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Abstract 
Flexibility in animal foraging strategies can increase overall feeding efficiency for individuals. For example, group foraging 
can increase the efficiency of resource exploitation; conversely solo foraging can reduce intraspecific competition, particularly 
at low resource densities. The cost–benefit trade-off of such flexibility is likely to differ within and among individuals. Reef 
manta rays (Mobula alfredi) are large filter-feeding elasmobranchs that often aggregate to feed on ephemeral upwellings 
of zooplankton. Over three years in the Maldives, we free-dived to film 3106 foraging events involving 343 individually 
identifiable M. alfredi. Individuals fed either solo or in groups with a clear leader plus between one and eight followers. 
M. alfredi were significantly more likely to forage in groups than solo at high just prior to high tide and when aggregations 
were larger. Within aggregations, individuals foraged in larger groups when more food was available, and when the overall 
aggregations were relatively large suggesting that foraging in large groups was more beneficial when food is abundant, and 
the costs of intraspecific competition were outweighed by the efficiency resulting from group foraging strategies. Females, the 
larger sex, were more likely to lead foraging groups than males. The high within-individual variance (over 70%), suggested 
individuals were unpredictable across all foraging behaviours, thus individual M. alfredi cannot be classified into foraging 
types or specialists. Instead, each individual was capable of considerable behavioural flexibility, as predicted for a species 
reliant on spatially and temporally ephemeral resources.

Significance statement
Reef manta rays (Mobula alfredi), listed as “Vulnerable” on the IUCN Red List, are at risk from targeted and by-catch fish-
eries due to their slow life history and aggregative behaviour. M. alfredi feed together in aggregations on short-lived glut 
of microscopic zooplankton. Over three years in the Maldives, we filmed 3106 foraging events involving 343 individually 
identifiable M. alfredi. Manta rays were more likely to forage in groups than solo just prior to high tide and when aggrega-
tions were larger, attracted by the influx of zooplankton. Foraging groups included more individuals when plankton was 
more abundant. However, individuals flipped between solo and group foraging and did not specialise. Foraging groups were 
most often led by females, the larger sex. Individuals were very flexible in how they foraged, which makes sense for a species 
that relies on a food source that varies enormously in when, where and for how long it is available. Understanding manta ray 
foraging behaviour will help conservation management efforts and predict their responses to climate change.
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Introduction

Within spatially and temporally dynamic environments, 
animals need to adjust their foraging strategies to increase 
feeding efficiency and reduce metabolic costs. Group liv-
ing provides specific benefits by increasing foraging and 
movement efficiency, social information exchange and 
learning (e.g. regarding resource patches), and provid-
ing cooperative predator defence and reducing predator 
risk (Danchin et al. 2004; Kutsukake 2009; Marras et al. 
2015; Meunier 2015; Ioannou et al. 2019). However, the 
costs of intraspecific competition in foraging can lead to 
groups splitting (Svanback and Bolnick 2007). These costs 
of group living include increased detection by predators 
and higher competition for resources, which is often more 
intense in larger groups, with individuals paying the con-
sequences for reduced food intake (reviewed in Krause 
and Ruxton 2002; see also Fortin and Fortin 2009; Ioan-
nou et al. 2019). This cost–benefit trade-off may differ 
dynamically within and among individuals reflecting ener-
getic needs, relative position within feeding hierarchies, 
intraspecific competition, and food availability (Morrell 
and Romey 2008; Fortin and Fortin 2009; Marras et al. 
2015; Seebacher and Krause 2017). For example, in three-
spined sticklebacks (Gasterosteus aculeatus) bold individ-
uals risked increased predation at the front of groups but 
benefited from increased growth rates (Ward et al. 2004; 
but see Jolles et al. 2017). Thus, foraging group member-
ship can be fluid, with multiple options open to individu-
als, including whether to leave or stay in the group.

Amongst various species (including many marine 
animals), group structure is not necessarily fixed, i.e., it 
changes spatially and/or temporally. Individuals move 
within and between groups, leading to groups splitting 
(fission) and/or merging (fusion) (Aureli et al. 2008; Cou-
zin and Laidre 2009; Lewis et al. 2011; Tsai and Mann 
2013). Environmental factors (including resource abun-
dance) can influence fission–fusion of groups; increas-
ing or decreasing competition (Couzin and 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 mid-
dle) within a group can alternate with the changing social, 
biotic and abiotic conditions (Lendvai et al. 2006; Fis-
chhoff et al. 2007; Bonanni et al. 2010; David et al. 2011; 
Nakayama et al. 2013; but see (Georgopoulou et al. 2022)). 
Understanding how individuals assort within social forag-
ing groups is vital because it gives a clearer understand-
ing of the structuring within groups and the specific roles 
adopted by certain individuals or demographics (reviewed 
in Aureli et al 2008).

Increasingly, studies are examining what influences 
the role or position that individuals adopt within a social 

group, including knowledge, state dependence (nutri-
tional or status), age (knowledge), or sex (body size) 
(Sueur 2011; Lee and Teichroeb 2016). State depend-
ent leadership can indicate that the leadership role is not 
necessarily fixed, but will vary depending on the state of 
individuals. The ‘leading according to need’ theory pro-
poses that food-deprived animals, or those with the highest 
nutritional needs, will adopt the front position and guide 
the direction of collective foraging to reap the benefits 
of leadership, including an increased net resource intake 
and potentially a better-quality diet (e.g., King and Cowl-
ishaw 2009; Sueur 2011; Lee and Teichroeb 2016). Using 
dynamic modelling, Rands et al. (2008) found that indi-
viduals can predominantly act as a leader despite lacking 
specific leadership traits, including dominance or social 
abilities (King and Cowlishaw 2009). As such, hunger 
levels as opposed to dominance were shown to play a key 
role in determining which animal leads; the hungrier of 
the two becomes the decision-maker (Rands et al. 2008). 
These findings support the theory that leading and follow-
ing may be state-dependent behaviours (Rands et al. 2003; 
Ward and Webster 2016). Thus, fringe positions might be 
adopted by hungrier individuals who travel further and 
faster, leaving the less hunger-driven and more cohesive 
group members positioned more safely, inside the group 
(Krause and Ruxton 2002; Ward and Webster 2016).

A non-exclusive alternative is that within-group biotic 
factors, such as sex, age, body size, aggressiveness and 
strength may influence leadership behaviour amongst indi-
viduals, although this will differ between species (Webster 
and Hixon 2000; Chase et al. 2002; Jolles et al. 2017). In 
groups of cleaning gobies (Elacatinus prochilos) in Barba-
dos, the more dominant individuals, which were also larger, 
controlled optimal foraging areas with the highest food 
abundance, resulting in increased foraging success (White-
man and Côté 2004). Age can be a proxy for other traits that 
determine leadership status such as dominance (e.g., Jacob 
et al. 2007), and also knowledge and experience (Frankish 
et al. 2020). Amongst killer whales (Orcinus orca), post-
reproductively aged females led 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). So, leadership status can be variable, but 
traits such as sex and age might be key in predicting which 
individuals become leaders (Ward and Webster 2016).

Many ecological studies treat conspecific individuals 
within groups 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 (Araújo et al. 2011; Patrick and Weimerskirch 



Behavioral Ecology and Sociobiology           (2024) 78:76 	 Page 3 of 16     76 

2014; Carneiro et al. 2017). Behavioural variation within 
populations can reduce the extent of intraspecific compe-
tition, as well as increasing individual foraging efficiency 
(Ceia and Ramos 2015; Carneiro et al. 2017). High repeat-
ability of a behaviour (relatively low within-individual vari-
ance compared to high among-individual variance) is indica-
tive of a personality trait or a foraging specialism (although a 
general consensus on repeatability or consistency is yet to be 
agreed (Cleasby et al. 2015)). Typically, the repeatability of 
behaviour is ~ 40 – 50% (Bell et al. 2009) which leaves much 
of the variation in behaviour explained by within-individual 
behavioural variance i.e. ‘behavioural plasticity’ or ‘flex-
ibility’ (Alonzo 2015). The partitioning of variance in forag-
ing strategies (flexible vs. consistent or repeatable) may be 
reflected in an individual's foraging preferences and behav-
iours, for example group vs. solo or the position they uphold 
within the group, for example leader or follower (Georgo-
poulou et al. 2022). Flexibility of strategies enables indi-
viduals to react differently, reducing pressure on a specific 
resource or habitat and altering a population’s ability to cope 
with change (Masello et al. 2013; Maskrey et al. 2020). Fun-
damental 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). A clearer understanding of individual flexibility 
enables us to better appreciate the ecological implications 
of changing environmental conditions, increased anthropo-
genic pressure and potentially how best to implement marine 
conservation measures to mitigate pressure on species (e.g., 
Belgrad and Griffen 2018; Maskrey et al. 2021).

