. 2011; Seeley & Buhrman 1999). Often these leaders are older individuals which have learned knowledge on specific survival strategies (McComb et al. 2011). Amongst killer whales (Orcinus orca), females lead collective movements, most prominently with post-reproductively aged individuals leading foraging in years of low food availability, which suggests a benefit of prior ecological knowledge which is key to reproductive success and survival (Brent et al. 2015). Previous ecological knowledge on foraging patches or predation risk allows animals to adapt to ephemeral environmental conditions, driving leadership behaviour (Dall et al. 2005). 
Alternatively, within-group biotic factors may influence leadership behaviour amongst individuals, although this will vary between species. Within pairs of free-ranging juvenile lemon sharks (Negaprion brevirostris) in Bimini, the Bahamas, there was a preference for a certain individual to lead and these individuals were the significantly larger of the two (Guttridge et al. 2011). This study hypothesised that this preference by juveniles to follower larger (older) sharks was due to the latter’s increased knowledge about local predators and prey as well as habitat (Guttridge et al. 2011). The sorting of an individual’s position and dominance is generally influenced by specific traits, such as sex, age, body size, aggression and strength (Chase et al. 2002). Webster and Hixon (2000) report that larger body size, aggressive behaviour and greater strength are common attributes of high-ranking individuals. In groups of cleaning gobies (Elacatinus prochilos) in Barbados, the more dominant individuals, which were larger in size, controlled optimal foraging areas with the highest food abundance. This control led to increased foraging success, while subordinate individuals adopted larger home ranges (Whiteman & Côté 2004). However, dominants do not necessarily lead the group’s movements. Certain individuals may emerge as leaders or ‘decision makers’, having a stronger influence on the ultimate decision whereas others take the more passive role as followers (Bonanni et al. 2010). The social dynamics of a specific group will result in hierarchical development, for example previous interactions and competition will impact the position held by an animal (Hsu & Wolf 1999; Frost et al. 2007; Jolles et al. 2014). Leadership is flexible, but traits such as sex and age might be key in predicting which individuals become leaders, as is often the case in dominance hierarchies.   
Many ecology studies treat conspecific individuals as interchangeable, after accounting for biotic factors such as age, sex and other group effects (Bolnick et al. 2003; Yamamoto et al. 2014; Wakefield et al. 2015). However, there is increasing evidence that individuals in many animal populations differ substantially in foraging behaviour (Carneiro et al. 2017; Araújo et al. 2011; Patrick & Weimerskirch 2014; Ceia et al. 2015). Behavioural variation can reduce the extent of intra-specific competition, as well as increasing individual foraging efficiency (Carneiro et al. 2017; Estes et al. 2003; Cook et al. 2006; Kotzerka et al. 2011; Ceia & Ramos 2015). Such behavioural variation amongst individuals which remain consistent over time or contexts, has been defined as ‘personality traits’ (Sih et el. 2004a, b; Réale et al. 2007). These include boldness, aggressiveness, activity, exploration and neophobia when describing, for example responses to novel foods or foraging environments (Gosling 2001; Herborn et al. 2014).  When describing consistent individual differences in diet and foraging, these are defined as ‘niche specialisation’ (Britton & Andreou 2016). For example, sexual segregation in foraging behaviour of South Georgian shags (Leucocarbo georgianus) is caused by different morphology and physiological performance, namely diving capacity and optimal foraging times, resulting in niche specialisation between the sexes (Bearhop et al. 2006). These concepts are chiefly concerned with differences in individual behavioural traits but within different frameworks, although associated studies can define individual variation using comparable statistical methods (e.g. Cleasby et al. 2015; Araújo et al. 2011). Fundamental is the realisation that residual within-individual variance in behaviour which has previously been labelled ‘random’,  in fact might indicate more adaptive phenotypic behaviour which therefore should not be ignored (Westneat et al. 2015). Measurements of boldness in seabirds affects chosen foraging habitat, which in turn results in fitness consequences between the sexes (Patrick & Weimerskirch 2014). Many studies to date have focused on determining whether a behaviour is ‘repeatable’, i.e. demonstrates comparatively low within-individual variance compared to between-individual variance (Bell et al. 2009; Nakagawa & Schielzeth, 2010; Dingemanse & Dochtermann, 2013). This is indicative of a personality trait or a dietary specialism (although a general consensus on repeatability or consistency is yet to be agreed (Cleasby et al. 2015)). In contrast, ‘behavioural plasticity’ or ‘flexibility’ (different responses to environmental changes observed in individuals), stemming from among and within individual behavioural variations is also observed in many populations (Alonzo 2015). The emergence of ‘slow’ (less active or explorative) or ‘fast’ (more explorative or aggressive (Dingemanse & Reale 2005)) personalities can influence an individual’s ability to respond to changing environmental conditions (Herborn et al. 2014; Coppens et al. 2010; Sih & Del Giudice 2012).
[bookmark: _Hlk14366739]Manta rays (Mobula alfredi, M. birostris) are slow-growing, large-bodied elasmobranchs, which are commonly observed associating in large feeding aggregations (Stevens 2016). Classed as “Vulnerable” on the IUCN’s Red List of Threatened Species (Lawson et al. 2017; Marshall et al. 2011), manta rays fall victim to targeted and by-catch fisheries due to their large size, curious nature and aggregating behaviour (Croll et al. 2016; Lawson et al. 2017). Across global populations, manta rays are also  susceptible to shark attacks, with individuals observed with tissue loss due to shark predation (Marshall & Bennett 2010b) as well as boat strikes (Couturier et al. 2012; O’Malley et al. 2013). Aggregations are thought to form to take advantage of a resource which is either limited or restricted to a specific area (Johnson et al. 2002), for example zooplankton blooms. During the months of May to November, large numbers of M. alfredi can be observed aggregating to forage in one small bay in Baa Atoll, the Maldives (Stevens 2016). The combination of lunar tides and monsoonal currents work to concentrate high densities of zooplankton into Hanifaru Bay marine protected area (MPA) (Stevens 2016). These aggregations can also often follow daily and seasonal shifts in resource abundance (Guttal & Couzin 2010).  An increasing number of studies are examining the grouping behaviour and movements of many wild elasmobranch populations. Blacktip reef sharks (Carcharhinus melanopterus), are known to form non-random groups on coral reefs in Moorea, French Polynesia, actively seeking sociability as well as to exploit resources (Mourier et al. 2012). White sharks (Carcharodon carcharias) move between seal rookeries in both California and Mexico offshore into the Pacific Ocean predictably at the end of seal pupping season in response to reduced prey abundance elsewhere (Papastamatiou & Lowe 2012; Weng et al. 2007; Domeier & Nasby-Lucas 2008; Jorgensen et al. 2010). 
[bookmark: _Hlk535237875]In this study, I investigated the pattern of individual variation in group foraging behaviour in a wild population of M. alfredi, and how this variation was affected by abiotic and biotic factors in Baa Atoll in the Maldives. Overall, I test whether within-group biotic factors (sex, age class and group size), external to group biotic factors (shark bite, anthropogenic injury, plankton density and number of mantas) or abiotic factors (site, time, current strength) influenced foraging behaviour. I addressed five specific questions; (1) What are the effects of abiotic and biotic factors on group and solo foraging behaviour? (2) What are the effects of abiotic and biotic factors on group size, the number of M. alfredi sighted in the same mean position within a group and the probability to lead the group? (3) What are the effects of injuries on an individuals’ group position? (4) How much of the variation in group size, position and leadership behaviour was explained by among-individual, and within-individual differences? (5) What are the within and among-individual differences in behavioural traits? I predict the following; (1) M. alfredi are more likely to forage in groups at specific sites and at higher plankton densities. (2) Foraging group sizes will vary between sites and increase with higher food availability and stronger currents. (3) Larger bodied individuals adopt positions closer to the front of foraging groups and are more likely to act as leaders. (4) Injured individuals are less likely to be leaders due to being physically compromised. (5) Individuals adjust behavioural traits in response to fluctuating environmental conditions and show among-individual differences. 

[bookmark: _Toc14464119][bookmark: _Toc531877670][bookmark: _Toc531878367][bookmark: _Toc534982569][bookmark: _Toc534982785]3.3 Methods 

[bookmark: _Toc531877671][bookmark: _Toc531878368][bookmark: _Toc534982570][bookmark: _Toc534982786][bookmark: _Toc14464120]3.3.1 Study area

The Maldives Archipelago is home to the world’s largest recorded population of M. alfredi, with over 4,300 identified individuals (Manta Trust 2019; Stevens 2016). This study was conducted on the sub-population of M. alfredi in eastern Baa Atoll (5.1569° N, 73.1335° E). Located 114 km from Malé City, Baa Atoll was designated a UNESCO World Biosphere Reserve in 2011 in part due to the large number of M. alfredi which seasonally occur within the atoll. 

[bookmark: _Toc531877672][bookmark: _Toc531878369][bookmark: _Toc534982571][bookmark: _Toc534982787][bookmark: _Toc14464121]3.2.2 Data Collection

I collected data on manta ray feeding behaviour as part of the Maldivian Manta Ray Project (MMRP) during the Southwest Monsoon (May to November). Data collection lasted for 160 days between 26th May and 1st December 2014, 156 days between 1st June and November 30th 2015, and 155 days between 21st May and November 30th in 2016 across a variety of times throughout the day. I identified five sites on the eastern side of Baa Atoll that served as the main monitoring spots: Dhigu Thila (5°10'27.38"N 73° 6'28.67"E), Hanifaru Bay MPA (5°10'23.26"N 73° 8'46.17"E), Hurai Faru (5°12'25.87"N 73° 9'42.90"E), Reethi Falhu ( 5°15'8.51"N 73°10'36.47"E) and Veyofushi Falhu (5°14'1.90"N 73° 8'54.23"E).
Due to the restriction on SCUBA diving at the main study site, Hanifaru Bay MPA, all foraging data was collected by free-diving. When I spotted foraging events, I free-dived beneath the animals to video their behaviour and record the unique ID spots on the ventral surface (Marshall & Pierce 2012), taking care not to impede or alter this behaviour. If, on entering the water, more than one M. alfredi was observed in the immediate vicinity, I dived in order to be in position before the first animal in the group swam overhead. If the animal was feeding, I filmed continuously until feeding stopped, until the last member of the group passed from sight, or I ran out of breath. I terminated filming once reaching the surface and a clear view of the ventral markings was lost. Clips lasted between 30 and 180 seconds and were collected between depths of five and 16 metres. Feeding events could last up to a few hours, therefore filming was continuous in order to capture any change in foraging behaviour and group rank. I performed all filming using a GoPro Hero 3, or a Canon PowerShot S110 compact camera.
Additional environmental data were also collected. The total number of M. alfredi was estimated visually in the field and confirmed by verifying identification photos. A description of type and visual estimation of plankton density was conducted at each site using a scale from zero to two representing low, medium and high density. Current strength was gauged using a scale from zero (None – able to hold position without finning) to three (Strong – unable to maintain position). For future studies, the use of a flow metre would enable a more accurate measurement. See Appendix I for further information on annual variation in environmental factors.

[bookmark: _Toc531877673][bookmark: _Toc531878370][bookmark: _Toc534982572][bookmark: _Toc534982788][bookmark: _Toc14464122]3.2.3 Video analysis: 

[bookmark: _Hlk499072276]I only included M. alfredi which could be individually identified in analysis. Individuals were identified and sexed using the same methods as Stevens (2016), by examining the unique spot-pattern on the ventral surface and matching this pattern with the categorised photographs in the regional branchial database. For each individual, I noted sex and age class. Unsexed individuals were excluded from analysis.
Foraging type was noted, either ‘solo or ‘group’. For the purpose of this study, I defined group feeding as two or more animals recorded feeding together within two body lengths. All mantas recorded foraging alone i.e. more than two body lengths behind another manta, were also recorded. When group feeding was performed, I recorded the number of individuals involved and the position of each animal in the chain where ‘1’ was the first, ‘2’ the second etc. I recorded the time of each clip centred around high tide.

[bookmark: _Toc531877674][bookmark: _Toc531878371][bookmark: _Toc534982573][bookmark: _Toc534982789][bookmark: _Toc14464123]3.2.4 Statistical Analysis

I conducted analysis using R 3.0.0 Statistics Package, aiming to answer these specific study questions;

What are the effects of abiotic and biotic factors on group and solo foraging behaviour?
[bookmark: _Hlk14367166]I ran candidate generalised linear mixed models (GLMMs) with grouping behaviour as the response variable (whether the manta ray was observed foraging in a group, defined as within two body lengths of another ray or solo) against all abiotic and biotic fixed effects, using a Binomial error distribution and animal ID as the random factor (see Table 3.1). Akaike Information Criterion (AIC) function was applied to find the model of best fit and ΔAIC tested the degree of model(s) best fit. I considered the model with the lowest AIC value the best model and models with AIC > 2 a significantly poorer fit. Models with  AIC < 2 were considered as having equivalent support compared to the best model (Burnham and Anderson, 2004).