Reef manta rays (Mobula alfredi) are slow-growing, 
large-bodied elasmobranchs. Manta rays are vulnerable to 
targeted and by-catch fisheries due to their ‘slow’ life history 
strategies, i.e. large body size, late maturity, low fecundity 
etc., and aggregating behaviour (Croll et al. 2016; Marshall 
et al. 2019). Consequently, M. alfredi is listed as “Vulner-
able” to extinction on the IUCN Red List of Threatened Spe-
cies (Marshall et al. 2019). Across global populations, manta 
rays are also impacted by natural predation, with individuals 
observed with tissue loss due to shark attacks (Marshall and 
Bennett 2010; McGregor et al. 2019), as well as anthropo-
genic threats, such as boat strikes and entanglement in fish-
ing lines (O’Malley et al. 2013; Stewart et al. 2018; Strike 
et al. 2022). M. alfredi individuals are commonly observed 
associating in aggregations of varying sizes (Stevens 2016). 
The term “aggregation” in elasmobranch research is defined 
as ‘the co-occurrence of two or more individuals in space 
and time due to the deliberate use of a common driver’ 
(McInturf et al. 2023). In our study, the aggregations were 
driven by the need to forage on short lived food patches, but 
Mobulid aggregations often involve interactive behaviours 

amongst individuals, including courtship displays and mat-
ing, or perhaps more complex, dynamic associative relation-
ships (Guttridge et al. 2009; Jacoby et al. 2012; Mourier 
et al. 2012; Perryman et al. 2022; Sims et al. 2022; Palacios 
et al. 2023). There is evidence that M. alfredi in Raja Ampat, 
West Papua, showed social preferences within aggregations, 
with a study identifying some short-term non-random affili-
ations among mainly females, when accounting for a range 
of non-social potential sources of variation (Perryman et al. 
2019). A further study of the same population using tracking 
devices suggested that some individuals showed differenti-
ated relationships linked to strong spatial fidelity to certain 
sites (Perryman et al. 2022). The overall network structure 
of M. alfredi in that region seemed to be characteristic of a 
dynamic fission–fusion society (Aureli et al. 2008; Perryman 
et al. 2019), as has been suggested by other studies of this 
species’ aggregations (Stevens 2016).

In our study, we investigated the pattern of individual 
variation in group foraging behaviour, and how this vari-
ation was affected by abiotic and biotic factors, within a 
wild population of M. alfredi in Baa Atoll in the Maldives. 
Overall, we test whether biotic factors (plankton density 
and number of manta rays in aggregation) or abiotic factors 
(site, time to high tide, current strength, year) or individual 
state (sex, age class and injury (shark bite or anthropo-
genic)) influenced different aspects of foraging behaviour. 
We addressed four specific questions; (1) What are the 
effects of abiotic and biotic factors on group and solo forag-
ing behaviour? (2) What are the effects of abiotic and biotic 
factors on group size? 3) What are the effects of individual 
state on the probability to lead the group? (4) How much 
of the variation in group size and leadership behaviour was 
explained by among-individual, and within-individual dif-
ferences? (5) How does within and among-individual vari-
ation differ depending on individual state (e.g. sex, maturity 
and injury)?

Methods

The Maldives Archipelago is home to the world’s largest 
recorded population of M. alfredi, with over 5,200 identi-
fied individuals (Manta Trust 2023). This study was con-
ducted on the sub-population of M. alfredi in eastern Baa 
Atoll (5.1569° N, 73.1335° E). Located 114 km northwest 
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.

Manta ray feeding behaviour is distinctive and easily 
identified by researchers. Animals could be seen to be 
actively foraging with their cephalic fins unfurled in order 
to increase efficiency, opening their mouths to swallow 
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zooplankton rich water, then closing their mouths and 
gills to squeeze water out whilst filtering their zooplank-
ton prey out (Stevens et al. 2018). We collected data on 
manta ray feeding behaviour at different times of day as 
part of the Manta Trust’s Maldives Manta Conservation 
Programme (https://​www.​manta​trust.​org/​maldi​ves) during 
the Southwest Monsoon (May through November) when 
the highest numbers of mantas are present. Data collec-
tion lasted for 160 days in 2014, 156 days in 2015, and 
155 days in 2016. We identified five sites on the eastern 
side of Baa Atoll that served as the main monitoring spots: 
Dhigu Thila, Hanifaru Bay, Hurai Faru, Reethi Falhu and 
Veyofushi Falhu. Due to the restriction on SCUBA div-
ing at the main study site, Hanifaru Bay, all foraging data 
was collected by free-diving. When we spotted foraging 
events, we free-dived beneath the animals to video their 
behaviour and record the unique identification spots on the 
ventral surface (Marshall and Pierce 2012), taking care not 
to impede or alter this behaviour. If, on entering the water, 
we observed more than one M. alfredi in the immediate 
vicinity, we dived in order to be in position before the 
first animal in the group swam overhead. If the animal 
was feeding, we filmed continuously until feeding stopped, 
until the last member of the group passed from sight, or 
we ran out of breath. We terminated filming once reaching 
the surface, and a clear view of the ventral markings was 
lost. Clips lasted between 30 and 180 s and were collected 
between depths of five and 16 m. As feeding events could 
last up to a few hours, video clips of individual feeding 
groups were recorded on a consecutive basis as they arose 
until the feeding event finished or until the weather or 
daylight deteriorated. We filmed using a GoPro Hero 3, 
or a Canon PowerShot S110 compact camera. It was not 
possible to record data blind because our study involved 
focal animals in the field.

The total number of M. alfredi was estimated visually 
in the field and confirmed by verifying identification pho-
tos. The number of M. alfredi references the total number 
of manta rays observed throughout the whole survey win-
dow, for example the total number of manta rays observed 
from the start to finish of the two-hour survey. Group 
size represents the number of manta rays in an individual 
feeding group, for example five manta rays feeding within 
two body lengths of each other. 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 (see Table S1 in Supplemen-
tary Information). Current strength was gauged using a 
scale from “no current” (0) to “strong” (3): (no current 
(0) – researcher able to hold position without finning; 
weak (1) – researcher able to hold position with little 
effort; medium (2) – researcher able to hold position with 
strong finning; Strong (3) – researcher unable to hold 

position (Manta Trust, unpublished data). Time to high 
tide is defined as the number of minutes centred around 
high tide, either before (-) or after ( +) high tide. Time to 
high tide was included as a test variable due to increased 
manta ray detection just after high tide (Harris and Ste-
vens 2021).

Video Analysis

We only included M. alfredi that could be individually iden-
tified in analysis. Individuals were identified, aged and sexed 
by examining the unique spot-pattern on the ventral surface 
and matching this pattern with the categorised photographs 
in the regional database (Stevens 2016). Size estimation and 
visual maturity indicators are used to age manta rays (Mar-
shall and Bennett 2010; Stevens 2016) (see Supplementary 
Information for details on ageing and sizing methods). Any 
injuries were also recorded (Fig. S1 in ESM) and noted as 
either ‘natural’ e.g. shark bites, or ‘anthropogenic e.g. made 
by fishing line. Unsexed individuals were excluded from 
analysis.

Only individuals observed actively feeding were 
included in analyses. Dataset includes manta rays exhib-
iting all eight of the foraging strategies described by Ste-
vens et al. (2018); straight, surface, chain, piggyback, 
somersault, cyclone, sideways and bottom feeding. The 
most commonly observed strategies were somersault, 
straight and chain feeding (Stevens et al. 2018, see Fig. 1 
and Fig.  S1in Supplementary Information). Foraging 
type was recorded as either ‘solo’ or ‘group’. We defined 
group feeding as two or more animals recorded feeding 
together within two body lengths (Mizumoto et al. 2019). 
We defined the leader as the individual M. alfredi posi-
tioned at the front of any group with individuals following 
directly behind them. Only one individual could lead a 
group at any one time. Each clip did not necessarily focus 
on a single group. Where it did, if the leadership changed 
then this was noted. We also recorded all manta rays solo 
foraging, i.e., more than two body lengths away from 
another individual. Whole clips were analysed which 
often contained multiple examples of foraging groups and 
singletons. We measured the number of M. alfredi in the 
aggregation as the total number of individuals observed 
across a full survey, while group size referenced the num-
ber of individuals involved in an individual feeding group, 
for example those M. alfredi observed feeding in an indi-
vidual chain.

Statistical Analysis

We conducted analysis using R 4.3.2 Statistics Package (R 
Core Team 2024), aiming to answer these specific study 
questions. Full models are outlined in Table 1.

https://www.mantatrust.org/maldives
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What are the effects of abiotic and biotic factors on group 
and solo foraging behaviour?

We 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 manta ray or 
solo) against all abiotic and biotic fixed effects (Table 1), 
using a Binomial error distribution. Within the study popula-
tion, individual manta rays differed in their re-sighting rates 
across the full study period. To account for this variation, 
individual animal identity was used as the random effect 

throughout the analysis. Due to problems with convergence, 
the factor “site” was included as a random rather than fixed 
effect. We applied the Akaike Information Criterion (AIC) 
function to find the model of best fit and ΔAIC tested the 
degree of model(s) best fit. We considered the model with 
the lowest AIC value the best model and models with 
ΔAIC > 2 a significantly poorer fit. We considered models 
with ΔAIC < 2 as having equivalent support compared to the 
best model (Burnham and Anderson 2004).

What are the effects of abiotic and biotic factors 
on group size? What are the effects of individual state 
on the probability to lead the group?

Variables tested for each behaviour trait (group size, and lead-
ership) differed due to the intrinsic nature of the behaviour. 
Candidate models tested the effect of abiotic and biotic factors 
by fitting GLMMs in the package lme4 (Bates et al. 2015), for 
each behavioural trait, group size (Table 1a), and leadership 
(Table 1b) as predictor variable and individual animal identifi-
cation as a random effect. We 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, biotic factors 
were plankton density or the number of manta rays in aggre-
gation. The ordinal variable “number of mantas”, defined as 
the total number of mantas observed feeding in an aggrega-
tion at a given site on a given day, was scaled for control in 
analysis. ‘Individual state’ referred to sex or age class. Due 
to problems with convergence, the factor “site” was included 
as a random rather than fixed effect in the group size model.

How much of the variation in group foraging, 
group size and leadership behaviour was explained 
by among‑individual, fixed effects and within‑individual 
differences?