[bookmark: _Toc1559287]Table 3. 1: Models tested to explain group size (number of manta rays in a group), position in group (the order in which manta rays were observed foraging in an extended line) and leadership (manta ray positioned at the front of the group).

	[bookmark: _Hlk531600026]Group size models tested
	Additive variables tested

	Null
	-

	Abiotic
	Site, current, time

	Biotic (external)
	Plankton, number of mantas (scaled for control)

	Abiotic + Biotic (ext)
	Site, current, time, plankton, number of mantas (scaled for control)

	Position in group models tested
	

	Null
	-

	Abiotic
	Site, current, time

	Biotic (within-group)
	Sex, age class, group size (offset)

	Biotic (external)
	Plankton, number of mantas (scaled for control)

	Abiotic + Biotic (wg)
	Site, current, time, sex, age class, group size (offset)

	Abiotic + Biotic (ext)
	Site, current, time, plankton, number of mantas (scaled for control)

	Biotic (wg) + Biotic (ext)
	Sex, age class, plankton, group size (offset), number of mantas

	Abiotic + Biotic (wg) + Biotic (ext)
	Site, current, time, sex, age class, group size, plankton, number of mantas

	Leadership models tested
	

	Null
	-

	Abiotic
	Time

	Biotic (within-group)
	Sex, age class

	Biotic (external)
	Plankton, shark bite, number of mantas (scaled for control)

	Abiotic + Biotic (wg)
	Time, sex, age class

	Abiotic + Biotic (ext)
	Time, plankton, shark bite, number of mantas (scaled for control)

	Biotic (wg) + Biotic (ext)
	Sex, age class, plankton, shark bite, number of mantas

	Abiotic + Biotic (wg) + Biotic (ext)
	Time, sex, age class, plankton, shark bite, number of mantas




What are the effects of abiotic and biotic factors on group size, the number of M. alfredi sighted on the mean position within a group and the probability to lead the group? (Leadership is defined as the individual initiating movement by adopting the front position of groups (Sueur et al. 2010)).
Variables tested for each behaviour varied due to the intrinsic nature of the behaviour and what made biological sense. Candidate models tested the effect of abiotic and biotic (see Table 2.1) factors by fitting GLMMs in the package lme4 (Bates et al. 2007), for each behavioural trait, group size, position in group and leadership as predictor variable and individual ID as random effects. I applied the AIC function to find the model of best fit and ΔAIC tested the degree of model(s) best fit for each behavioural trait. For this study, “external” biotic factors are considered to be variables affected by the external environment, for example plankton density or the number of manta rays. “Within-group” biotic variables are considered referring to group composition, i.e. sex or age class.

What effect do injuries have on an individuals’ position in group?
	A separate Binomial GLMM with injury as dependent variable was run to examine whether individuals with or without either shark bites (Figure 3.1a) or anthropogenic injuries (Figure 3.1b) adopted different positions within groups. 



b.
a.





[bookmark: _Toc1406470]Figure 3. 1: (a) Predation injuries and (b) fishing line damage to M. alfredi. © Guy Stevens, Manta Trust, 2010.

How much of the variation in group size, position and leadership behaviour was explained by among-individual, fixed effect and within-individual differences?
I calculated ratios of variation explained for each variance component using the rptR package (Nakagawa & Schielzeth 2010). The full abiotic and biotic (within-group and external to group) models were tested using a Poisson error distribution for group size, Gaussian error trait for position in group and leadership using a Binomial error. To check the significance of individual ID on behaviour traits, 1000 permutations were run during analysis to create randomised values for among-individual variation which were compared to the values obtained in the observed data. Behavioural repeatability was calculated for each trait using the formula;
R² = VID/(VID + VFIXED + VW)
Here variance components are represented; among-individual variance (VID), fixed effect variance (VFIXED) and within-individual variance (VW).

Within and among-individual differences in behavioural traits
Variance partitioning models were used to determine the relative contribution of among-, within- and fixed effect sources of variation on the position in group. Tests examined variation within sex, age class and plankton density. Due to model suitability, this analysis was only run on position in group.

[bookmark: _Toc531877675][bookmark: _Toc531878372][bookmark: _Toc534982574][bookmark: _Toc534982790][bookmark: _Toc14464124]3.4 Results

A total of 854 observations were made in 2014, 1,075 in 2015, and 1,177 in 2016.  In 2014, 185 individuals, 196 individuals in 2015, and 209 individuals in 2016 were included in the study database. I observed each individual on average five times (SE = 0.4, range = 25) in 2014, six times (SE = 0.4, range = 42) in 2015, and six times (SE = 0.4, range = 35) in 2016. In 2014, 119 females and 66 males were recorded, 132 females and 64 males in 2015, and 133 females and 76 males in 2016. A total of 114 juveniles and 71 adults were recorded in 2014, 101 juveniles and 95 adults in 2015, and 80 juveniles and 129 adults in 2016. 


Group vs. solo foraging behaviour
In the final model investigating group vs. solo foraging, M. alfredi were more likely to forage in groups in 2015 compared with 2014.  The GLMM also showed that manta rays were significantly more likely to feed in groups when zooplankton density was higher (Table 3.2) as highlighted in Figure 3.2 where 62% of foraging observations recorded at high plankton densities were in groups compared to 50% group observations at low plankton densities. Group foraging was also less common at the sites Hurai Faru and Reethi Falhu in comparison to Hanifaru Bay. Current strength did not contribute to the final model. Sex and age class were not significant, which indicates that group feeding was more affected by food availability rather than biotic within-group characteristics. 



[bookmark: _Toc1406471]Figure 3. 2: Group vs. solo GLMMs fixed effects plots for model of best fit. Using AIC criterion, model was best explained by biotic (external to group) variables. Fixed effects, plankton density was statistically significant. (n = 3106). 


[bookmark: _Toc1559288]Table 3. 2: Effect of environmental factors on group versus solo foraging behaviour. Statistics include estimate (positive, negative -), standard error (SE), z value, probability of deviation from a slope of zero (p). Statistically significant results appear in bold. (n = 3106).

	[bookmark: RANGE!B2][bookmark: _Hlk489030272]Variables
	Coef β
	SE (β)
	Z
	Sig.

	(Intercept)
	-0.11
	0.15
	-0.77
	0.44

	Year
	 
	 
	 
	 

	2014
	
	
	
	

	2015
	0.51
	0.13
	4.05
	[bookmark: _Hlk528158343]5.09×10-5

	2016
	0.22
	0.12
	1.87
	0.06

	Site
	 
	 
	 
	 

	Hanifaru Bay
	
	
	
	

	Hurai Faru
	-0.8
	0.18
	-4.43
	9.64E-06

	Reethi Falhu
	-0.4
	0.2
	-2.01
	0.04

	Veyofushi
	-0.59
	0.45
	-1.3
	0.19

	Dhigu Thila
	0
	0.43
	-0.1
	0.99

	Plankton density
	 
	 
	 
	 

	Low
	
	
	
	

	Medium
	0.21
	0.13
	1.58
	0.11

	High
	0.49
	0.13
	3.71
	0.00




Effects of biotic and abiotic factors on group feeding traits
[bookmark: _Hlk531688623]For each of group size, position and leadership traits observed, the null model was ranked lowest.  In group size analysis, all variables are significant (see test statistics in Table 3.3a and 3.4a). Larger group sizes were recorded when current strength was ‘weak’, ‘medium’ or ‘strong’, and groups grew as plankton density increased, complimenting group vs. solo models. The largest group sizes were recorded three hours before high tide, steadily decreasing in size thereafter. Smaller general aggregation resulted in larger individual foraging groups, potentially linked to competition. 
For position in groups, the abiotic and biotic (ext) model ranked first. The number of manta rays was significant (see test statistics in Table 3.3b and 3.4b), showing that the smaller the foraging group, the more likely individuals were to be near the front as the fewer foraging individuals, the fewer positions there were to be claimed. Time was also significant, with individuals more likely to adopt lower positions prior to high tide, when group sizes were largest. Higher plankton density as well as ‘weak’ and ‘strong’ current strengths showed fewer individuals adopting frontal positions.  
Leadership behaviour was most influenced by biotic (wg) model and abiotic + biotic (wg) models which ranked as best fit. The model summary shows that across both models of best fit, females were significantly more likely to adopt the leader position than males (see test statistics in Table 3.3c and Table 3.4c and d respectively). 







[bookmark: _Toc1559289]Table 3. 3: AIC comparisons for all a priori models of abiotic, biotic (within-group) and (external to group) variables for (a) group size, (b) position in group, (c) leadership. Model of best fit (indicated in bold) correspond to the model with lowest AIC values for each response variable. k, number of free parameters for a given model; R2, true repeatability ratio of fixed effects. (n = 1056).

	Trait
	Model
	k
	AIC
	ΔAIC
	R2 (fixed effects)

	a. Group size
	 
	 
	 
	 

	
	Null
	2
	4015.7
	101.3
	0

	
	Abiotic
	9
	3947.4
	33.1
	0.05

	
	Biotic (external)
	5
	3973.2
	58.8
	0.05

	
	Abiotic + Biotic (ext)
	12
	3914.4
	0
	0.08

	b. Position in group
	 
	 
	 
	 

	
	Null
	2
	3642.2
	20.7
	0

	
	Abiotic
	10
	3626.3
	4.8
	0.02

	
	Biotic (within-group)
	6
	3719.1
	97.6
	0.61

	
	Biotic (external)
	2
	3634.8
	13.3
	0.02

	
	Abiotic + Biotic (wg)
	13
	3697.2
	75.7
	0.60

	
	Abiotic + Biotic (ext)
	13
	3621.5
	0
	0.04

	
	Biotic (wg) + Biotic (ext)
	9
	3715.3
	93.8
	0.60

	
	Abiotic + Biotic (wg) + Biotic (ext)
	16
	3697.4
	75.9
	0.60i

	c. Leadership
	 
	 
	 
	

	
	Null
	2
	1349.8
	3.1
	0

	
	Abiotic
	3
	1351.7
	5.1
	0

	
	Biotic (within-group)
	4
	1346.7
	0
	0.05

	
	Biotic (external)
	6
	1354.6
	7.9
	0.02

	
	Abiotic + Biotic (wg)
	5
	1348.6
	2
	0.05

	
	Abiotic + Biotic (ext)
	7
	1356.5
	9.9
	0.02

	
	Biotic (wg) + Biotic (ext)
	8
	1350.9
	4.2
	0.07

	
	Abiotic + Biotic (wg) + Biotic (ext)
	9
	1352.8
	6.2
	0.07
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[bookmark: _Toc1559290][bookmark: _Hlk14630858]Table 3. 4: Generalised Linear Mixed Models of best fit for behavioural traits, (a) group size, (b) position in group, (c) and (d) leadership and variance components (among (Vi), fixed effect (Vfe), within-individual (Vw)).  Statistics include estimate (positive, negative -), standard error (SE), t or z value, probability of deviation from a slope of zero (p), variance value and confidence intervals to a 95% level. Statistically significant results appear in bold. (n = 1056).