For each behaviour, we calculated ratios of variation explained 
by fixed effects (Vfe), individual identity (Vi) and residuals 
(VR, i.e. the within-individual variance) using the rptR pack-
age (Nakagawa and Schielzeth 2010; Stoffel et al. 2017). We 
estimated the residual variance on the latent (link) scale given 
that the considered behaviours do not follow Gaussian distri-
butions. We included all fixed effects considered in the models 
and used Binomial and Poisson error distributions depending 
on the behaviour considered (Binomial: group vs. solo forag-
ing and group leadership, Poisson: group size).

We tested for the significance of the among-individual 
random effect using a permutation test (npermutations = 1000) 
i. Next, we calculated the proportion of variance explained 
by each variance component relative to the total variation: 
R2

i = Vi / (Vi + Vfe + VR); R2
fe = Vfe / (Vi + Vfe + VR) as well 

as the conditional R2, R2
cond = (Vi + Vfe) / (Vi + Vfe + VR) 

(Schielzeth and Nakagawa 2013).

Fig. 1   a) Manta ray solo feeding at the surface at Hanifaru Bay; b) 
Manta rays chain feeding at Hanifaru bay. More than one chain is vis-
ible in the photo.  © Guy Stevens | Manta Trust
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How does within and among‑individual variation differ 
depending on individual state factors?

To estimate how the influence of an individual’s state (sex, 
maturity) and injury state affected the expression of vari-
ation in group leadership, we compared the distribution 
of the among-, within- and fixed effect variance between 
each group considered. To do so we estimated mixed effect 
models for each subset of the data with rptR and computed 
the difference between bootstrap values for each variance 
component and ratios (∆V, ∆R2), similarly to Royauté and 
Dochtermann (2021). From that distribution, we calculated 
95% confidence intervals to assess the precision of the esti-
mate. We also report the probability of effect direction (pd) 
corresponding to the proportion of estimates of the same sign 
as the median using the bayestestR package (Makowski et al. 
2019a). Values of pd close to 1 indicate a higher plausibil-
ity of a difference between two variance components, with 
pd > 0.975 being equivalent to a statistically significant differ-
ence at α = 0.05 for a two-tailed test (Makowski et al. 2019b).

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. Individuals had a median 
of 37.5 observations across all study years. In 2014, 119 
females and 66 males were recorded, 132 females and 64 
males in 2015, and 133 females and 76 males in 2016. 
Based on the photo ID database, the sex ratio of the whole 

population in the area was approximately 50/50 (Ste-
vens 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.

What are the effects of abiotic and biotic factors 
on group and solo foraging behaviour?

Mixed models highlighted the significance of abiotic 
and biotic factors in determining group foraging behav-
iour amongst M. alfredi (see Table S3 in Supplementary 
Information for AIC comparisons). In the final GLMM 
investigating group vs. solo foraging, M. alfredi were more 
likely to forage in groups in 2015 and 2016 compared with 
2014 (Table 2a; Fig. 2a). Current strength (no current, 
weak, medium, strong) was not statistically significant but 
remained in the final model. M. alfredi were significantly 
more likely to feed in groups in the three hours prior to 
high tide than after high tide (Table 2a; Fig. 2a). Plankton 
density did not predict group or solo foraging. Group for-
aging was more likely than solo foraging when the num-
bers of mantas in the aggregations were larger (Table 2; 
Fig. 2a).

What are the effects of abiotic and biotic factors 
on group size?

In group size analysis, smaller group sizes were recorded in 
2015 than 2014 Table 2b; see AIC and deltaAIC values in 
Table S3). Groups were smallest when plankton density was 
medium compared with low (Table 2; Fig. 3b). The larg-
est group sizes were recorded three hours before high tide, 

Table 1   Models tested to 
explain a) Group versus solo 
foraging, b) group size, c) 
leadership (not including 
interactions). Variables tested 
for each behaviour trait differed 
due to the intrinsic nature of the 
behaviour. The number of M. 
alfredi is defined as the number 
of individuals observed in the 
aggregation across the whole 
survey. Group size is defined 
as the number of individuals 
observed per foraging group

Models Variables tested

a) Solo versus group foraging
Null

-

Abiotic Site, current, time to high tide
Biotic Plankton, number of mantas (scaled)
Abiotic + Biotic Site (random factor), current, time to high tide, plankton, number of 

mantas (scaled)
b) Group Size
Null

-

Abiotic Site (random factor), current, time to high tide
Biotic Plankton, number of mantas (scaled)
Abiotic + Biotic Site, current, time to high tide, plankton, number of mantas (scaled)
c) Group leadership
Null
Individual state

Sex, age class

Individual state + injury
Injury

Sex, age class, shark bite, anthropogenic injury
Shark bite, anthropogenic injury
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Table 2   Model coefficients 
for Generalized Linear Mixed 
Models of environmental 
covariates influence on group 
foraging (a), group size (b) and 
group leadership (c). Group 
foraging and group leadership 
were fitted with Binomial error 
and Poisson error for group size. 
P-values for each fixed effect 
term were calculated using 
type III sums or squares. For 
random effects (site and/or ID), 
R2 and P-values were calculated 
using 1000 bootstraps and 
permutation tests respectively. 
Significant P-values are bolded

Trait Term N Estimate 95% CI P R2

a) Group vs. solo foraging
Fixed effects 0.03

(Intercept) 3,010 -0.53 -1.1, 0.05 0.073
Year  < 0.001
2014 758 — —
2015 1,075 0.60 0.26, 0.94  < 0.001
2016 1,177 0.60 0.27, 0.93  < 0.001
Current 3,010 0.19 -0.01, 0.38 0.058
Time to high tide 3,010 -0.24 -0.35, -0.12  < 0.001
Plankton 0.55
Low 431 — —
Medium 990 -0.16 -0.45, 0.13 0.27
High 1,589 -0.14 -0.45, 0.18 0.39
No. of mantas 3,010 0.23 0.11, 0.36  < 0.001

Random effects
sdID 3,010 0.73  < 0.005 0.11
sdsite 3,010 0.34  < 0.01 0.02

b) Group size
Fixed effects 0.05

(Intercept) 1,727 1.6 1.4, 1.9  < 0.001
Year  < 0.001
2014 406 — —
2015 658 -0.33 -0.43, -0.22  < 0.001
2016 663 0.01 -0.09, 0.11 0.84
Current 1,727 -0.14 -0.20, -0.08  < 0.001
Time to high tide 1,727 -0.01 -0.04, 0.03 0.70
Plankton  < 0.001
Low 230 — —
Medium 522 -0.19 -0.28, -0.10  < 0.001
High 975 0.00 -0.10, 0.09 0.92
No. of mantas 1,727 0.13 0.09, 0.16  < 0.001

Random effects
sdID 1,727 0.22  < 0.05 0.06
sdsite 1,727 0.24  < 0.005 0.09

c) Group leadership
Fixed effects 0.01

(Intercept) 1,760 -0.78 -0.97, -0.59  < 0.001
Sex 0.016
Female 1,215 — —
Male 545 -0.36 -0.65, -0.07  < 0.05
Maturity 0.57
Juvenile 1,115 — —
Adult 645 0.08 -0.19, 0.35 0.57
Shark bites 0.54
No injury 1,557 — —
Injured 203 0.13 -0.27, 0.52 0.54
Anthropogenic injury 0.39
No injury 1,392 — —
Injured 368 -0.15 -0.48, 0.19 0.39

Random effects
sdID 1,760 0.52  < 0.005 0.05
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steadily decreasing in size thereafter (Table 2b; Fig. 2b). 
Larger general aggregations resulted in larger individual 
foraging groups (see test statistics in Table 2b; Fig. 2b).

What are the effects of individual state 
on the probability to lead the group?

Leadership behaviour was most influenced by individual state 
model (see Table S3 in Supplementary Information for full 
AIC comparisons and R2). Females were significantly more 
likely to adopt the leader position than males) (Table 2c, S3; 
Fig. 2c). Age class and presence of injury did not predict lead-
ership behaviour.

How much of the variation in group foraging 
preference, group size and leadership 
behaviour was explained by among‑individual, 
and within‑individual differences?

Environmental variables, individual state and individual 
identity consistently explained < 20% of the variation in for-
aging for all behaviours considered (R2

cond [95% confidence 
interval], group vs. solo foraging: R2

cond = 16.19% [10.80, 
20.72]; group size: R2

cond = 19.74% [7.65, 29.23]; leadership: 
R2

cond = 6.02% [4.80, 6.84]). While we found statistical evi-
dence for among-individual differences in all behaviours (all 
p-values < 0.05, Table 2), the variance explained by individuals 

Fig. 2   Fixed effects significantly predicting the probability of a) Solo versus group foraging; b) Foraging group size and c) Leadership of a for-
aging group. Error bars and shaded areas represent 95% confidence intervals based on GLMM of behavioural traits
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remained small. Preferences for foraging in group vs. solo had 
the highest signature for among-individual differences, yet still 
explained < 10% of the total variation (group vs. solo forag-
ing: R2

i = 10.00% [7.00; 14.00]; group size: R2
i = 5.00% [2.00; 

9.00]; group leadership: R2
i = 5.00% [1.00; 8.00], Table S4). 

Fixed effects explained equally little variation, leaving 
the > 80% of variation was explained by unmeasured, within-
individual sources of variation (Fig. 4). This means that while 
there are some individual preferences for foraging strategies, 
individuals tend to be very flexible in their foraging styles.

How does within and among‑individual variation 
differ depending on individual state?