	[bookmark: _Hlk528321949]Trait 
	 
	[bookmark: RANGE!I2]Random effects

	[bookmark: _Hlk511654174]Terms

	Estimate
	SE
	t/z
	p
	Variance component
	Variance
	(95% CI)

	a. Group size (Abiotic and Biotic external) 

	Intercept
	1.2688
	0.0984
	12.80
	<2e×10-16
	Vi
	0
	(0 – 0.01)

	
	
	
	
	
	Vfe
	0.02
	(0.02 – 0.04)

	None
	
	
	
	
	Vw
	0.25
	(0.25 – 0.27)

	Current (Weak)
	0.4097
	0.09
	4.66
	3.13×10-6
	
	
	

	Current (Med)
	0.2894
	0.10
	3.04
	0.0024
	
	
	

	Current (Strong)
	0.4435
	0.11
	4.12
	3.78×10-5
	
	
	

	
	
	
	
	
	
	
	

	Time (centred)
	-0.0557
	0.01
	-4.34
	1.40×10-5
	
	
	

	
	
	
	
	
	
	
	

	Hanifaru Bay
	
	
	
	
	
	
	

	Hurai Faru
	0.1256
	0.06
	2.01
	0.0441
	
	
	

	Reethi Falhu
	0.0030
	0.09
	0.03
	0.9731
	
	
	

	Dhigu Thila 
	-0.2360
	0.12
	-1.94
	0.0525
	
	
	

	
	
	
	
	
	
	
	

	Number of mantas (scaled)
	-0.0668
	0.02
	-3.67
	0.0002
	
	
	

	
	
	
	
	
	
	
	

	Plankton (Low)
	
	
	
	
	
	
	

	Plankton (Med)
	0.1398
	0.06
	2.50
	0.0125
	
	
	

	Plankton (High)
	0.3226
	0.06
	5.42
	5.91×10-8
	
	
	

	
	
	
	
	
	
	
	

	b. [bookmark: _Hlk531686565]Position in group (Abiotic and Biotic external) 

	Intercept
	1.1820
	0.2742
	4.27
	2.27×10-5
	Vi
	0.07
	(0 – 0.16)

	
	
	
	
	
	Vfe
	0.07
	(0.05 – 0.14)

	None
	
	
	
	
	Vw
	1.73
	(1.57 – 1.90)

	Current (Weak)
	0.6695
	0.2495
	2.63
	0.0077
	
	
	

	Current (Med)
	0.4596
	0.2706
	1.67
	0.0904
	
	
	

	Current (Strong)
	0.6282
	0.3068
	2.04
	0.0393
	
	
	

	
	
	
	
	
	
	
	

	Time (centred)
	-0.0842
	0.0352
	-2.34
	0.0169
	
	
	

	
	
	
	
	
	
	
	

	Hanifaru Bay
	
	
	
	
	
	
	

	Hurai Faru
	0.2271
	0.1717
	1.32
	0.1866
	
	
	

	Reethi Falhu
	0.0056
	0.2370
	0.04
	0.9811
	
	
	

	Dhigu Thila 
	-0.3678
	0.3457
	-1.04
	0.2883
	
	
	

	
	
	
	
	
	
	
	

	Number of mantas (scaled)
	-0.1340
	0.0489
	-2.73
	0.0063
	
	
	

	
	
	
	
	
	
	
	

	Plankton (Low)
	
	
	
	
	
	
	

	Plankton (Med)
	0.2903
	0.1515
	1.91
	0.0557
	
	
	

	Plankton (High)
	0.6302
	0.1611
	3.89
	0.0001
	
	
	

	
	
	
	
	
	
	
	

	c. Leadership (Biotic within-group)

	Intercept
	-0.5100
	0.1163
	-4.38
	1.16×10-5
	Vi
	0.43
	(0.12 – 0.66)

	
	
	
	
	
	Vfe
	0.05
	(0.01 – 0.18)

	Sex (Female)
	
	
	
	
	Vw
	4.38
	(4.22 – 4.62)

	Sex (Male)
	-0.4785
	0.1938
	-2.47
	0.0135
	
	
	

	
	
	
	
	
	
	
	

	Age class (Juvenile)
	
	
	
	
	
	
	

	Age class (Adult)
	-0.0229
	0.1786
	-0.13
	0.8981
	
	
	

	
	
	
	
	
	
	
	

	d. Leadership (Abiotic and Biotic within-group)

	Intercept
	-0.5103
	0.1162
	-4.39
	1.13×10-5
	Vi
	0.43
	(0.11 – 0.70)

	
	
	
	
	
	Vfe
	0.05
	(0.01 – 0.19)

	Sex (Female)
	
	
	
	
	Vw
	4.38
	(4.21 – 4.63)

	Sex (Male)
	-0.4786
	0.1935
	-2.47
	0.0134
	
	
	

	
	
	
	
	
	
	
	

	Age class (Juvenile)
	
	
	
	
	
	
	

	Age class (Adult)
	-0.0199
	0.1801
	-0.11
	0.9122
	
	
	

	
	
	
	
	
	
	
	

	Time centred
	0.0061
	0.0509
	0.12
	0.9039
	 
	
	



Injuries and group foraging
	Using injuries as the dependent variable, the presence of anthropogenic injuries, for example fish hooks or line was not significantly affected by an individuals’ position in group or group size. However, individuals with shark bites were significantly less likely to adopt frontal positions in groups and were more likely to be present in smaller groups (see test statistics in Table 3.5 b). 

[bookmark: _Toc1559291]Table 3. 5: Generalised Linear Mixed Models the probability of (a) anthropogenic injury or (b) signs of shark bites varies position in group and group size. Statistics include estimate (positive, negative -), standard error (SE), z value, probability of deviation from a slope of zero (p). Statistically significant results appear in bold. (n = 1056).

	[bookmark: _Hlk531686081]Variables
	Estimate
	SE
	z
	p

	a. Anthropogenic injury

	Intercept
	-14.37
	1.82
	-7.89
	3.11×10-15

	
	
	
	
	

	Position in group
	0.61
	0.54
	1.14
	0.26

	Group size
	-0.17
	0.49
	-0.35
	0.73

	b. Shark bite

	Intercept
	-14.89
	0.00
	-8124
	<2×10-16

	
	
	
	
	

	Position in group
	0.38
	0.00
	210
	<2×10-16

	Group size
	-0.09
	0.00
	-46
	<2×10-16






Within and among-individual differences in foraging behaviour
[bookmark: _Hlk14368183]When analysing group size, 58% of variance was explained by within-individual difference and 42% by fixed effect, with zero among-individual variance and thus repeatability. In the model of position in group, 59% of variance was explained by within-individual variation, 38% fixed effect and 3% among-individual variation, therefore low repeatability (Figure 3.2). The leadership model showed the highest among-individual differences and repeatability, explaining 9% of variation. Fixed effects had minimal influence (2%), therefore 90% of variation was explained by unmeasured, within-individual sources (Figure 3.3). Individual ID was non-significant in the models of group size (p = 0.999) and position in group (p = 0.672) but with group leadership there was a weak but statistically detectable signature of among-individual differences (p = 0.001). This result does not indicate repeatability as the degree of flexibility or within-individual variance is assumed to be the same among individuals, but it does show that with all else being equal, some individuals tend to be leading groups more frequently. 


[bookmark: _Hlk11000253]
[bookmark: _Toc1406472]Figure 3. 3:  Variance of behavioural traits, group size, position in group and leadership explained by among (Vi), fixed effect (Vfe) and within-individual difference (Vw). (n = 1056).

[bookmark: _Hlk531684040]
Within and among-individual differences in behavioural traits
[bookmark: _Hlk10997864]Variance partitioning models for position in group were used to explain the relative contribution of among-, within- and fixed effect sources of variation. These models showed notable disparity across sex, age class and plankton density. Firstly, males and females showed the same among-individual variance in their adopted position, i.e. sexes were equally repeatable in their behaviour (see test statistics in Figure 3.4a). 
[bookmark: _Hlk11000292]Within-individual variation changes with sex, as males showed markedly higher within-individual variance than females, with both sexes showing comparatively higher within- than among-individual variance (Figure 3.4a). This serves as an indicator that individuals are extremely flexible in the positioning they adopt within groups and that this degree of flexibility varies between sexes. Adults had marginally higher among-individual variance than juveniles, i.e. were slightly more repeatable in their positioning behaviour but results remained very low. Juveniles however show a notably higher within-individual variance than adults, again with both age classes exhibiting comparatively higher within- than among-individual variance (Figure 3.4b). Again, this result suggests a potential biological implication in the different results between the age classes which goes beyond simple noise in the data. The plankton density model showed evident differences in among-individual variance, particularly between low and high densities (Figure 3.4c). Higher among-individual variance at low plankton levels shows that individuals were more predictable in their positioning at this density, which notably dropped at high plankton levels.  Across the test variables, the within-individual variance is much higher compared to the among-individual difference, showing overall low repeatability and high behavioural flexibility across the test population, with this behaviour influenced by factors which were not explained in the models. 
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[bookmark: _Hlk1301492]














[bookmark: _Toc1406473][bookmark: _Toc531877676][bookmark: _Toc531878373][bookmark: _Toc534982575][bookmark: _Toc534982791]
Figure 3. 4: Effect of (a) sex, (b) age class and (c) plankton density on among (Vi) and within-individual variance (Vw) in position in group. Error bars indicate 95% confidence intervals.

3.5 Discussion 

M. alfredi demonstrated considerable flexibility in individual foraging behaviour. I observed both solo and group feeding behaviour, the latter of which this study shows was significantly influenced by food availability, site and year. Group sizes were highest when there was current and high plankton densities. The largest groups formed three hours before high tide and gradually decreased in size. Smaller overall aggregations resulted in larger foraging groups, with group size varying significantly among sites. Position in group was influenced by the number of manta rays, with individuals adopting more frontal positions when animal numbers were low. Individuals assumed positions towards the back before high tide when groups were largest. Individuals with shark bites were less likely to be at the front of groups and were observed more in smaller groups. Leadership was solely influenced by sex, with females significantly more likely to lead than males. Variation in group size, position in group, and leadership behaviour were all shown to be strongly influenced by residual within-individual factors, explaining over 55% of variation in each trait, along with low repeatability scores which indicated that M. alfredi were highly flexible in their foraging behaviour. Individual ID showed weak but statistical significance in the among-individual differences in leadership behaviour, showing that although there is no indication of repeatability in this behaviour as the degree of flexibility (within-individual variance) is assumed to be the same among individuals, when all other factors remain equal, some individuals tend to lead groups more frequently than others. 
My study shows a high level of within-individual variation (57.8%), and zero among-individual variance in group size indicating no evidence of specialisation, which is commonly observed in foraging behaviour, migratory routes, diet and foraging site fidelity in marine species (Carneiro et al. 2017; Hoelzel et al. 1989; Staniland et al. 2004; Croxall et al. 2005; Sargeant et al. 2005; Guilford et al. 2011; Patrick et al. 2014). In the Maldives, monsoonal currents drive the movement of zooplankton around the archipelago, with periods of increased food availability in specific areas, thus driving seasonal movements of M. alfredi (Anderson et al. 2011a). Specifically, Hanifaru Bay MPA, where I recorded significantly larger group sizes, attracts M. alfredi due to the strong lunar currents drawing large volumes of zooplankton from the deeper waters outside the atoll into the shallower inner channel (Stevens 2016). The ephemeral nature of this dense food availability means that these aggregations can be large in size, but are quick to disperse (Stevens 2016). Hence, I showed that group sizes were largest around the peak tide when currents were stronger, dwindling rapidly thereafter. This lack of consistent food availability and patchy distribution supports the suggestion that M. alfredi must be flexible, travelling to productive areas and associating with conspecifics potentially to increase feeding efficiency (Sueur et al. 2011).  Similar behaviour is seen in Dusky dolphins (Lagenorhynchus obscurus) in Admiralty Bay, New Zealand. Travelling up to 275 kilometres seasonally, these dolphins are flexible in their foraging behaviour and feeding grounds, displaying a high degree of fission-fusion with group size and mixing, whilst coordinating and optimising hunting behaviour (Pearson 2009). Notably and similar to M. alfredi observed in Baa Atoll, this population appears neither closed or unclosed, as the community fluctuates in size according to the seasonality as animals move and mix in order to exploit optimal foraging and resting conditions (Pearson 2009). 
In times of high food availability, M. alfredi adopted increased grouping behaviour and group sizes were largest, indicating a benefit to coordinated foraging. Such benefits could include energy saving, hydrodynamic benefits and reduced competition (Stevens 2016). The position in group model showed individuals placing themselves more toward the back of groups when plankton density was highest, suggesting that leadership may not necessarily be optimal and that for certain individuals, it may actually be beneficial in terms of food consumption to be positioned further down the chain. However, my study does highlight a weak significance in animal ID in terms of leadership behaviour, therefore there is a pattern for some individuals to lead more frequently, which may be influenced by previous experience, which may be beneficial for other group foragers. Hemelrijk et al. (2015) examines the theory of hydrodynamic formations benefiting schooling fish, with followers saving energy by using the wake of the leading conspecific to reduce energy expenditure as presented by Weihs (1973). Group leaders have optimal access to prey but will experience the greatest energy expenditure, while animals positioned behind benefit from energy saving while compromising on food intake (Weihs 1973, 1975; Couzin et al. 2002; Krause & Ruxton 2002). The formation of lengthy feeding chains by groups of M. alfredi, first described by Stevens (2016), potentially benefit from this energy saving and thus explains the increased group foraging observed under higher food availability in this study. However, M. alfredi formed the largest foraging groups when overall aggregations were smallest, indicating that the benefits of coordinated foraging were felt most when competition was lowest.
[bookmark: _Hlk14632587]My study showed that position in group was also highly influenced by the number of manta rays, with the more animals present, the less likely individuals were to be positioned towards the front. However, this result could potentially be due to a simple issue of probability, the more individuals present in a chain, the more “follower” positions available. Individual fitness often relates to within-group spatial position, with fitness costs and benefits driving the position adopted by individuals (Krause 1994; Fischhoff et al. 2007; Barelli et al. 2008). Hirsch (2007) hypothesises that when food resources deplete quickly, foraging success will be found at the front of the group and individuals have higher feeding rates, specifically in fish populations (Krause et al. 1992; Krause 1993). However, this is contested in other studies, suggesting central positions are rewarded as foraging in close proximity to neighbours enhances success, especially when food is spatially or temporally clumped, as well as providing increased predator protection (Hirsch 2007; Robinson 1981; Janson 1985; 1990; van Schaik & Maria 1986; van Noordwijk & van Schaik 1988; Barton 1993; Grant et al. 2002).  As M. alfredi groups are linear in structure, frontal positions likely expose individuals to the highest food abundance making these places preferable to central positions. 
[bookmark: _Hlk14632859]A key motivator to leadership behaviour is individual state, either stemming from a dominant personality or the need to optimise ones’ position, for example to increase nutritional intake, movement capabilities, foraging strategies or reduce predation risk (Jacobs et al. 2008; Hodgkin et al. 2014).  My study found sex to be the most important factor in predicting the probability of leading the group, with females dominantly leading foraging groups. Female leadership is evident in other species, for example adult females act as leaders within the southern population of killer whales (Orcinus orca) (Brent et al. 2015) and amongst groups of hamadryas baboons (Papio hamadryas). Females influence movement timing and direction (Erhart & Overdorff  1999), with specific females exerting dominance amongst stable groups of ruffed lemurs (Varecia variegata) (Overdorff et al. 2005). Female members of the Hanifaru study population show significantly higher site fidelity than males across both feeding and cleaning sites (Stevens 2016) which is not uncommon in pelagic species, as males travel more extensively and females remain close to a natal region (Engelhaupt et al. 2009; Hueter et al. 2005; Lee et al. 2007). My study also showed weak significance in the among-individual variance of individual ID in leadership behaviour, with particular individuals more frequently seen to lead. Consistent leadership, even amongst fission-fusion groups can be beneficial to groups as demonstrated in the small, dynamic population of bottlenose dolphins (Tursiops truncatus) in the Lower Florida Keys (Heithaus et al. 2013). During foraging, groups led by consistent leaders were more frequently recorded in areas of higher fish biomass, travelled more direct paths, experienced less leader switches, and had more complex home ranges than groups with non-consistent leaders (Heithaus et al. 2013). Followers benefited from the prior ecological knowledge of the leaders, which appears consistent with my study; select individuals acted as leaders more frequently than others and at specific times, i.e. when resource density was highest, individuals were more likely to be located in a follower position
My study has highlighted the power of using models to measure residual within-individual variance. Using a repeated measures analysis, the residual variance included both the unobserved sources of variation as well as within-individual variance. Although it represents the amount of within-individual variance not represented in statistical models, it can potentially hold strong biological importance (Westneat et al. 2015). The first explanation for high residual within-individual heterogeneity may be incomplete model hypothesis. It is common for statistical models not to include all key explanatory variables for analysis (for example water temperature or turbidity), therefore leaving large amounts of variance unaccounted for (Westneat et al. 2015). The second possible explanation supports the null hypothesis that M. alfredi are flexible in their individual foraging behavioural traits. Variance partitioning models for position in groups showed residual variance changed within sex and age class, with elevated male and juvenile variance. This result suggests some biological variation captured in the model, namely that sexes and age classes differ in behavioural flexibility. Behavioural variation can be affected by physical processes leading to ‘passive’ plasticity in individuals (Scheiner 2006), for example fluctuations in prey density will lead to passive plasticity in an animal’s foraging success (Westneat et al. 2015). Secondly, adaptive residual within-individual variation may be present. Traits range from prey responses (the ‘battle of waits’ present between predator and prey (Hugie 2003; Stevens 2016)) to task roles (within cooperative groups, individuals perform different tasks (Bergmüller and Taborsky, 2010)). Finally, trial-and-error learning may be present (where ‘learning rules’ as oppose to evolutionary change, influence phenotypic variation within a population (Franks et al. 2010)).  In terms of my study, both plasticity (among-individual variance) and adaptive residual within-individual variation could be influential. The ephemeral nature of zooplankton upwellings which can quickly disperse with the changing tidal currents (Stevens 2016) could lead to flexibility in individuals’ foraging. Finally, this study suggests flexibility in individual foraging behaviour, with individuals sorting themselves by a ‘first come, first serve’ structure (Gerald 2002), adapting their behaviour to successfully feed in a coordinated manner with conspecifics. Unlike other species, potentially there are fewer specific leaders or followers present as an observed phenotype within M. alfredi populations. Changes in evolutionary traits come from adaptive plasticity, as over time populations acclimatise and adjust to changes in environmental conditions or variations in traits occur due to heritability, i.e. genetic variation  (Alonzo 2015). These adaptive capabilities are beneficial in light of fluctuating environmental conditions which may have strong implications. 

[bookmark: _Toc531877677][bookmark: _Toc531878374][bookmark: _Toc534982576][bookmark: _Toc534982792][bookmark: _Toc14464125]3.6 Conclusions 

My study examined the individual flexibility in foraging behaviour in M. alfredi over a three-year period. Close examination of group size, position in group and leadership models all show that high levels of residual within-individual variation explain the observed foraging behaviour. There are various potential explanations, firstly that key variables have not been measured and analysed in models, which therefore should be considered for further analysis. Secondly, my results suggest that M. alfredi are flexible in their individual foraging behaviour and that coordinated behaviour is potentially driven by a ‘first come, first serve’ process. Understanding this basic structure within feeding aggregations allows us to begin to understand the larger network of social interactions and relationships amongst these animals. This behavioural flexibility could be key to continued foraging success in light of changing environmental conditions as demonstrated in this study.









[bookmark: _Toc531877678][bookmark: _Toc531878375][bookmark: _Toc534982577][bookmark: _Toc534982793][bookmark: _Toc14464126][bookmark: _Hlk529967436][bookmark: _Hlk535428900]Chapter Four: Protecting the million-dollar mantas; creating an evidence-based code of conduct for manta ray tourism interactions

[bookmark: _Toc531877679][bookmark: _Toc531878376][bookmark: _Toc534982578][bookmark: _Toc534982794][bookmark: _Toc14464127]4.1 Abstract 

[bookmark: _Hlk535238763][bookmark: _Hlk14291553][bookmark: _Hlk508134693]Tourist experiences with charismatic marine megafauna have become increasingly popular since the 1990s. Manta ray tourism is estimated to contribute US$ 140 million annually to the global economy. The multitudes of tourists interacting with manta rays potentially disturb the animals, yet few studies have examined interactions, and none has quantified the effect of human behaviour on feeding manta rays. Using videos collected at feeding sites in the Maldives, I found that of the 401-independent human-manta interactions observed, only 44% complied with existing guidelines for snorkellers during tourism encounters. Human behaviours; accidental obstruction, diving too near/in front, chasing, and approaching from the front, all had a statistically significant negative effect on manta ray behaviour, resulting in feeding cessation, while passive interactions resulted in significantly less disturbance and cessation reactions. A reduction in foraging will be detrimental due to the transient nature of the manta rays’ zooplankton prey. Interactions within three metres significantly increased avoidance behaviours. These findings support the guidelines provided by the Manta Trusts’ code of conduct, which aims to develop legislation in the Maldives and beyond so as to minimise disturbance of manta rays by tourism. My key recommendations aim to ensure that the manta ray tourism industry remains sustainable and non-detrimental to the animals’ natural behaviour.
Keywords: Conservation, Maldives, Mobula alfredi, Sustainable tourism, Wildlife tourism.

[bookmark: _Toc531877680][bookmark: _Toc531878377][bookmark: _Toc534982579][bookmark: _Toc534982795][bookmark: _Toc14464128]4.2 Introduction

Over the last two decades, tourism focused on charismatic marine megafauna such as whales, turtles, sharks and manta rays has become increasingly popular (O’Malley et al. 2013; Gallagher & Hammerschlag 2011; Cisneros-Montemayor & Sumaila 2010; Higham & Lück 2007; Hoyt 2001). Globally, the number of marine mammal tourists more than doubled between 1991 and 1998, rising from over four million to nine million participants, with a 12.1% average increase in whale watching figures in the 1990s (Hoyt 2001). This figure continued to surge by a further 11.3% between 1998 and 2006, demonstrating ever increasing popularity (Hoyt & Iñíguez 2008). 
[bookmark: _Hlk513125800]While increased tourism and its network of support resources can generate significant economic benefits (O’Malley et al. 2013; Vianna et al. 2012), concerns exist regarding potential negative impacts on the focal species (Anderson et al. 2011b; Graham 2007; Quiros 2007; Marshall et al. 2011; Kessel et al. 2017). Human impact on marine wildlife can be both direct, such as causing a change to, or stopping, the animal’s natural behaviour, and indirect, by affecting the animal’s fitness through disturbing feeding or cleaning long-term (Quiros 2007; Sorice et al. 2003). Destructive impacts, including habitat damage and loss (Tisdell & Wilson 2002), disruption of animals’ natural behaviour (Williams et al. 2002) and human-induced injuries, including boat strikes (Denkinger et al. 2013; Speed et al. 2008), are becoming more common. Such developments are not compatible with a safe or sustainable industry, an image commonly used as a selling point by operators advertising an eco-friendlier experience to attract potential consumers. Ecotourism is defined as ‘non-consumptive travel with minimal negative impacts that result in increased conservation and sustainability of natural and sociocultural resources and contributes to the well-being of local people’ (Sirakaya et al. 1999, p. 171).  
[bookmark: _Hlk508820400]Manta rays (Mobula alfredi, M. birostris) are slow-growing, large-bodied animals that have among the lowest fecundity of all elasmobranchs, i.e. reproducing infrequently (Dulvy et al. 2014a; Stevens 2016). Their low rate of reproduction, late maturity, and small size of sub-populations makes these species particularly vulnerable to overexploitation in fisheries and extremely slow to recover from depletion (Dulvy et al. 2014b). Manta ray species are listed on Appendix II of the Convention on International Trade in Endangered Species, Appendices I and II of the Convention on the Conservation of Migratory Species of Wild Animals, and classified as “Vulnerable” on the IUCN’s Red list of Threatened Species (Lawson et al. 2017; Marshall et al. 2011). Regional protection for manta rays has been implemented in certain areas. In 2014, Indonesia announced a ban on fishing manta rays, essentially creating the world’s largest manta ray sanctuary (Ministry of Maritime Affairs and Fisheries 2014). That same year the Maldives included all ray species on its nationwide protected species list, banning the capture, keeping or harming of all ray species (EPA 2014). The most prominent threats to manta rays globally are from directed and bycatch fisheries (Croll et al. 2016; Lawson et al. 2017), primarily driven by increased demand for their gill plates, which are marketed as a pseudo-medicinal health tonic in southeast Asia (Lawson et al. 2017; Whitcraft et al. 2014).
Manta ray tourism is estimated to contribute US$ 140 million annually to the global economy (O’Malley et al. 2013), but interactions may have a negative effect by disturbing the species’ natural behaviour and degrading their habitat (Venables 2013; Anderson et al. 2011b), while potentially reducing fitness, disrupting reproduction and foraging (Colman 1997; Sorice et al. 2003). Increased human presence has the potential also to induce animal stress (Müllner et al. 2004) and to increase the rate of injuries due to higher boat traffic (Cárdenas-Torres et al. 2007; Stevens et al. 2018). Norman (2005, p. 242-245) noted a reduction in the return rate of whale sharks (Rhincodon typus) due to tourist stress and aggravation, while Quiros (2007) observed whale sharks’ rapid diving movements and avoidance reactions in response to tourist presence. Constantine (2001) also recorded increased avoidance behaviour by bottlenose dolphins (Tursiops truncatus) in the Bay of Islands, New Zealand, in response to increased tourism and swim-with excursions. Giese (1998) examined the impact of tourists approaching Adélie penguins (Pygoscelis adeliae) in Antarctica. Approaches of 5m resulted in elevated heart rates and the cessation of incubation behaviour, with such a period of cooling risking chick survival and hatching success. In comparison, approaches of 30 metres had no effect on either the incubation behaviour or recorded heart rates of penguins (Giese 1998). Such stressors highlight the need to monitor and regulate tourism involving wildlife.
[bookmark: _Hlk535250068][bookmark: _Hlk512505202]Like many other marine fish and mammals, manta rays adopt group feeding strategies in order to increase feeding efficiency (Stevens 2016). These large aggregations of feeding manta rays also attract a large number of tourists. Anderson et al. (2011b) indicates that manta rays can be interrupted at feeding aggregations by divers and snorkellers, as humans may block the manta rays’ natural feeding routes, startle the manta ray(s) by approaching from behind, or even cause them to stop feeding. Given that aggregations of manta rays are attracted to ephemeral upwellings of zooplankton which disappear with the changing tidal currents, any interruptions to feeding can be predicted to decrease food intake (Stevens 2016). Manta rays are also commonly observed when they visit areas of the reef hosting client fish (commonly various species of wrasse), known as ‘cleaning stations’, to socialise, and to have ectoparasites, dead or injured skin or mucus removed from their bodies (O’Shea et al. 2010). Humans can also disturb manta ray activities at cleaning stations by approaching the rays too closely, causing the manta rays to leave, and often damaging the fragile coral ecosystem around the cleaning station through poor buoyancy control (Tratalos & Austin 2001). Cleaning stations are important aggregation sites for this species (Stevens et al. 2018) and therefore negative impacts on them by humans should be kept to a minimum.
[bookmark: _Hlk514080102]The use of specific guidelines for tourism interactions reduces the negative effects which humans have on animals (Brunnschweiler 2010; Mau 2008; Pierce et al. 2010), and together with interpretative and educational briefings, can also enhance tourists’ experience (Zeppel & Muloin 2008; Quiros 2007). Snorkelling tours in the Ningaloo Marine Park, Australia, set recommended guidelines, limiting boat speed to five knots when within 30 metres of manta rays, and eight knots when within 100 metres, of manta rays (www.mantaraycoralbay.com.au). Snorkellers are advised to form a semi-circle two metres behind manta rays, with spotters positioned behind the group (www.mantaraycoralbay.com.au). In Queensland, Australia, divers are advised to maintain their distance, remain calm and still, and allow the manta to control the interaction (Project Manta 2012). In some areas of the Maldives a code of conduct developed by the Manta Trust for snorkel interactions is in practice, but the in-water recommendations differ from the Ningaloo recommendations. The approach buffer zone is set at three metres, and positions snorkellers to the side of manta rays so as to remain in their eye line (www.mantatrust.org). However, few studies have examined the effect of tourism interactions on manta rays in detail, and no study has yet analysed and quantified the effect of human behaviour on feeding manta rays. 
[bookmark: _Hlk525053227]Situated in the Indian Ocean, the Republic of Maldives is widely recognised as a hotspot for marine wildlife interactions, hosting a high abundance of marine megafauna (Cagua et al. 2014). The direct expenditure on whale shark tourism in the Maldives, for example, increased from US$ 2.3 million per annum in 1993 (Anderson & Ahmed 1993) to US$ 9.4 million per annum in 2013 (Cagua et al. 2014). Tourism directed at swimming with manta rays in the Maldives has also increased greatly; estimated to contribute US$ 8.1 million in direct revenue in 2010 (Anderson et al. 2011b), it was valued at US$ 15.4 million in 2013 (O’Malley et al. 2013). Tourism in the Maldives has grown substantially over the last decade, with over 1.2 million visitors in 2016 alone, with a 28% rise in resort, dive liveaboard and guest house occupancy since 2010 (Ministry of Tourism 2016).  With this increase in tourism over the last decade, the Maldives now faces increased pressure on its natural resources, including important M. alfredi cleaning and feeding sites (for example Hanifaru Bay in Baa Atoll) which are regularly frequented by this species. Increased manta tourism in Baa Atoll over the last decade is evident in more tour operators providing swim-with encounters each year, and by the statistic of over 25,000 manta tourists recorded at sites in eastern Baa Atoll during Maldivian Manta Ray Project (MMRP) surveys from 2010-2016 (MMRP unpublished data). To avoid the risk of damaging this major source of tourism, manta ray activities need to be monitored across all cleaning and feeding aggregation sites nationwide, rather than through isolated management programmes. Such a programme exists at Hanifaru Bay marine protected area (MPA). Hanifaru Bay is regulated by the Maldives Environmental Protection Agency and the Baa Atoll Biosphere Reserve. It became globally famous in 2009 due to media exposure showcasing the feeding aggregations of M. alfredi and whale sharks that visit the bay. Regulations now prohibit SCUBA diving within the Bay, with a limit of 80 snorkellers and five boats at one time (http://en.epa.gov.mv/regulations), and a required entrance fee (www.broffice.gov.mv).
[bookmark: _Hlk510621306]Developed from pilot studies, the Manta Trusts’ Maldives code of conduct was the basis of this study, testing the specific recommendations; of maintaining a minimum three-metre distance from animals, remaining calm and still throughout interactions (Figure 4.1a), and only approaching animals from the side, specifically avoiding positioning directly behind or in front of manta rays, i.e. in their blind spot (Figure 4.1b). These guidelines were developed in the Maldives following six years of in-water observations, including a three-year pilot study examining manta behaviour during snorkel trips with tourists (see Appendix II). To mitigate negative anthropogenic impacts on manta rays, researchers joined resort excursions, providing a pre-encounter briefing specifying the above recommendations - which until now have not been rigorously tested. Purely advisory, these guidelines advise tour operators on the appropriate human behaviours to ensure sustainable human-manta encounters. This study rigorously tested the effect of these guidelines, with the view to providing scientific support for these recommendations which will drive increased protective legislation at manta ray aggregation sites globally. This study aims to link specific human behaviours with the resulting reactions by the manta rays, specifically (1) types of human behaviours during interactions, (2) closest observed distances between manta rays and humans, and (3) direction of human approaches towards animals. Finally, I test inter-site differences in tourist numbers. 
a.
b.