Using variance partitioning models, we showed that the 
majority of the variation explained was found in the residu-
als, which consistently explained > 80% of the variation 
regardless of the behavioural category considered. This 
means that there is overall very little evidence for among-
individual differences in group leadership and all individuals 
were relatively equally likely to lead or follow the group 
in turn. We did find evidence for males being significantly 
more repeatable in their leadership preferences than females 
(Fig. 3). Male among-individual variance explained ~ 9.0% 
more of the total variation compared to females individuals 
(percent of variance explained, males: 8.69% [95% CI, [1.39, 
17.82]; females: 0.54% [ 0.00, 3.38]; ΔR2

i = 7.83% [ 0.24, 
16.99], pd = 0.98; Fig. 3). All other categories (juveniles 
vs. adults, injured vs. non-injured) showed no evidence of 
differences in variance components (pd < 0.95, See Supple-
mentary Table S5).

Discussion

Mobula alfredi demonstrated considerable flexibility in 
individual foraging behaviour. Both solo and group feeding 
behaviour were frequent, with group feeding behaviour sig-
nificantly influenced by the tide, year and aggregation size. 
Foraging group sizes were smallest when there was a strong 
current and there were moderate plankton densities. The 
largest groups formed three hours before high tide and grad-
ually decreased in size. Larger overall aggregations resulted 
in larger foraging groups. Our study also showed that neither 
shark bites nor anthropogenic injuries were significant in 
explaining leadership position in the group. Leadership was 
influenced by sex, with females significantly more likely to 
lead than males, although a significant proportion of vari-
ance remained unexplained by fixed effects. Variation in 
group size and leadership behaviour were both shown to 
be strongly influenced by residual within-individual factors, 
explaining over half of variation in each trait, along with low 
repeatability scores, which indicated that M. alfredi were 
highly flexible in their foraging behaviour. All individuals 
were relatively equally likely to feed in groups or solo, as 
well as lead or follow the group. The repeatability of leader-
ship behaviour was very low (< 10%), especially compared 
to published values for behavioural repeatability (R ~ 47%, 
Bell et al. 2009), highlighting a flexibility in individual posi-
tioning and indicating that the majority of the variation in 
leadership was influenced by behavioural plasticity.

Our study shows a high level of within-individual vari-
ation, and little among-individual variance in group size, 
indicating no evidence of individual preference for small 

Fig. 3   Individual identity 
and environmental variables 
explained < 25% of the variation 
in group foraging, group size 
and probability of leading the 
foraging group. Plots represent 
the proportion of variance 
explained by fixed effect (red; 
R2fe), individual identity (blue; 
R2i) and residuals (yellow; 
R2R) (left-hand size) along 
with the distribution of variance 
components on the latent scale 
(right-hand size). Variance 
distributions were estimated 
through 1000 bootstraps using a 
binomial GLMMs for the prob-
ability of foraging in a group or 
leading the group and a Poisson 
GLMM for group size. Error 
bars represent 95% (thin bars) 
and 66% (thick bars) confidence 
intervals based on bootstrap 
values
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or large feeding groups. In the Maldives, monsoonal cur-
rents influence the abundance of zooplankton around the 
archipelago, with periods of increased food availability in 

specific areas, thus driving seasonal movements of M. alfredi 
(Anderson et al. 2011; Harris et al. 2020). Specifically, 
Hanifaru Bay, where we record the largest aggregations and 

Fig. 4   Males had stronger 
among-individual differences 
in leadership preferences 
compared to females, while 
maturity and injury status had 
no effect on among-individual 
differences. Bar plots show 
the proportion of variance in 
group leadership explained by 
all sources of variation (fixed 
effects, individual identity 
and residuals) compared 
among a) males and females 
along with the distribution 
for the difference in vari-
ance explained (ΔR2 = (R2 
males—R2ifemales) × 100); 
b) Adults and juveniles 
along with the distribution 
for the difference in variance 
explained (ΔR2 = R2adult—
R2juvenile) and c) Injured 
and non-injured individuals 
along with the distribution 
for the difference in variance 
explained (ΔR2 = R2injured—
R2non-injured). Variance 
explained was calculated with 
1000 bootstraps by fitting a 
binomial GLMM to males and 
females, adults and juveniles 
and injured and non-injured 
separately. ΔR2 was calculated 
as the difference in bootstrap 
values, e.g. ΔR2 = 10 indicates 
individual differences among 
males explain 10% more of 
the total variation compared to 
females. Error bars represent 
95% (thin bars) and 66% (thick 
bars) confidence intervals based 
on bootstrap values
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group sizes, attracts M. alfredi due to the strong lunar cur-
rents drawing seasonally large volumes of zooplankton from 
the deeper waters outside the atoll into the shallower inner 
channel where it concentrates (Harris and Stevens 2021). 
The ephemeral nature of the dense food availability means 
that M. alfredi feeding aggregations can be large in size, but 
are quick to disperse (Harris et al. 2021). Hence, we found 
that group sizes were largest around the high tide dwindling 
rapidly thereafter. This lack of consistent food availability 
and its patchy distribution supports the suggestion that M. 
alfredi must be flexible, travelling to productive areas and 
associating with conspecifics potentially in order to gain 
information about these ephemeral patches (Buckley 1997) 
and increase feeding efficiency (Sueur et al. 2011; Jaine et al. 
2012). In a study using acoustic telemetry, individual M. 
alfredi in West Papua varied strongly in levels of regional 
residency, site fidelity and number of transitions between 
aggregation areas, again suggesting flexible and responsive 
foraging movements (Perryman et al. 2022).

The grouping behaviour of M. alfredi seemed sensitive 
to diurnal and annual variations in biotic and abiotic con-
ditions, indicating both costs and benefits to social forag-
ing. Group leaders often have optimal access to prey, but 
will experience the greatest energy expenditure, while ani-
mals positioned behind benefit from energy saving while 
compromising on food intake (Couzin et al. 2002; Krause 
and Ruxton 2002). In this study, for example, we observed 
‘chain feeding’ in which followers are not directly behind 
one another, but slightly offset either to the side, or above or 
below each other like of flock of birds in flight (see Fig. S3 
in Supplementary Information). In M. alfredi, the benefits 
of group feeding strategies, e.g. chain feeding, are suggested 
to be twofold, firstly reducing the rate of collision between 
manta rays and secondly, increasing the feeding efficiency 
of following manta rays (Stevens 2016; Liao 2022). This 
could explain the increased group foraging observed in 
larger aggregations, but also in 2015 and particularly 2016 in 
which El Nino caused significant disruption to marine eco-
systems and severe coral bleaching in the Maldives (Monte-
falcone et al. 2020). This indicates that group foraging was 
most beneficial, e.g. by reducing energy expenditure, when 
intraspecific competition for food was highest.

A key motivator to leadership behaviour is individual 
state, either stemming from a dominant personality or the 
need to optimise one's position, for example, to increase 
nutritional intake, movement capabilities, foraging strat-
egies or reduce predation risk (Jacobs et al. 2008; Hodg-
kin et al. 2014). Our study also showed that injuries had 
little influence on leadership behaviours which suggests 
there is a low cost to adopting the leader position, but this 
remains to be tested (Ioannou et al. 2019). For future study, 
we could examine the effects of injuries on individuals, for 
example with our long-term dataset, we could examine the 

repeatability of these individuals to establish how consistent 
they are in their foraging behaviour before and after injury 
(Bell and Sih 2007).

Our study did find sex to be the most important factor in 
predicting the probability of leading the group, with females 
dominantly leading the 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 prides of 
lions (Smith et al. 2019). Consistent leadership can be ben-
eficial to groups; pods of foraging bottlenose dolphins (Tur-
siops truncatus) in the Lower Florida Keys 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, in the dolphin study, benefited from the prior 
ecological knowledge of the leaders, but remains to be tested 
in Mobulids. Leadership need not be reliant on complex 
social information transfer between individuals, but can arise 
from simple mechanisms for spatiotemporal coordination 
(e.g. female leadership in grey reef sharks (Carcharhinus 
amblyrhynchos; Jacoby et al. 2016). Our observed bias in 
female leadership within foraging groups could reflect the 
higher food requirements of the larger sex and the nutritional 
demands of pregnancy.

Using a repeated measures analysis, the residual vari-
ance in our models included both the unobserved sources 
of variation, as well as within-individual variance. One 
explanation could be that most of the contribution to the 
phenotypic variation came from unmeasured sources of 
variation (residual variance), i.e., our model was incom-
plete. The second, non-exclusive, explanation is that the 
residual variance consisted largely of individual vari-
ance that does hold strong biological importance (West-
neat et al. 2015). This would support the null hypothesis 
that individual M. alfredi are flexible in their foraging 
behavioural traits. There has been increased interest in 
how flexible foraging behaviour emerges as a result of 
the spatial and temporal availability and predictability of 
prey; Behavioural variation may be affected by physical 
processes leading to ‘passive’ plasticity in individuals 
(Scheiner 2006), for example fluctuations in prey den-
sity could lead to passive plasticity in an animal’s forag-
ing success (Westneat et al. 2015). Moreover, female M. 
alfredi could become passive leaders if males choose to 
follow them whether that be for foraging or courtship rea-
sons. Foraging flexibility can also be selective or future-
dependent, for example, in anticipation of the predictabil-
ity of resource availability (Billard et al. 2020). Finally, 
trial-and-error learning may be present in which ‘learning 
rules’ as opposed to evolutionary change, influence phe-
notypic variation within a population (Franks et al. 2010).
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In our study, both adaptive plasticity and residual within-
individual variance arising through other stochastic pro-
cesses were likely influential in explaining M. alfredi for-
aging behaviour. There was little evidence of individuals 
in our study population specialising in either leader or fol-
lower phenotypes. M. alfredi acting as leaders likely differ 
in their energy output, nutritional intake and predation risk 
compared to those following, but we suggest that this trade-
off will vary dynamically within- and among-individuals as 
environmental and social conditions change (Lendvai et al. 
2006; Fischhoff et al. 2007; Bonanni et al. 2010; David 
et al. 2011; Nakayama et al. 2013; but see Georgopoulou 
et al. 2022). The ephemeral nature of zooplankton upwell-
ings, which can quickly disperse with the changing currents 
(Jaine et al. 2012; Stevens 2016), seems to lead to flexibility 
in individuals’ foraging. Our results have implications for 
understanding how M. alfredi could respond to environ-
mental change; manta rays were found to switch to group 
foraging strategies in response to increased food availability, 
a food source which is already ephemeral and highly vul-
nerable to decline in tropical waters in response to climate 
change (Stewart et al. 2018; Farmer et al. 2022). Future 
conservation efforts should focus on how the likely changes 
in zooplankton distribution and availability could shift the 
distributions and foraging behaviour of M. alfredi aggre-
gations (Stewart et al. 2018). Understanding individuals’ 
behaviours within feeding aggregations allows us to begin 
to understand the network of social interactions and rela-
tionships amongst wild populations of animals, particularly 
those demonstrating fission–fusion dynamics (Aureli et al. 
2008). Behavioural flexibility in foraging behaviour could 
be key to a species’ continued survival in light of changing 
environmental conditions.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00265-​024-​03489-w.

Acknowledgements  The research expeditions in the Maldives were 
possible thanks to the permission and support of the Maldives Minis-
try of Fisheries and Agriculture and the Ministry of Environment and 
Energy. A special thanks to the Manta Trust and the Maldives Manta 
Conservation Programme for access to population data and fieldwork 
locations, for salary funding, and for all the staff and interns who 
contributed to the data collection; notably Tam Sawers, Niv Froman, 
Moosa Mohamed, Ibrahim Lirar, Simon Hillbourne, James Leyland, 
Nicola Bassett, Susan Jackson, Prassana Wijesinghe, Mohamed Wasif, 
Stefany Rojas, Nihan Ibrahim, Ella Garrud, Joe Russell. Jade Aldridge, 
Hussain Hassam, Leah Meth, Daanish Nashid, Jamie Monmaneerat, 
Heather Kay, Alice Day and Mohamed Ahmed. Finally, we thank the 
reviewers whose feedback greatly improved the manuscript.

Author contributions  KEA and AM contributed to the study concep-
tion and design. Material preparation and data collection were per-
formed by AM and GS. Data analyses were performed by AM and 
RR. The first draft of the manuscript was written by AM and KEA. All 
authors commented on previous versions of the manuscript, and read 
and approved the final manuscript.

Funding  We also thank the Manta Trust and Four Seasons Resort at 
Landaa Giraavaru for providing financial and logistical support.

Data availability   The data that support the findings of this study 
are available in the Dryad Repository   https://doi.org/10.5061/
dryad.8cz8w9gxd

Code availability   All code for reproducing the statistical analyses and 
results is available on github:  https://​github.​com/​rroya​ute/​manta​rays-​
iiv-​analy​sis

Declarations 

Ethics approval  The research activities were approved by the Animal 
Welfare and Ethics Board at the University of York (ref. CR321) and 
adhered to the Manta Trust’s code of conduct for minimising distur-
bance when interacting with Manta Rays (https://​swimw​ithma​ntas.​org/) 
(see Murray et al. 2019 which provides an evidence base for this code 
of conduct). Field research was approved by the Maldives' Environ-
mental Protection Agency (EPA) permits EPA/RP/2015/01, EPA/2016/
RP-01 and EPA/2016/RP-02.

Conflict of interests  Authors declare no competing interests related to 
the work submitted for publication.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alonzo SH (2015) Integrating the how and why of within-individual 
and among-individual variation and plasticity in behavior. Curr 
Opin Behav Sci 6:69–75

Anderson RC, Shiham M, Goes JI (2011) From monsoons to man-
tas: seasonal distribution of Manta alfredi in the Maldives. Fish 
Oceanogr 20:104–113. https://​doi.​org/​10.​1111/j.​1365-​2419.​
2011.​00571.x

Araújo MS, Bolnick DI, Layman CA (2011) The ecological causes of 
individual specialisation. Ecol Lett 14:948–958. https://​doi.​org/​
10.​1111/j.​1461-​0248.​2011.​01662.x

Aureli F, Schaffner CM, Boesch C et al (2008) Fission-fusion dynam-
ics: new research frameworks. Curr Anthropol 49:627–654. 
https://​doi.​org/​10.​1086/​586708

Barelli C, Boesch C, Heistermann M, Reichard UH (2008) Female 
White-Handed Gibbons (Hylobates lar) lead group move-
ments and have priority of access to food resources. Behaviour 
145:965–981

Bates  D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67(1):1–48. https://​doi.​
org/​10.​18637/​jss.​v067.​i01

https://doi.org/10.1007/s00265-024-03489-w
https://github.com/rroyaute/mantarays-iiv-analysis
https://github.com/rroyaute/mantarays-iiv-analysis
https://swimwithmantas.org/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-2419.2011.00571.x
https://doi.org/10.1111/j.1365-2419.2011.00571.x
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1086/586708
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01


Behavioral Ecology and Sociobiology           (2024) 78:76 	 Page 13 of 16     76 

Belgrad BA, Griffen BD (2018) Personality interacts with habitat qual-
ity to govern individual mortality and dispersal patterns. Ecol 
Evol 8:7216–7227. https://​doi.​org/​10.​1002/​ece3.​4257

Bell AM, Sih A (2007) Exposure to predation generates personality 
in threespined sticklebacks (Gasterosteus aculeatus). Ecol Lett 
10:828–834

Bell AM, Hankison SJ, Laskowski KL (2009) The repeatability of 
behaviour: a meta-analysis. Anim Behav 77:771–783. https://​
doi.​org/​10.​1016/j.​anbeh​av.​2008.​12.​022

Billard P, Schnell AK, Clayton NS, Jozet-Alves C (2020) Cuttlefish 
show flexible and future-dependent foraging cognition. Biol Lett 
16:20190743

Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM, Hulsey 
CD, Forister ML (2003) The ecology of individuals: incidence 
and implications of individual specialization. Am Nat 161:1–28

Bonanni R, Cafazzo S, Valsecchi P, Natoli E (2010) Effect of affili-
ative and agonistic relationships on leadership behaviour in 
free-ranging dogs. Anim Behav 79:981–991. https://​doi.​org/​10.​
1016/j.​anbeh​av.​2010.​02.​021

Brent LJ, Franks DW, Foster EA, Balcomb KC, Cant MA, Croft DP 
(2015) Ecological knowledge, leadership, and the evolution of 
menopause in killer whales. Curr Biol 25:746–750. https://​doi.​
org/​10.​1016/j.​cub.​2015.​01.​037

Buckley NJ (1997) Spatial-concentration effects and the importance of 
local enhancement in the evolution of colonial breeding in sea-
birds. Am Nat 149:1091–1112. https://​doi.​org/​10.​1086/​286040

Burnham KP, Anderson DR (2004) Multimodel inference: Under-
standing AIC and BIC in model selection. Sociol Methods Res 
33:261–304. https://​doi.​org/​10.​1177/​00491​24104​268644

Carneiro AP, Bonnet-Lebrun AS, Manica A, Staniland IJ, Phillips 
RA (2017) Methods for detecting and quantifying individual 
specialisation in movement and foraging strategies of marine 
predators. Mar Ecol Prog Ser 578:151–166. https://​doi.​org/​10.​
3354/​meps1​2215

Ceia FR, Ramos JA (2015) Individual specialization in the foraging 
and feeding strategies of seabirds: a review. Mar Biol 162:1923–
1938. https://​doi.​org/​10.​1007/​s00227-​015-​2735-4

Chase ID, Tovey C, Spangler-Martin D, Manfredonia M (2002) Indi-
vidual differences versus social dynamics in the formation of ani-
mal dominance hierarchies. P Natl Acad Sci USA 99:5744–5749. 
https://​doi.​org/​10.​1073/​pnas.​08210​4199

Cleasby IR, Nakagawa S, Schielzeth H (2015) Quantifying the predicta-
bility of behaviour: statistical approaches for the study of between-
individual variation in the within-individual variance. Methods 
Ecol Evol 6:27–37. https://​doi.​org/​10.​1111/​2041-​210X.​12281

Couzin ID, Laidre ME (2009) Fission-fusion populations. Curr Biol 
19:633–635. https://​doi.​org/​10.​1016/j.​cub.​2009.​05.​034

Couzin ID, Krause J, James R, Ruxton GD, Franks NR (2002) Collec-
tive memory and spatial sorting in animal groups. J Theoret Biol 
218:1–11. https://​doi.​org/​10.​1006/​yjtbi.​3065

Croll DA, Dewar H, Dulvy NK et al (2016) Vulnerabilities and fisher-
ies impacts: the uncertain future of manta and devil rays. Aquat 
Conserv 26:562–575. https://​doi.​org/​10.​1002/​aqc.​2591

Danchin E, Giraldeau LA, Valone TJ, Wagner RH (2004) Public 
information: from nosy neighbors to cultural evolution. Science 
305:487–549