[bookmark: _Toc1406616]Figure 4. 1: Human-manta interactions. (a) Following the code of conduct guidelines, a snorkeller remains calm and still, whilst maintaining a safe distance, allowing the manta ray to control the interaction. (b) Disregarding the code of conduct, a snorkeller approaches and touches the manta ray directly during an interaction. © Guy Stevens, Manta Trust 2009, 2010.

[bookmark: _Toc531877681][bookmark: _Toc531878378][bookmark: _Toc534982580][bookmark: _Toc534982796][bookmark: _Toc14464129]4.3 Methods 

[bookmark: _Toc531877682][bookmark: _Toc531878379][bookmark: _Toc534982581][bookmark: _Toc534982797][bookmark: _Toc14464130]4.3.1 Study Site

Situated in the Indian Ocean and stretching across 870 kilometres (540 miles), the 26 geographical atolls that make up the Maldives Archipelago are situated south-west of India. The Maldives territorial waters encompass 90,000 km² of ocean, while the land area is only 300 km² (Sea Around Us Project 2014), with the highest natural point above sea level recorded at 2.4 metres. The Maldives hosts the world’s largest population of reef manta rays (M. alfredi) with over 4,300 identified individuals (Manta Trust 2019; Stevens 2016). 
This study was conducted in Baa Atoll, northwest of the archipelago’s capital island of Malé. During the south-west monsoon (May through November), monsoonal currents and lunar tides produce a back-eddy concentrating the manta’s zooplankton prey into the body of the bay, attracting the filter feeding megafauna in large numbers (Stevens 2016), which in turn attract the majority of the tourist excursions.

[bookmark: _Toc531877683][bookmark: _Toc531878380][bookmark: _Toc534982582][bookmark: _Toc534982798][bookmark: _Toc14464131]4.3.2 Data Collection

Over a three-year period (2010-2012), a pilot study was conducted by the Manta Trust’s MMRP, testing various human approaches and behaviours to examine the resulting response from manta rays, in order to develop the code of conduct for manta ray tourism, published in 2017. The data collection methods which were used in the pilot study (Appendices III-V) were used to establish and implement a protocol for data collection in the current study, including human and manta ray test variables and data analysis procedures (Brooks 2010; Atkins 2011; Lynam 2012). Study data were collected across 47 survey days in July and August 2016 as part of the MMRP daily surveys. Data were collected from feeding aggregation sites within Baa Atoll regularly visited by the MMRP research vessel and tourists, including Hanifaru Bay, Reethi Falhu, Veyofushi Falhu, Dhigu Thila, and Andagiri.
In order to test the code of conduct, interactions between tourists and feeding manta rays were recorded using an SJCAM SJ4000 camera. At each site, a number of variables were collected: current strength, the density of zooplankton, the number of tourist boats, and the total number of people in the water during the observation period (including the researcher). To avoid pseudo-replication, footage was only used if the manta was clearly identifiable. Individuals were identified by examining the unique spot-pattern on the ventral surface; matching this pattern with catalogued photographs in the regional branchial database allows for individual identification and sexing (Marshall & Pierce 2012).

[bookmark: _Toc531877684][bookmark: _Toc531878381][bookmark: _Toc534982583][bookmark: _Toc534982799][bookmark: _Toc14464132]4.3.3 Video Analysis

All video footage was analysed by the primary researcher and was assessed to identify the reactions of manta rays in response to tourist behaviour. Prior to data analyses, a test was created to ensure that researchers could accurately estimate distances between humans and manta rays in video footage. A buoyant yellow life jacket was attached to a rope which was held at one end by a research assistant. The rope was held at 1 m, 2 m, 3 m, 4 m and 5 m lengths successively, and each length was video recorded with the same camera used for data collection, from different angles and distances. Screenshots were then taken from each video at various points. The test comprised of 15 videos and 45 screenshots and involved identifying the distance between the person and the life jacket. The researcher was tested on distance estimation every day until consistently scoring more than 90%. Once this was achieved, testing was conducted three times a week during the two months of data collection to ensure accurate readings when analysing distances in video footage.
During the training period, two researchers viewed each video until both consistently scored videos the same. The remaining video clips were viewed multiple times by the same researcher to ensure a precise analysis of the manta behaviour and to ensure uniformity. Following pilot study observations and initial results, the following test criteria were chosen. An interaction was defined as when a tourist and manta came within ≤5 metres of each other. Distance (<1 m, 1-2 m, 2–3 m, 3–4 m, 4–5 m) was estimated to the closest metre (Brooks 2010; Atkins 2011; Lynam 2012). The categories of human behaviour, avoidance and cessation behaviours are given in Tables 4.1, 4.2 and 4.3 respectively. 

[bookmark: _Toc1559439]Table 4. 1: Definitions for human behaviour observed during interactions.

	[bookmark: _Hlk499139850]Human behaviour
	Definition
	No. observations

	Passive observation
	Humans remain still and flat in the water
	158

	Accidental obstruction
	Human accidentally obstructs the path of the manta ray or accidentally touches the manta ray
	83

	Diving too near/in front
	Human dives too close or directly in front of the manta ray
	140

	Chasing
	Human actively chases the manta ray, swimming fast and splashing
	20




[bookmark: _Toc1559440]Table 4. 2: Definitions for manta ray avoidance reaction behaviours observed during interactions.

	[bookmark: _Hlk499139906]Manta ray reaction
	Definition
	No. observations

	No response
	Individual continues with current behaviour
	255

	Slight reaction
	Minor direction changes to move away from obstruction
	68

	Direction change
	Distinct direction changes to avoid obstruction
	69

	Avoidance
	Complete alteration of behaviour to avoid obstruction
	9







[bookmark: _Toc1559441]Table 4. 3: Definition for manta ray cessation behaviour observed during interactions. 

	Cessation reaction
	Definition
	No. observations

	Yes
	Manta ray stopped their original behaviour due to human interaction
	360

	No
	Manta ray continued their original behaviour despite human interaction
	27



[bookmark: _Toc531877685][bookmark: _Toc531878382][bookmark: _Toc534982584][bookmark: _Toc534982800][bookmark: _Toc14464133]4.3.3 Statistical Analysis

[bookmark: _Hlk511075242]A Cumulative Link Mixed Model (CLMM) was used on the ordinal data to examine the effect of predictor variables on the manta response variable using individual manta-ID as the random effect. A CLMM with a flexible threshold was used to test whether the variables (Human Behaviour, Distance, Position of Human, Direction of Human Approach, Site, Sex and Undisturbed Behaviour) were statistically significant predictors of ‘Manta Response’. Variables which were not statistically significant in the initial model were tested individually; if they proved non-statistically significant, they were not controlled for in future models. As such, the variables ‘Sex’ and ‘Undisturbed Behaviour’ were dropped. As interactions were recorded at a feeding site, a second CLMM was used to test whether the remaining five variables were statistically significant predictors of ‘Cessation of Feeding’ across observations (Table 4.3). The sample size was 387 as 14 records of cessation could not be confirmed. Non-statistically significant variables were removed from the model using stepwise regression; the final model included ‘Human Behaviour’ and ‘Direction of Approach’. The same procedure was followed as described above. The total number of people recorded at each site per day was calculated and a Kruskal-Wallis test used to test for statistical differences in tourist visitation per site, per day. 
[bookmark: _Toc531877686][bookmark: _Toc531878383][bookmark: _Toc534982585][bookmark: _Toc534982801][bookmark: _Toc14464134]4.4 Results

A total of 401 independent human-manta interactions were recorded during July and August of the 2016 south-west monsoon in eastern Baa Atoll. Videos were collected six days a week, at five sites across the data collection period. Passive interactions (n = 158) were the most common human behaviour recorded, while the most intrusive of human behaviours, chasing (n = 20), was the least recorded. Across the 401 interactions, tourists, who should have been briefed on in-water conduct prior to interactions were observed within one metre or closer to the animals during 30.1% of observations, and were recorded observing the recommended three metres or more rule during 44.1% of interactions. 
The ‘Human Behaviour’ variable had the strongest influence on manta response, with accidental obstruction, diving too near/in front, and chasing statistically significant in higher levels of response (see statistical outputs in Table 4.4a, Figure 4.2a-d). Estimated distances of 3 - 4 m and 4 - 5 m elicited significantly greater responses, but with a negative trend, meaning that manta rays were less likely to display higher levels of response (i.e. avoidance or flight) in such interactions (Figure 4.3a). Human approaches from underwater were significantly less likely to cause a response in manta rays compared to surface approaches (see in Table 4.4c). The variable ‘Direction of Human Approach’ was also statistically significant, with approaches from the front resulting in higher levels of manta response (see in Table 4.4d, Figure 4.3b). ‘Site’ proved an important influence on manta behaviour, with animals at Veyofushi Falhu exhibiting a statistically significant difference in disturbance behaviour to manta rays at Hanifaru Bay (see in Table 4.3e).   
[bookmark: _Toc1559442]Table 4. 4: Cumulative Link Mixed Model of Avoidance Behaviours (defined in Table 4.2) versus five predictor variables. Statistics include the probability of deviation from a slope of zero (p), direction of the trend (positive +, negative -), confidence intervals to a 95% level. (n = 401). Statistically significant results appear in bold. ** Denotes a p-value of <0.01.