David M, Cézilly F, Giraldeau LA (2011) Personality affects zebra 
finch feeding success in a producer-scrounger game. Anim Behav 
82:61–67. https://​doi.​org/​10.​1016/j.​anbeh​av.​2011.​03.​025

De Pascalis F, Imperio S, Benvenuti A, Catoni C, Rubolini D, Cecere 
JG (2020) Sex-specific foraging behaviour is affected by wind 
conditions in a sexually size dimorphic seabird. Anim Behav 
166:207–218

Dingemanse NJ, Dochtermann NA (2013) Quantifying individual vari-
ation in behaviour: Mixed-effect modelling approaches. J Anim 
Ecol 82:39–54. https://​doi.​org/​10.​1111/​1365-​2656.​12013

Dingemanse NJ, Réale D (2005) Natural selection and animal personal-
ity. Behaviour 142:1159–1184

Farmer NA, Garrison LP, Horn C et al (2022) The distribution of 
manta rays in the western North Atlantic Ocean off the east-
ern United States. Sci Rep 12:6544. https://​doi.​org/​10.​1038/​
s41598-​022-​10482-8

Fischhoff IR, Sundaresan SR, Cordingley J, Larkin HM, Sellier MJ, 
Rubenstein DI (2007) Social relationships and reproductive 
state influence leadership roles in movements of plains zebra, 
Equus burchellii. Anim Behav 73:825–831. https://​doi.​org/​10.​
1016/j.​anbeh​av.​2006.​10.​012

Fortin D, Fortin ME (2009) Group-size-dependent association 
between food profitability, predation risk and distribution of 
free-ranging bison. Anim Behav 78:887–892. https://​doi.​org/​
10.​1016/j.​anbeh​av.​2009.​06.​026

Frankish CK, Manica A, Phillips RA (2020) Effects of age on forag-
ing behavior in two closely related albatross species. Mov Ecol 
8:7. https://​doi.​org/​10.​1186/​s40462-​020-​0194-0

Franks DW, Ruxton GD, James R (2010) Sampling animal associa-
tion networks with the gambit of the group. Behav Ecol Socio-
biol 64:493–503. https://​doi.​org/​10.​1007/​s00265-​009-​0865-8

Georgopoulou DG, King AJ, Brown RM, Fürtbauer I (2022) Emer-
gence and repeatability of leadership and coordinated motion 
in fish shoals. Behav Ecol 33:47–54. https://​doi.​org/​10.​1093/​
beheco/​arab1​08

Gerald MS (2002) The finding of an inverse relationship between 
social dominance and feeding priority among pairs of unfa-
miliar adult male vervet monkeys (Cercopithecus aethiops 
sabaeus). Primates 43:127–132

Gosling SD (2001) From mice to men. Psychol Bull 127:45–86
Grant JW, Girard IL, Breau C, Weir LK (2002) Influence of food abun-

dance on competitive aggression in juvenile convict cichlids. 
Anim Behav 63:323–330. https://​doi.​org/​10.​1006/​anbe.​2001.​1891

Guilford T, Freeman R, Boyle D, Dean B, Kirk H, Phillips R, Perrins 
C (2011) A dispersive migration in the Atlantic Puffin and its 
implications for migratory navigation. PLoS ONE 6:e21336. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00213​36

Guttal V, Couzin ID (2010) Social interactions, information use, and 
the evolution of collective migration. P Natl Acad Sci USA 
107:16172–16177

Guttridge TL, Gruber SH, Gledhill KS, Croft DP, Sims DW, Krause 
J (2009) Social preferences of juvenile lemon sharks, Negap-
rion brevirostris. Anim Behav 78:543–548. https://​doi.​org/​10.​
1016/j.​anbeh​av.​2009.​06.​009

Harris JL, Stevens GMW (2021) Environmental drivers of reef manta 
ray (Mobula alfredi) visitation patterns to key aggregation hab-
itats in the Maldives. PLoS ONE 16:e0252470. https://​doi.​org/​
10.​1371/​journ​al.​pone.​02524​70

Harris JL, McGregor PK, Oates Y, Stevens GMW (2020) Gone with 
the wind: Seasonal distribution and habitat use by the reef 
manta ray (Mobula alfredi) in the Maldives, implications for 
conservation. Aquat Conserv 30:1649–1664. https://​doi.​org/​
10.​1002/​aqc.​3350

Harris JL, Hosegood P, Robinson E, Embling CB, Hilbourne S, Ste-
vens GMW (2021) Fine-scale oceanographic drivers of reef 
manta ray (Mobula alfredi) visitation patterns at a feeding 
aggregation site. Ecol Evol 11:4588–4604. https://​doi.​org/​10.​
1002/​ece3.​7357

Heithaus MR, Lewis JS, Wartzok D (2013) Individuals as informa-
tion sources: Could followers benefit from leaders’ knowledge? 
Behaviour 150:635–657. https://​doi.​org/​10.​1163/​15685​39X-​
00003​075

Hemelrijk CK, Reid DAP, Hildenbrandt H, Padding JT (2015) The 
increased efficiency of fish swimming in a school. Fish Fish 
16:511–521. https://​doi.​org/​10.​1111/​faf.​12072

https://doi.org/10.1002/ece3.4257
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1016/j.anbehav.2010.02.021
https://doi.org/10.1016/j.anbehav.2010.02.021
https://doi.org/10.1016/j.cub.2015.01.037
https://doi.org/10.1016/j.cub.2015.01.037
https://doi.org/10.1086/286040
https://doi.org/10.1177/0049124104268644
https://doi.org/10.3354/meps12215
https://doi.org/10.3354/meps12215
https://doi.org/10.1007/s00227-015-2735-4
https://doi.org/10.1073/pnas.082104199
https://doi.org/10.1111/2041-210X.12281
https://doi.org/10.1016/j.cub.2009.05.034
https://doi.org/10.1006/yjtbi.3065
https://doi.org/10.1002/aqc.2591
https://doi.org/10.1016/j.anbehav.2011.03.025
https://doi.org/10.1111/1365-2656.12013
https://doi.org/10.1038/s41598-022-10482-8
https://doi.org/10.1038/s41598-022-10482-8
https://doi.org/10.1016/j.anbehav.2006.10.012
https://doi.org/10.1016/j.anbehav.2006.10.012
https://doi.org/10.1016/j.anbehav.2009.06.026
https://doi.org/10.1016/j.anbehav.2009.06.026
https://doi.org/10.1186/s40462-020-0194-0
https://doi.org/10.1007/s00265-009-0865-8
https://doi.org/10.1093/beheco/arab108
https://doi.org/10.1093/beheco/arab108
https://doi.org/10.1006/anbe.2001.1891
https://doi.org/10.1371/journal.pone.0021336
https://doi.org/10.1016/j.anbehav.2009.06.009
https://doi.org/10.1016/j.anbehav.2009.06.009
https://doi.org/10.1371/journal.pone.0252470
https://doi.org/10.1371/journal.pone.0252470
https://doi.org/10.1002/aqc.3350
https://doi.org/10.1002/aqc.3350
https://doi.org/10.1002/ece3.7357
https://doi.org/10.1002/ece3.7357
https://doi.org/10.1163/1568539X-00003075
https://doi.org/10.1163/1568539X-00003075
https://doi.org/10.1111/faf.12072


	 Behavioral Ecology and Sociobiology           (2024) 78:76    76   Page 14 of 16

Herborn KA, Heidinger BJ, Alexander L, Arnold KE (2014) Per-
sonality predicts behavioral flexibility in a fluctuating, natural 
environment. Behav Ecol 25:1374–1379. https://​doi.​org/​10.​
1093/​beheco/​aru131

Hirsch BT (2007) Costs and benefits of within-group spatial position: 
A feeding competition model. Q Rev Biol 82:9–27. https://​doi.​
org/​10.​1086/​676943

Hodgkin LK, Symonds MRE, Elgar MA (2014) Leaders benefit follow-
ers in the collective movement of a social sawfly. Proc R Soc B 
281:20141700. https://​doi.​org/​10.​1098/​rspb.​2014.​1700

Ioannou CC, Rocque F, Herbert-Read JE, Duffiield C, Firth JA (2019) 
Predators attacking virtual prey reveal the costs and benefits of 
leadership. P Natl Acad Sci USA 116:8925–8930. https://​doi.​org/​
10.​1073/​pnas.​18163​23116

Jacob A, Nusslé S, Evanno BA, G, Müller R, Wedekind C, (2007) 
Male dominance linked to size and age, but not to “good genes” 
in brown trout (Salmo trutta). BMC Evol Biol 7:207. https://​doi.​
org/​10.​1186/​1471-​2148-7-​207

Jacobs A, Maumy M, Petit O (2008) The influence of social organisa-
tion on leadership in brown lemurs (Eulemur fulvus fulvus) in a 
controlled environment. Behav Process 79:111–113. https://​doi.​
org/​10.​1016/j.​beproc.​2008.​05.​004

Jacoby DMP, Croft DP, Sims DW (2012) Social behaviour in sharks 
and rays: analysis, patterns and implications for conservation. 
Fish Fish 13:399–417. https://​doi.​org/​10.​1111/j.​1467-​2979.​2011.​
00436.x

Jacoby DMP, Papastamatiou YP, Freeman R (2016) Inferring animal 
social networks and leadership: applications for passive moni-
toring arrays. J R Soc Interface 13:20160676. https://​doi.​org/​10.​
1098/​rsif.​2016.​0676

Jaine FRA, Couturier LIE, Weeks SJ, Townsend KA, Bennett MB, 
Fiora K, Richardson AJ (2012) When giants turn up: sighting 
trends, environmental influences and habitat use of the manta 
ray Manta alfredi at a coral reef. PLoS ONE 7:e46170. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00461​70