	[bookmark: _Hlk499139953]Model
	Predictor variables
	Logistic coefficient
	p-value
	Standard error
	95% CI

	

	a) Human behaviour

	 
	Passive interaction
	
	
	
	

	 
	Accidental obstruction**
	3.237
	3.11e-10
	0.5144
	2.23 – 4.25

	 
	Diving too near**
	3.255
	4.09e-09
	0.5536
	2.17 – 4.34

	 
	Chasing**
	3.816
	3.38e-07
	0.7481
	2.35 – 5.28

	 

	b) Distance

	 
	< 1 m
	
	
	
	

	 
	1 - 2 m 
	- 0.053
	0.868
	0.3192
	-0.68 – 0.57

	 
	2 - 3 m 
	- 0.173
	0.658
	0.3916
	-0.94 – 0.59

	 
	3 - 4 m** 
	- 1.516
	 0.00599
	0.5517
	-2.60 - -0.43

	 
	4 - 5 m**
	- 3.737
	 0.00291
	1.2552
	-6.20 - -1.28

	 
	 
	
	 
	 
	  

	c) Position of human

	 
	Surface
	
	 
	 
	  

	 
	Under animal**
	- 1.349
	0.00768
	1.3492
	-2.34 - -0.36

	   

	 d) Direction of human approach

	 
	Side
	
	 
	 
	  

	 
	Front**
	1.956
	4.34e-06
	4.594
	1.12 – 2.79

	 
	Behind
	0.741
	0.198
	1.287
	-0.39 – 1.87

	 
	Above 
	1.002
	0.056
	1.910
	-0.06 – 2.03

	 
	Below
	- 0.678
	0.234
	-1.190
	-1.79 – 0.44

	 

	e) Site 

	 
	Hanifaru Bay
	
	
	
	

	 
	Andagiri 
	2.550
	0.074
	1.787
	-0.25 – 5.35

	 
	Veyofushi Falhu
	1.246
	0.03339
	2.127
	0.10 – 2.39

	 
	Reethi Falhu
	0.798
	0.071
	1.805
	-0.07 – 1.67

	 
	Dhigu Thila
	- 0.758
	0.516
	-0.649
	-3.04 – 1.53


















[bookmark: _Toc1406617]Figure 4. 2: Comparison of reef manta ray (Mobula alfredi) responses to differing human behaviour: (a) passive observation, (b) accidental obstruction, (c) diving too near, (d) chasing. Numbers above bars represent sample size. (n = 401).





























[bookmark: _Toc1406618]Figure 4. 3: Comparison of reef manta ray (Mobula alfredi) responses to differing human behaviour: (a) in response to estimated closest distance between human and manta ray, and (b) in response to direction of human approach. Numbers above bars represent sample size. (n = 401).


In relation to cessation of feeding, ‘Human Behaviour’ had the most influence on manta behaviour: accidental obstruction, diving too near/in front and chasing were statistically significant, with positive associations showing that they resulted in higher levels of response (see in Table 4.5a, Figure 4.4a). Although not statistically significant, compared with human approaches from the side (i.e. within their eye-line), manta rays were more likely to stop feeding when approached from the front (see in Table 4.5b, Figure 4.4b). 

[bookmark: _Toc1559443]Table 4. 5: Cumulative Link Mixed Model of Cessation of feeding versus two predictor variables. Statistics include the probability of deviation from a slope of zero (p), direction of the trend (positive +, negative -), confidence intervals to a 95% level. (n = 387). Statistically significant results appear in bold. ** Denotes a p-value of <0.01.

	[bookmark: _Hlk499140002]Model
	Predictor variables 
	Logistic coefficient
	p-value
	Standard error
	95% CI

	

	a) Human behaviour 

	 
	Passive interaction
	
	
	
	

	 
	Accidental obstruction**
	19.200
	6.20e-06
	4.249
	10.87 – 41.26

	 
	Diving too near**
	18.814
	4.54e-05
	4.614
	9.77 - 27.86

	 
	Chasing**
	21.304
	3.87e-05
	5.177
	11.16 – 31.45

	 

	b) Direction of human approach

	 
	Side
	
	 
	 
	 

	 
	Front
	1.111
	0.527
	1.283
	-2.33 – 4.55

	 
	Behind
	2.830
	0.185
	1.062
	-1.36 – 7.02

	 
	Above**
	18.900
	2.84e-07
	2.406
	11.25 – 25.13

	 
	Below
	-0.045
	 0.985
	0.306
	-4.81 – 4.72










[bookmark: _Toc1406619]Figure 4. 4: Percentage of interactions which resulted in cessation of feeding (Stopped) or no change in feeding (No effect) in response to (a) Human behaviour: (Passive Observation; Accidental Obstruction; Diving too near/in front; Chasing). (b) Direction of human approach: (Side; Front; Behind; Above; Below). (n = 387). Numbers on bars represent sample size.

[image: ]
[bookmark: _Toc1406620][bookmark: _Hlk510625071]Figure 4. 5: Total number of tourists per site per day. The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles). Kruskal-Wallis test shows a significant difference between the number of humans per site, H = 200.87, p = <2.2e-16. (n = 401).

Tourist numbers differed significantly across the five sites (see Figure 4.5), with Hanifaru Bay recording a median number of 70 tourists per day, while Reethi Falhu averaged only four daily, Kruskal-Wallis; H = 200.87, p = <2.2e-16. 

[bookmark: _Toc531877687][bookmark: _Toc531878384][bookmark: _Toc534982586][bookmark: _Toc534982802][bookmark: _Toc14464135]4.5 Discussion

[bookmark: _Hlk14293515][bookmark: _Hlk14293542]For wildlife tourism to be sustainable, it must be conducted according to the principles of ‘ecotourism’, in which interactions are intended to exert minimal negative impact on the focal animal (O’Malley et al. 2013). However, increasing concern exists about the negative effect of tourism interactions on species, particularly when no clear management guidelines are in place (Anderson et al. 2011b; Graham 2007; Quiros 2007; Marshall et al 2011 (from Venables 2013)). My data suggest that certain human actions impact manta ray behaviour negatively during interactions. Distance between human and manta, human behaviour, and the position of snorkellers all significantly affected the manta ray’s response (Table 4.4), which in turn is all reflected in the Manta Trust’s code of conduct recommendations. Interactions with humans over the recommended minimum three metres resulted in significantly less avoidance behaviour by the manta rays than at shorter distances, showing that allowing the animals more distance decreases disturbance. During approaches within three metres, the likelihood of avoidance behaviour was 31% but reduced to just 3.4% for interactions between four to five metres. Approaches from the front were also significantly more likely to result in disturbance, which can be explained by the snorkeller blocking the direction of travel and presenting a barrier to the future movement of the manta ray. Approaches from above were also significantly more likely to cause cessation of feeding entirely. Manta rays are unable to see directly above and behind, while their downward, lateral and forward vision is good (Deakos 2010). Therefore, they are more likely to feel threatened and react adversely to an unidentified object approaching from these directions, hence it is recommended to approach from the side to avoid startling the animal. 
Accidental obstructions, diving too near/in front and chasing encounters all proved significantly disturbing, causing more cessation of feeding during interactions than passive interactions. Manta ray reactions to the presence of humans were recorded to be higher at sites exploited less by tourism activities compared with sites with more tourists (e.g. Hanifaru Bay), possibly due to lower tourist numbers and non-habituated manta rays, although this variable would need further study.  
[bookmark: _Hlk529794012]During my study, snorkellers (who are recommended to be briefed on conduct prior to in-water interactions) passively observed the focal manta rays in only 158 of the 401 interactions (39.4%), with the majority of all tourism interactions therefore showing second-rate compliance to the recommended distance for in-water conduct. Accidental obstructions were observed on 83 interactions (20.7%), for example by touching or blocking the pathway of the manta ray’s travel, but troublingly, during 140 encounters (34.9%), snorkellers were observed deliberately diving near manta rays, while attempting to film or photograph themselves with the animals (#MantaSelfie). 
An avoidance response by the manta ray was observed on 36.7% of observations, including behaviour such as slight reaction, direction change or avoidance. A similar result was found from a study in Ningaloo Reef, Western Australia, where feeding M. alfredi displayed a behavioural response to snorkellers classified as disturbance in 34.1% of tourism interactions (Venables 2013). Venables (2013) also found that surface splashing by snorkellers significantly increased the likelihood of manta ray behavioural responses. As demonstrated in this study, passive, quiet observations appear to minimise avoidance responses by manta rays. 
A further concern during in-water interactions is that human presence stops an animal’s natural behaviour. Human behaviour was a statistically significant factor in the change of manta ray behaviour, with accidental obstructions, diving too near/in front and chasing all proving statistically significant (Table 4.4). Race and Oram’s (2013) study in Goat Island Marine Reserve, New Zealand found that less experienced snorkellers were unable to hold their breath for long periods of time, a factor which could apply to the human behaviour recorded during this study. A lack of snorkeller experience would also explain the quick bolt action of free-divers back to the surface, with little awareness of the manta rays swimming above and around them, which was regularly observed in this study. Such erratic movement and the crossing and blocking of the manta ray’s path has the potential to interrupt its natural behaviour and potentially reduce feeding activity. Another consideration is the impact of human presence at specific sites. For example, the manta rays at Veyofushi Falhu demonstrated significantly increased avoidance reactions compared to other sites. One theory to explain this result is the variation in human visitation between sites and therefore the level of manta habituation to human presence. At Veyofushi Falhu there was a median number of four visitors per day, compared to 70 at Hanifaru Bay (Figure 4.5).
[bookmark: _Hlk510623543]Regionalised action is being taken to encourage sustainable tourist practices, with Australia establishing government approved guidelines for interacting with manta rays (Ningaloo Marine Interactions 2018). Swim-with manta ray interactions at Hanifaru Bay MPA are regulated by the Maldives Environmental Protection Agency and the Baa Atoll Biosphere Reserve, leading to many tour operators providing tourists with pre-encounter briefings. However, over half of observed interactions showed that snorkellers breached these code of conduct recommendations, highlighting the importance of monitoring encounters and having in-water guides and enforcement personnel to regulate tourist behaviour. Penalties for tourist infractions are employed for whale shark interaction in Oslob, the Philippines, ranging from fines up to PHP 2,500 (USD 48.10), to imprisonment (Craven 2012). Previous ecotourism studies have found there to be significant changes in diver behaviour following environmental briefings, with reduced physical contact and damage recorded (Toyoshima & Nadaoka 2015; Medio et al. 1997; Worachananant et al. 2008; Camp & Fraser 2012; Krieger & Chadwick 2013). Even more effective was dive leader intervention, which reduce non-compliant diver behaviour more successfully than briefings alone (Barker & Roberts 2004; Krieger & Chadwick 2013). For this to be effective, a smaller, more manageable group size is recommended, which is defined as ‘small enough so that dive/trip leaders can supervise all members of the group adequately’ (Barker & Roberts 2004, p. 481-489). 
Regulating tourism interactions and conducting pre-encounter briefings are key measures with the potential to minimise the effect of humans during tourism interactions (Brunnschweiler 2010; Mau 2008; Pierce et al. 2010), and together with interpretive material can increase tourist satisfaction with the experience (Zeppel & Muloin 2008; Quiros 2007). Findings from my study support the recommendations provided by the Manta Trust’s Best Practice code of conduct for interacting with manta rays (see Appendix II, www.mantatrust.org & www.swimwithmantas.org ).
Further research should investigate the effect of interactions with tourists at manta ray cleaning stations as this research only considered feeding aggregations. The next step will be to extend this study: firstly, to look at the long-term impacts from disturbance to feeding if it continues; secondly, to test statistically whether M. alfredi are more likely to show tourist avoidance behaviour when cleaning as opposed to when feeding; thirdly to examine SCUBA interactions and diver behaviour with manta rays. Preliminary results from previous pilot studies have shown a similar pattern to my study, with SCUBA diver approaches made from the front, above, below and behind causing higher animal disturbance responses than approaches from the side, passive interactions and encounters over three metres (see Appendices III-V). Diver bubbles may also block easy access to cleaning stations, the presence of people may potentially shorten the time spent cleaning, and poor buoyancy control can damage the coral reef (Tratalos & Austin 2001).

[bookmark: _Toc531877688][bookmark: _Toc531878385][bookmark: _Toc534982587][bookmark: _Toc534982803][bookmark: _Toc14464136]4.6 Conclusions

My study rigorously tested the guidelines provided in the Manta Trust’s code of conduct. It confirms and reinforces the guidelines provided to tour operators for in-water interactions with feeding manta rays: (1) to maintain a distance of three metres or more when approaching manta rays; (2) to remain passive throughout interactions avoiding splashing, touching or chasing animals; (3) if approaching animals, always to approach from the side, within the manta ray’s field of vision; (4) to avoid diving directly in front of manta rays, and (5) to ensure that only experienced snorkellers should attempt to free-dive near manta rays. These recommendations should be given to all tourists before taking part in any in-water interactions with manta rays. Tour guides should be vigilant about monitoring and enforcing these recommendations throughout the encounter. Creating nationwide government legislation and effective enforcement based on these recommendations in countries where manta ray tourism activities exist is the next step towards making in-water manta ray encounters a true ecotourism activity. Once achieved, these activities can become a safe and sustainable alternative to fishing these vulnerable species, with long-term financial gains for the local economy and tourism trade.



[bookmark: _Toc534982588][bookmark: _Toc534982804][bookmark: _Toc14464137][bookmark: _Hlk536093045][bookmark: _Toc531878386][bookmark: _Hlk531881715]Chapter Five:  General discussion and conclusions

This thesis, a study of the behaviour of the world’s largest recorded population of M. alfredi in the Maldives, examined measures of sociality within aggregations and foraging groups, patterns of foraging variation and individuals’ behavioural disturbance and feeding cessation due to the presence of snorkellers. 
Chapter Two presents the first social network analysis of this large population. My findings provide a better understanding of the social relationships of this highly mobile species, calculating measures of sociality and testing for any evidence of social structure. Chapter Three furthers our understanding of individual foraging flexibility and the drivers of behavioural variation. Specifically, I tested the relative importance of biotic and abiotic factors in explaining variation in foraging behaviour and the roles adopted by individuals. Finally, Chapter Four tested ecotourism management recommendations in terms of the behavioural responses of manta rays to tourists. In this general discussion, I now summarize my key results and their broader implications for understanding manta ray sociality on both large and fine scales, the flexibility demonstrated during foraging, the behavioural responses of animals to tourists, discuss the limitations and weaknesses of my study, identify remaining knowledge gaps regarding manta ray foraging and social behaviour and draw my final conclusions.
[bookmark: _Toc535940170]

[bookmark: _Toc14464138]5.1 Summary of key results

[bookmark: _Hlk954484]Social network analysis has proven to be a key analytical tool for the examination of the network structure of populations and the relationships between individuals (Whitehead 2009).  In Chapter Two, I mapped the social structure of manta rays in eastern Baa Atoll at both the large and fine scale, firstly on the aggregation level and then on the smaller scale of foraging groups. I found that there was no clear evidence of social structure different to random in the observed network of M. alfredi on either level. My results suggest that my study population of manta rays are unstructured and associate based on spatiotemporal overlaps amongst individuals in response to food availability (Silk et al. 2014). Thus, at Baa Atoll they formed aggregations and foraging groups without social attraction or social group structure. Lacking a network structure at the aggregation and group levels, interactions were probably driven by resource dispersion and habitat use, with site fidelity and foraging behaviour shaping the observed groupings (Connor et al. 2000; Heithaus & Dill 2002; Johnson et al. 2002; Parra et al. 2011; Stewart et al. 2018). Manta rays demonstrated no difference in gregariousness within either sex or age class, with random associations as opposed to preferred companions. With low probability of temporal associations between dyads across both 30-day and annual timesteps, my data suggest that manta rays do not form long-term relationships, at least at these foraging sites, and relationships are loose. My study examined a fraction of the population at a limited number of sites, but my results showed no evidence of social structure different to random amongst the study population of manta rays. Although aggregation and foraging groups appeared open and lacked structure, these aggregations will remain key to individual fitness, potentially also offering social opportunities with benefits including mating prospects, as well as potential information dissemination, which can be done purely coincidentally while carrying out routine activities, i.e. an individuals’ foraging behaviour may attract other individuals to a specific resource or patch (Galef & Giraldeau 2001; Danchin et al. 2004; Dall et al. 2005).
[bookmark: _Hlk14539761]In Chapter Three, I examined in more detail interactions within foraging groups, including variables affecting foraging group size, position within group and leadership behaviour. Overall, manta rays demonstrated considerable flexibility in individual foraging behaviour. Food availability, site and year proved to be significantly associated with group size. Position in group was influenced by manta rays’ group size, with animals assuming more frontal positions when group size was low. Leadership within foraging groups was solely influenced by sex, with females significantly more likely to lead than males. My study went one step further to explain variation in group size, position in group, and leadership behaviour, examining the influence of residual among- and within-individual factors. We no longer simply label such individual variation in behaviour as ‘random noise’ and recognise the potentially strong biological importance of phenotypic variation which, therefore, should not be ignored (Westneat et al. 2015). My study examined the individual flexibility in M. alfredi foraging behaviour over a three-year period, with residual within-individual variance explaining over 55% of difference in each trait. Among-individual variance in group size, position and leadership traits was low indicating that there was low repeatability in behaviour. This result suggests that M. alfredi are highly flexible in their foraging behaviour and do not show specialisms in foraging. Thus, I suggest that the position of individuals within foraging groups was in general likely to be driven by a ‘first come, first serve’ process (Gerald 2002). Closer testing of leadership behaviour highlighted among-individual differences in individual identity was weakly significant, suggesting that specific individuals acted as leader more frequently than others but would not be classed as consistent leaders. With changing environmental conditions and increased anthropogenic pressure, behavioural flexibility may be key to species’ success (Herborn et al. 2014; Hockings et al. 2015).
Increased fishing pressure on mobulids around the world has resulted in both manta species to be listed as Vulnerable on the Red List of Threatened Species (Lawson et al. 2017), sparking alternative yet still economically beneficial exploitation to be sought (O’Malley et al. 2013). Financially, the largest alternative use is ecotourism, particularly in the Maldives where fishing is prohibited (EPA 2014) and the population is large (Stevens 2016). Although it remains a solution against the killing of animals, tourist-induced disturbance at manta foraging and cleaning sites is a very real and present problem. Chapter Four examined the Manta Trust best practice code of conduct for snorkel interactions, testing variables including human behaviour, distance between human and animal and the direction of approach on manta ray response. Research was conducted at foraging sites, a behaviour which we are able to predict to a certain degree due to the seasonal nature of these ephemeral zooplankton blooms (Stevens 2016). My study confirmed that certain human actions, specifically chasing, accidental obstruction and diving too near/in front impacted manta ray behaviour significantly negatively during interactions and caused cessation of feeding. I also showed that approaches to within three metres and people positioning themselves directly in front of animals were significant causes of disturbance to manta rays.  Avoidance behaviour and cessation of feeding could be detrimental to manta welfare as aggregations form to feed on ephemeral upwellings of zooplankton which rapidly disappear when tidal currents change (Stevens 2016), making any interruptions to feeding critical in decreasing food intake. In conclusion, my study makes clear recommendations for in-water interactions with feeding manta rays; (1) maintain a minimum distance of at least three metres, preferably more when approaching, (2) remain passive throughout interactions avoiding splashing, touching or chasing animals, (3) if approaching animals, always approach from the side, within the manta ray’s field of vision, (4) avoid diving directly in front of the animals,  and (5) only experienced snorkellers should attempt to free-dive near manta rays. Making such recommendations to tourists prior to in-water interactions, as well as heightened tour guide vigilance and enforcement will enable such practices to remain sustainable for the animals as well as economically beneficial. By providing a rigorous scientific basis for the published code of conduct, I hope that it can be used to generate international government legislation in countries where manta ray tourism activities exist. If this is achieved, manta ray tourism can become a safe and sustainable alternative to fishing, which will produce lasting financial gains for the local economy and tourism trade.

[bookmark: _Toc535940171][bookmark: _Toc14464139]5.2 Implications of my results 

So, what conclusions can I draw from these studies? Firstly, although M. alfredi can be observed aggregating and foraging together within time and space, such gatherings appear not to be socially driven. There is a flexible membership within aggregations and foraging groups, with individuals amassing and departing with fluidity, demonstrating highly fission-fusion dynamics without social relationships (Sueur et al. 2011). The dispersion of resources, for example prey distribution can affect the schooling behaviour of species, as seen in Trinidadian guppy (Poecilia reticulata), with the benefit of grouping including lower perceived predation risk (Morrell et al.  2008). Environmental variability, as seen in the seasonal nature of zooplankton dispersion around the Maldives archipelago (Anderson et al. 2011a) and strongly displayed in Hanifaru Bay MPA (Stevens 2016), is suggested to also influence fission-fusion dynamics. The predictable nature of monsoonal currents and zooplankton blooms within the atoll potentially selects for flexibility in individuals’ sociality, aggregating spatially in relation to the current environmental conditions, i.e. when prey density is high (Morrell et al. 2008). This is also observed in Guinea baboons (Papio papio), with group size fluctuating between seasons, with dry season group sizes smaller when resources are more spread out (Patzelt & Zinner 2011), as seen in this population of manta rays. 
Although temporal stability of relationships within dyads was low within the sexes, there were distinct differences between males and females, with females demonstrating higher non-random associations. Recognition of familiars amongst females is seen in other fish species, for example guppies (Magurran & Garcia 2000). Females show preferential association with familiars, whilst males prefer to court unfamiliar females, highlighting sexual differences in the benefits of conspecific recognition (Magurran & Garcia 2000). Gilby and Wrangham (2008) found distinct sex differences in association patterns of wild chimpanzees (Pan troglodytes schweinfurthii), with significantly stronger associations between male-male dyads compared to female-female dyads. This indicates robust and steady male associations, built on cooperation which appeared to be an important dominance strategy (Gilby & Wrangham 2008). Females however had weak associations but were comparatively as steady as males, suggesting steady group membership as opposed to close associates within groups (Gilby & Wrangham 2008). Overall these results indicate that male associations are more likely to be driven by cooperation, while females are likely a result of foraging behaviour (Gilby & Wrangham 2008). Sexual segregation is also seen in matriarchal societies, as with Sperm whales (Physeter macrocephalus), where female groups often adopt different habitats to male cliques and segregate from males for years or even for a life time (Würsig 2017). These systems benefit related individuals through collective responsibilities, with females sharing the monitoring of predation risks to neoantes during deep diving for prey (Würsig 2017). Even though temporal female associations were low in my study population, sexual segregation and recognition described above highlight potential benefits of working and associating with familiars which may influence the difference in association rates within the sexes in this study.
This thesis demonstrated distinct flexibility in M. alfredi behaviour. Within animal species, we see behavioural syndromes or coping styles which are relatively stable over time and space (Coppens et al. 2010). In contrast, the ability to be behaviourally flexible and vary activities, i.e. feeding according to changing contexts, for example fluctuating environmental conditions, will enable individuals to alter their behaviour in order to adjust to changing conditions (Coppens et al. 2010). My study showed this in the flexibility adopted by manta rays in the foraging strategies they adopt across feeding events (see also Stevens 2016). Based on the location and density of zooplankton, manta rays switch between strategies, at times switching from group to solo tactics (Stevens 2016) showing responsiveness to their surroundings presumably in order to benefit nutritionally. Additionally, the low among-individual variance found in foraging flexibility in this thesis, specifically group size, position in group and leadership indicate that individuals are capable of adaptability to increase foraging efficiency under different ecological conditions. Such behavioural flexibility in M. alfredi, therefore shows an ability to cope with natural changes and pressures, which is important considering the threats facing today’s marine species (Sol & Lefebvre 2000; Sol et al. 2002; Nicolakakis et al. 2003). However, the disturbance and avoidance reactions to specific tourist behaviours observed in this study indicates a potential lack of resilience to human pressure and unregulated presence. As I have shown in this thesis, anthropogenic pressure can negatively affect the natural behaviour of manta rays however, this may be mitigated through education, with clear guidelines and heightened enforcement during human-animal interactions. It is easier to limit than undo damage. Increased research into behavioural changes in response to human presence will help define regulations needed to avoid disturbance. Turning such regulations into legislation will be the crucial next step to managing tourism interactions nationally or internationally. 