Jolles JW, Boogert NJ, Sridhar VH et al (2017) Consistent individual 
differences drive collective behavior and group functioning of 
schooling fish. Curr Biol 27:2862-2868.e7. https://​doi.​org/​10.​
1016/j.​cub.​2017.​08.​004

King AJ, Cowlishaw G (2009) Leaders, followers and group decision-
making. Commun Integr Biol 2:147–150. https://​doi.​org/​10.​
4161/​cib.​7562

Krause J (1993) The relationship between foraging and shoal position 
in a mixed shoal of roach (Rutilus rutilus) and chub (Leuciscus 
cephalus): a field study. Oecologia 93:356–359

Krause J, Ruxton GD (2002) Living in groups. Oxford University 
Press, Oxford

Krause J, Bumann D, Todt D (1992) Relationship between the position 
preference and nutritional state of individuals in schools of juve-
nile roach (Rutilus rutilus). Behav Ecol Sociobiol 30:177–180. 
https://​doi.​org/​10.​1007/​BF001​66700

Kutsukake N (2009) Complexity, dynamics and diversity of sociality 
in group-living mammals. Ecol Res 24:521–531. https://​doi.​org/​
10.​1007/​s11284-​008-​0563-4

Lee HC, Teichroeb JA (2016) Partially shared consensus decision mak-
ing and distributed leadership in vervet monkeys: older females 
lead the group to forage. Am J Phys Anthropol 161:580–590. 
https://​doi.​org/​10.​1002/​ajpa.​23058

Lendvai AZ, Liker A, Barta Z (2006) The effects of energy reserves 
and dominance on the use of social-foraging strategies in the 
house sparrow. Anim Behav 72:747–752. https://​doi.​org/​10.​
1016/j.​anbeh​av.​2005.​10.​032

Lewis JS, Wartzok D, Heithaus MR (2011) Highly dynamic fis-
sion-fusion species can exhibit leadership when traveling. 

Behav Ecol Sociobiol 65:1061–1069. https://​doi.​org/​10.​1007/​
s00265-​010-​1113-y

Lezama-Ochoa N, Lopez J, Hall M, Bach P, Abascal F, Murua H 
(2020) Spatio-temporal distribution of the spinetail devil ray 
Mobula mobular in the eastern tropical Atlantic ocean. Endan-
ger Species Res 43:447–460. https://​doi.​org/​10.​3354/​esr01​082

Liao JC (2022) Fish swimming efficiency. Curr Biol 32:R666–R671. 
https://​doi.​org/​10.​1016/j.​cub.​2022.​04.​073

Lissaman PBS, Shollenberger CA (1970) Formation flight of birds. 
Science 194:1003–1005

Makowski D, Ben-Shachar MS, Chen SHA, Lüdecke D (2019a) Indices 
of effect existence and significance in the Bayesian framework. 
Front Psychol 10:2767. https://​doi.​org/​10.​3389/​fpsyg.​2019.​
02767

Makowski D, Ben-Shachar MS, Lüdecke D (2019b). bayestestR: 
describing effects and their uncertainty, existence and signifi-
cance within the Bayesian framework. J Open Source Softw 
4:1541. https://​doi.​org/​10.​21105/​joss.​01541

Manta Trust (2021) [Online]. Maldives, https://​www.​manta​trust.​org/​
maldi​ves

Marras S, Killen SS, Lindström J, McKenzie DJ, Steffensen JF, Domen-
ici P (2015) Fish swimming in schools save energy regardless of 
their spatial position. Behav Ecol Sociobiol 69:19–226. https://​
doi.​org/​10.​1007/​s00265-​014-​1834-4

Marshall AD, Bennett MB (2010) The frequency and effect of shark-
inflicted bite injuries to the reef manta ray Manta alfredi. Afr J 
Mar Sci 32:573–580. https://​doi.​org/​10.​2989/​18142​32X.​2010.​
538152

Marshall AD, Pierce SJ (2012) The use and abuse of photographic 
identification in sharks and rays. J Fish Biol 80:1361–1379

Marshall A, Barreto R, Carlson J et  al (2019) Mobula alfredi. 
The IUCN Red List of Threatened Species. 2019:e.
T195459A68632178, https://​doi.​org/​10.​2305/​IUCN.​UK.​2019- 
3.RLTS.T195459A68632178.en

Masello JF, Wikelski M, Voigt CC, Quillfeldt P (2013) Distribution 
patterns predict individual specialization in the diet of dolphin 
gulls. PLoS ONE 8:e67714

Maskrey DK, Sneddon LU, Arnold KE, Wolfenden DCC, Thomson JS 
(2020) The impact of personality, morphotype and shore height 
on temperature-mediated behavioural responses in the beadlet 
anemone Actinia equina. J Anim Ecol 89:2311–2324. https://​
doi.​org/​10.​1111/​1365-​2656.​13301

Maskrey DK, Sneddon LU, Arnold KE, Wolfenden DCC, Thomson 
JS (2021) Temperature-driven changes in behavioural unpre-
dictability and personality in the beadlet sea anemone, Actinia 
equina. Anim Behav 181:13–27. https://​doi.​org/​10.​1016/j.​anbeh​
av.​2021.​08.​022

McGregor F, Richardson AJ, Armstrong AJ, Armstrong AO, Dudgeon 
CL (2019) Rapid wound healing in a reef manta ray masks the 
extent of vessel strike. PLoS ONE 14:e0225681

McInturf AG, Bowman JM, Schulte, et al (2023) A unified para-
digm for defining elasmobranch aggregations. ICES J Mar Sci 
80:1551–1566. https://​doi.​org/​10.​1093/​icesj​ms/​fsad0​99

Meunier J (2015) Social immunity and the evolution of group living 
in insects. Phil Trans R Soc B 370:20140102. https://​doi.​org/​10.​
1098/​rstb.​2014.​0102

Mizumoto N, Shinya M, Pratt S (2019) Inferring collective behaviour 
from a fossilized fish shoal. Proc R Soc B 286:20190891. https://​
doi.​org/​10.​1098/​rspb.​2019.​0891

Moloney CL, St John MA, Denman KL, Karl DM, Köster FW, Sundby 
S, Wilson RP (2011) Weaving marine food webs from end to end 
under global change. J Mar Syst 84:106–116. https://​doi.​org/​10.​
1016/j.​jmars​ys.​2010.​06.​012

https://doi.org/10.1093/beheco/aru131
https://doi.org/10.1093/beheco/aru131
https://doi.org/10.1086/676943
https://doi.org/10.1086/676943
https://doi.org/10.1098/rspb.2014.1700
https://doi.org/10.1073/pnas.1816323116
https://doi.org/10.1073/pnas.1816323116
https://doi.org/10.1186/1471-2148-7-207
https://doi.org/10.1186/1471-2148-7-207
https://doi.org/10.1016/j.beproc.2008.05.004
https://doi.org/10.1016/j.beproc.2008.05.004
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1098/rsif.2016.0676
https://doi.org/10.1098/rsif.2016.0676
https://doi.org/10.1371/journal.pone.0046170
https://doi.org/10.1371/journal.pone.0046170
https://doi.org/10.1016/j.cub.2017.08.004
https://doi.org/10.1016/j.cub.2017.08.004
https://doi.org/10.4161/cib.7562
https://doi.org/10.4161/cib.7562
https://doi.org/10.1007/BF00166700
https://doi.org/10.1007/s11284-008-0563-4
https://doi.org/10.1007/s11284-008-0563-4
https://doi.org/10.1002/ajpa.23058
https://doi.org/10.1016/j.anbehav.2005.10.032
https://doi.org/10.1016/j.anbehav.2005.10.032
https://doi.org/10.1007/s00265-010-1113-y
https://doi.org/10.1007/s00265-010-1113-y
https://doi.org/10.3354/esr01082
https://doi.org/10.1016/j.cub.2022.04.073
https://doi.org/10.3389/fpsyg.2019.02767
https://doi.org/10.3389/fpsyg.2019.02767
https://doi.org/10.21105/joss.01541
https://www.mantatrust.org/maldives
https://www.mantatrust.org/maldives
https://doi.org/10.1007/s00265-014-1834-4
https://doi.org/10.1007/s00265-014-1834-4
https://doi.org/10.2989/1814232X.2010.538152
https://doi.org/10.2989/1814232X.2010.538152
https://doi.org/10.2305/IUCN.UK.2019
https://doi.org/10.1111/1365-2656.13301
https://doi.org/10.1111/1365-2656.13301
https://doi.org/10.1016/j.anbehav.2021.08.022
https://doi.org/10.1016/j.anbehav.2021.08.022
https://doi.org/10.1093/icesjms/fsad099
https://doi.org/10.1098/rstb.2014.0102
https://doi.org/10.1098/rstb.2014.0102
https://doi.org/10.1098/rspb.2019.0891
https://doi.org/10.1098/rspb.2019.0891
https://doi.org/10.1016/j.jmarsys.2010.06.012
https://doi.org/10.1016/j.jmarsys.2010.06.012


Behavioral Ecology and Sociobiology           (2024) 78:76 	 Page 15 of 16     76 

Montefalcone M, Morri C, Bianchi CN (2020) Influence of local 
pressures on Maldivian coral reef resilience following repeated 
bleaching events, and recovery perspectives. Front Mar Sci 7:587

Morrell LJ, Romey WL (2008) Optimal individual positions within 
animal groups. Behav Ecol 19:909–919. https://​doi.​org/​10.​1093/​
beheco/​arn050