[bookmark: _Toc535940172][bookmark: _Toc14464140]5.3 Limitations and weaknesses of my study

For biologists working with wild populations in the field, a common problem can be collecting data on all individuals during one sampling period, often missing key individuals and associations (James et al. 2009). As this study used photo-ID and videos as the sampling method, it is likely that I captured a snapshot of social behaviour amongst aggregations and foraging groups (Williams et al. 2017). I also chose specific locations to sample which undoubtedly biased the range of activity seen in the data and therefore the social behaviour collected. This was an unavoidable problem but should be considered when interpreting results. For future studies, the use of satellite tracking devices, which automatically record the presence of individuals, could help eliminate missed data and create a more inclusive dataset which can be used for association analysis, albeit with many fewer individuals sampled due to the expense and complexity of tagging (Eckert & Stewart 2001; Sims et al. 2006; Jacoby et al. 2012a). Using large-scale acoustic receiver arrays would also enable data to be collected at various locations, not simply cleaning or foraging sites, capturing associations when animals are in transit to create a more rounded picture of manta sociality (Jacoby et al. 2012a). A study using a tagged population of manta rays, including all associations across a larger number of sites and behaviours, may enable definitive confirmation or refutation for the presence of social structure. 
However, as technology continues to evolve and enables increasingly detailed and accurate data on animal movements and behaviours, we must consider the ethics of using these more invasive practices. There are key questions to ask; should tagging be used if this causes discomfort or injury to the animal, do the benefits outweigh the negative implications of tagging and should tagging be used if this contradicts the wishes of the local community (Cooke et al. 2013)? In light of increased ethical awareness, many tagging-based initiatives use the three R’s framework; Replacement, Reduction and Refinement (Russell & Burch 1959; Bennett et al. 2016). The use of non-animal models to “replace” real animals, a “reduction” in test animal numbers and a “refinement” of protocols and care standards to reduce discomfort or pain for subjects (Russell & Burch 1959; Bennett et al. 2016). With their elevated cognitive capabilities, fish species are considered to have the capacity to feel pain and suffering (Bshary & Brown 2014; Bennett et al. 2016), therefore exposure to invasive tagging methods are often considered with a cost-benefit approach, with the cost sustained by the subject, either on an individual or population level being outweighed by the data/information acquired (Knight 2011). With the extensive work promoting ecotourism as a sustainable alternative to fishing and development of codes of conduct to minimise and mitigate animal disturbance, we must consider the pros and cons of using remote tagging. 
Tagging methods have had an unparalleled impact on our range and level of understanding of many marine species and are widely used to examine migration and movement patterns, population size and structure, growth, survival rates as well as behaviour, whilst also highlighting key habitats for conservation and further research (McFarlane et al. 1990; Hazen et al. 2012). However, these devices can have negative impacts for animals, increasing animal drag, impacting locomotive ability, growth, feeding, predator avoidance and even survival (Murray & Fuller 2000; Walker et al. 2012; Bennett et al. 2016). The small number of animals which realistically can be tagged and tracked, as well as the snapshot nature of data means that tagging is often supplemented by further methods, for example stable isotope analysis (Zbinden et al. 2011; Hazen et al. 2012). We must also consider what questions we are trying to answer before deploying such methods, and consider whether such technology is the best approach compared to the more simple, non-invasive, reliable and effective method of animal observation (Mrosovsky 1983). Given the population size, amount of historic data and the questions being asked in this study, the simpler method of photo ID and footage of foraging events may actually prove most effective, capturing real-time interactions between individuals whilst having a lower disturbance impact if data collection is conducted in line with the recommended code of conduct. 
A further question is whether we would expect to find social structure either as an artefact of the data collection method or via studying animals across multiple contexts? As we know, sociality is often influenced by predation risk, with safety in numbers proving a key to survival (Hoare et al. 2004; Kelley et al. 2011). For example, Kelley et al. (2011) showed that under a high predation risk, individual guppies had more associations with stronger connectedness than at low risk (Kelley et al. 2011). However, my study was conducted in waters which are theorised as being lower-risk as they are the shallow and protected waters of the inner-atoll, therefore are considered “safer”. Theoretically this would reduce predation risk-related stress and perception of threat, therefore potentially influencing the lack of evident social structure observed however, this has not been explicitly measured in this study therefore can only be hypothesised as an explanation and needs direct analysis

[bookmark: _Toc535940173][bookmark: _Toc14464141]5.4 Remaining knowledge gaps

 	 I have presented a snapshot of manta ray sociality, but the limitations mentioned above mean that we do not have a full understanding of the social network of this particular population, including associations observed during cleaning behaviour and when animals are in transit. In this thesis, I focused specifically on fine-scale foraging groups, but cleaning also offers the opportunity for social interactions with animals aggregating at these key locations (Dewar et al. 2008; Jaine et al. 2012), therefore we cannot conclusively refute any evidence of social structure without examining this aspect of manta ray behaviour. This analysis of the social structure of aggregations and foraging groups tested the effect of sex and age class on various network measures but we still do not know whether other factors including relatedness, personality, hierarchy and mating status has an impact on sociality, gregariousness or temporal stability (Riedel et al. 2011; Rollins et al. 2012; Aplin et al. 2013; Diaz-aguirre 2018). 
	Manta rays are a popular species amongst SCUBA divers due to their size and the regularity of sightings (O’Malley et al. 2013), and many divers are keen to photograph their behaviour (Kashiwagi et al. 2011). Although this thesis has highlighted key snorkeller behaviours which cause disturbance to mantas during foraging, we are yet to scientifically test the effect of SCUBA interactions on manta rays. Also, we lack data on how human disturbance affects cleaning behaviour. Cleaning is an important activity and manta rays are known to visit specific parts of the reef which act as ‘cleaning stations’ on a regular basis (Dewar et al. 2008; Jaine et al. 2012). As a favourite amongst divers, manta rays’ popularity exposes them to human disturbance including overcrowding (O’Malley et al. 2013); therefore, a better understanding of the impact which human presence at cleaning stations would enable better management of SCUBA activities. Currently, this specific study is being carried out and will complement the snorkeller study presented in this thesis, creating a fully inclusive insight into the effects of marine ecotourism on manta rays.  

[bookmark: _Toc535940174][bookmark: _Toc14464142]5.6 Final conclusions	

[bookmark: _Hlk14290452]In conclusion, I provide some evidence for the existence of fission-fusion dynamics for this population of M. alfredi, demonstrating their flexibility to differing foraging conditions. This behavioural flexibility and lack of strong social structure may enable animals to adjust to and endure disruptions to populations. For example, based on the results of the study of this population, I suggest that the removal of particular individuals would be unlikely to cause total disruption to the success of manta foraging aggregations or groups which is seen in other communities (Snijders et al. 2017). Increased anthropogenic pressure takes various forms, with human-induced climate change threatening to disrupt key natural drivers, for example seasonal upwellings of mantas’ transient prey (Bakun et al. 2015). Hence, behavioural flexibility and sensitivity to changing environmental conditions could prove to be an important trait for future foraging success (Herborn et al. 2014; Hockings et al. 2015). Manta rays are also exposed to increased disturbance in the form of human presence at both foraging and cleaning sites, potentially altering tolerance and habituation to humans (Anderson et al. 2011b; O’Malley et al. 2013). This thesis highlights the importance of scientific evidence to support the development of codes of conduct as part of conservation management in areas where wild species are exploited through tourism for financial gain. Strict and clear regulation and rules of conduct are shown to mitigate the disturbance of the natural behaviour of animals during tourist interactions (Quiros 2007) which is imperative in one of the busiest marine tourism hubs in the world. The fluid group membership, behavioural flexibility and lack of evident social structure that I have identified, suggests a population with the ability to adjust to variation in environmental conditions, suggesting a positive resilience which may promote their future success. 
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I compared biotic (sex, age class, plankton density and number of mantas) and abiotic variables (current strength, site and year) between study years using Kruskal-Wallis tests. Results aided establishing specific variables to include in further analysis.
Kruskal-Wallis tests revealed significant inter-year differences, specifically across the tested environmental variables in 2016; 

Number of manta rays
Across the three study years, 2016 resulted in a significantly lower number of mantas recorded in aggregations (H (2) = 1680.4, p = <2.2e-16), with a median number of 40 in 2014, 33 in 2015 and 5 in 2016 (see Figure A1.1). 

Plankton density
Significant variation in plankton density was recorded across study years, (H (2) = 313.3, p = <2.2e-16), with median scores of 2, 2 and 1 over 2014 to 2016 respectively (see Figure A1.2).
 
Current strength
Variation in recorded current strength variation proved significant (H (2) = 1322.3, p = <2.2e-16) with median scores of 3, 1 and 1 over 2014 to 2016 respectively.     
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[bookmark: _Toc1481611]Figure A1. 1: Median aggregation size across study years (2014, 2015, 2016). The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles). Kruskal-Wallis chi-squared = 1680.4, df = 2, p-value = < 0.05. (n = 401).
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[bookmark: _Toc1481612]Figure A1. 2: Median plankton density (0 - 4) across study years (2014, 2015, 2016). The boxplot shows the medians, interquartile ranges (box), upper and lower quartiles (whiskers) and outliers (circles).  Kruskal-Wallis chi-squared = 424.21, df = 2, p-value < 0.05. (n = 401).
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Appendix II: The Manta Trust Best Practice Code of Conduct for snorkel interactions. (Source: Manta Trust 2019)
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[bookmark: _Toc1407330]Figure A.3: (a) Snorkel interactions. Mean manta response in reaction to direction of human approach: Behind, Side, Front and Above/Below. (n = 639). (b) Dive Interactions Mean manta response in reaction to direction of human approach: Behind, Side, Front and Above/Below. (n = 66). (Data collected from Atkins (2011) and Lynam (2012).

[bookmark: _Toc14464146]Appendix IV: Pilot study results for snorkel and dive interactions.
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[bookmark: _Toc1407405]Figure A.4: (a) Snorkel interactions. Mean manta response in reaction to type of interaction: Passive Interaction, Following, Accidental Obstruction, Diver Bubbles and Intentional Obstruction. (n = 626). (b) Dive interactions Mean manta response in reaction to type of interaction: Passive Interaction, Following, Accidental Obstruction, Diver Bubbles and Intentional Obstruction. (n = 66). Data collected from Atkins (2011) and Lynam (2012).
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[bookmark: _Toc535671994][bookmark: _Toc1406974][bookmark: _Toc1407218]Figure A.5: (a) Snorkel interactions. Mean manta response in reaction to estimated closest distance categories: < 3 metres and > 3 metres. (n = 639). (b) Dive interactions (n = 66). (Data collected from Atkins (2011) and Lynam (2012).
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HOW TO SWIM WITH

MANTA RAYS

e

- \‘2%

STEP3

Do NOT approach closer than 3 meters / 10
feet. Instead, remain still and let the manta

come to you.

STEP4

You should approach the manta from their

side, giving them a clear path ahead.

By following this Tourism Code of Conduct, you will
avoid disturbing the mantas you encounter. At the
same time you will increase your chance of having
3 lfe-changing experience with these gentle giants.

STEP1

Enter the water quietly and calmly, no closer
than 10 meters / 33 feet from the manta ray.

STEP2

Keep your fins below the water's surface
when swimming. Splashing and noise can scare
mantas away, so you want to approach as
quietly as possible.

STEPS

As the manta swims past you, do NOT chase
after it! You will never catch up to a manta
anyway, and will likely scare it away in the
process.

STEP 6

Do NOT touch a manta ray. You will ruin the
encounter, and may receive a fine depending on
local laws.
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STEP7
For scuba divers only.

Ifyou are diving with mantas, you will most likely
be encountering them on a cleaning station.
These are important sites for manta rays.

During the encounter, remain at the side of the
cleaning station. Do NOT swim onto the main
cleaning area.

STEP8
For scuba divers only.

Keep low and hover close to the seabed, but
be careful not to damage the reef beneath you.
Depending on the dive site, you may need to
stayin an area designated for divers.

To watch a film version of this guide, and learn more.

www.SwimWithMantas.org

STEP9

For scuba divers only.

When a manta swims towards you, do NOT
block their path as they swim overhead. stay
low, and stay where you are.

STEP 10

Be sure to follow any extra rules, laws and
regulations that may be specific to the manta
site you're visiting.

“This guide was created by:

Manta
TRUST
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