Mourier J, Vercelloni J, Planes S (2012) Evidence of social communi-
ties in a spatially structured network of a free-ranging shark spe-
cies. Anim Behav 83:389–401. https://​doi.​org/​10.​1016/j.​anbeh​
av.​2011.​11.​008

Murray A, Garrud E, Ender I et al (2019) Protecting the million-
dollar mantas; creating an evidence-based code of conduct for 
manta ray tourism interactions. J Ecotourism 19:132–147

Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian and 
non-Gaussian data: a practical guide for biologists. Biol 
Rev 85:935–956. https://​doi.​org/​10.​1111/j.​1469-​185X.​2010.​
00141.x

Nakayama S, Stumpe MC, Manica A, Johnstone RA (2013) Experi-
ence overrides personality differences in the tendency to follow 
but not in the tendency to lead. Proc R Soc B 280:20131724. 
https://​doi.​org/​10.​1098/​rspb.​2013.​1724

O’Malley MP, Lee-Brooks K, Medd HB (2013) The global economic 
impact of manta ray watching tourism. PLoS ONE 8:e65051. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00650​51

Orbach DN, Pearson HC, Beier-Engelhaupt Deutsch AS, Srinivasan 
M, Weir JS, Yin S, Würsig B (2018) Long-term assessment of 
spatio-temporal association patterns of dusky dolphins (Lagen-
orhynchus obscurus) off Kaikoura, New Zealand. Aquat Mamm 
44:608–619. https://​doi.​org/​10.​1578/​AM.​44.6.​2018.​608

Palacios MD, Stewart JD, Croll DA et al (2023) Manta and devil 
ray aggregations: conservation challenges and developments 
in the field. Front Mar Sci 10:1148234. https://​doi.​org/​10.​3389/​
fmars.​2023.​11482​34

Patrick SC, Weimerskirch H (2014) Personality, foraging and fitness 
consequences in a long lived seabird. PLoS ONE 9:e87269. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00872​69

Patrick SC, Bearhop S, Grémillet D et al (2014) Individual differ-
ences in searching behaviour and spatial foraging consistency 
in a central place marine predator. Oikos 123:33–40. https://​
doi.​org/​10.​1111/j.​1600-​0706.​2013.​00406.x

Pearson HC (2009) Influences on dusky dolphin (Lagenorhynchus 
obscurus) fission-fusion dynamics in Admiralty Bay, New Zea-
land. Behav Ecol Sociobiol 63:1437–1446. https://​doi.​org/​10.​
1007/​s00265-​009-​0821-7

Perryman RJY, Venables SK, Tapilatu RF, Marshall AD, Brown C, 
Franks DW (2019) Social preferences and network structure in 
a population of reef manta rays. Behav Ecol Sociobiol 73:114

Perryman RJY, Mourier J, Venables SK, Tapilatu RF, Setyawan E, 
Brown C (2022) Reef manta ray social dynamics depend on 
individual differences in behaviour. Anim Behav 191:43–55. 
https://​doi.​org/​10.​1016/j.​anbeh​av.​2022.​06.​010

Popa-Lisseanu AG, Bontadina F, Mora O, IbÁñez C (2008) Highly 
structured fission-fusion societies in an aerial-hawking, carniv-
orous bat. Anim Behav 75:471–482. https://​doi.​org/​10.​1016/j.​
anbeh​av.​2007.​05.​011

R Core Team (2024) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria

Rands SA, Cowlishaw G, Pettifor RA, Rowcliffe JM, Johnstone RA 
(2003) Spontaneous emergence of leaders and followers in 
foraging pairs. Nature 423:432–434. https://​doi.​org/​10.​1038/​
natur​e01630

Rands SA, Cowlishaw G, Pettifor RA, Rowcliffe JM, Johnstone RA 
(2008) The emergence of leaders and followers in foraging 

pairs when the qualities of individuals differ. BMC Evol Biol 
8:51. https://​doi.​org/​10.​1186/​1471-​2148-8-​51

Réale D, ReaderSM SD, McDougall PT, Dingemanse NJ (2007) Inte-
grating animal temperament within ecology and evolution. Biol 
Rev 82:291–318

Royauté R, Dochtermann NA (2021) Comparing ecological and 
evolutionary variability within datasets. Behav Ecol Sociobiol 
75:127. https://​doi.​org/​10.​1007/​s00265-​021-​03068-3

Scheiner SM (2006) Genotype-environment interactions and evolu-
tion. In: Fox CW, Wolf JB (eds) Evolutionary genetics: concepts 
and case studies. Oxford University Press, Oxford, pp 326–338

Schielzeth H, Nakagawa S (2013) Nested by design: model fitting and 
interpretation in a mixed model era. Methods Ecol Evol 4:14–24. 
https://​doi.​org/​10.​1111/j.​2041-​210x.​2012.​00251.x

Seebacher F, Krause J (2017) Physiological mechanisms underlying 
animal social behaviour. Phil Trans R Soc B 372:20160231. 
https://​doi.​org/​10.​1098/​rstb.​2016.​0231

Sih A, Bell A, Johnson JC (2004a) Behavioral syndromes: an 
ecological and evolutionary overview. Trends in Ecol Evol 
19:372–378

Sih A, Bell A, Johnson JC, Ziemba RE (2004b) Behavioral syndromes: 
an integrative overview. Q Rev Biol 79:241–277

Silk MJ, Croft DP, Tregenza T, Bearhop S (2014) The impor-
tance of fission–fusion social group dynamics in birds. Ibis 
156:701–715

Sims DW, Berrow SD, OSullivan KM, et al (2022) Circles in the sea: 
Annual courtship torus behaviour of basking sharks Cetorhinus 
maximus identified in the eastern north Atlantic ocean. J Fish 
Biol 101:1160–1181. https://​doi.​org/​10.​1111/​jfb.​15187

Smith NM, Dickerson AK, Murphy D (2019) Organismal aggregations 
exhibit fluidic behaviors: a review. Bioinspir Biomim 14:031001

Stevens G, Fernando D, Di Sciara GN (2018) Guide to the Manta and 
Devil Rays of the World (vol. 17). Princeton University Press, 
Princeton

Stevens G (2016) Conservation and Population Ecology of Manta Rays 
in the Maldives. PhD Thesis, University of York

Stewart JD, Jaine FR, Armstrong AJ et al (2018) Research priorities to 
support effective manta and devil ray conservation. Front Mar 
Sci 5:314

Stoffel MA, Nakagawa S, Schielzeth H (2017) rptR: repeatability esti-
mation and variance decomposition by generalized linear mixed-
effects models. Method Ecol Evol 8:1639–1644. https://​doi.​org/​
10.​1111/​2041-​210X.​12797

Strike EM, Harris JL, Ballard KL, Hawkins JP, Crockett J, Stevens 
GMW (2022) Sublethal injuries and physical abnormalities in 
Maldives Manta Rays, Mobula alfredi and Mobula birostris. 
Front Mar Sci 9:773897. https://​doi.​org/​10.​3389/​fmars.​2022.​
773897

Sueur C (2011) Group decision-making in chacma baboons: leadership, 
order and communication during movement. BMC Ecol 11:26. 
https://​doi.​org/​10.​1186/​1472-​6785-​11-​26

Sueur C, King AJ, Conradt L et al (2011) Collective decision-making 
and fission-fusion dynamics: A conceptual framework. Oikos 
120:1608–1617. https://​doi.​org/​10.​1111/j.​1600-​0706.​2011.​
19685.x

Svanback R, Bolnick DI (2007) Intraspecific competition drives 
increased resource use diversity within a natural population. 
Proc R Soc Lond B 274:839–844. https://​doi.​org/​10.​1098/​rspb.​
2006.​0198

Tokuyama N, Furuichi T (2017) Leadership of old females in collective 
departures in wild bonobos (Pan paniscus) at Wamba. Behav 
Ecol Sociobiol 71:55

Tsai YJJ, Mann J (2013) Dispersal, philopatry, and the role of 
fission-fusion dynamics in bottlenose dolphins. Mar Mamm 

https://doi.org/10.1093/beheco/arn050
https://doi.org/10.1093/beheco/arn050
https://doi.org/10.1016/j.anbehav.2011.11.008
https://doi.org/10.1016/j.anbehav.2011.11.008
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.1098/rspb.2013.1724
https://doi.org/10.1371/journal.pone.0065051
https://doi.org/10.1578/AM.44.6.2018.608
https://doi.org/10.3389/fmars.2023.1148234
https://doi.org/10.3389/fmars.2023.1148234
https://doi.org/10.1371/journal.pone.0087269
https://doi.org/10.1111/j.1600-0706.2013.00406.x
https://doi.org/10.1111/j.1600-0706.2013.00406.x
https://doi.org/10.1007/s00265-009-0821-7
https://doi.org/10.1007/s00265-009-0821-7
https://doi.org/10.1016/j.anbehav.2022.06.010
https://doi.org/10.1016/j.anbehav.2007.05.011
https://doi.org/10.1016/j.anbehav.2007.05.011
https://doi.org/10.1038/nature01630
https://doi.org/10.1038/nature01630
https://doi.org/10.1186/1471-2148-8-51
https://doi.org/10.1007/s00265-021-03068-3
https://doi.org/10.1111/j.2041-210x.2012.00251.x
https://doi.org/10.1098/rstb.2016.0231
https://doi.org/10.1111/jfb.15187
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.3389/fmars.2022.773897
https://doi.org/10.3389/fmars.2022.773897
https://doi.org/10.1186/1472-6785-11-26
https://doi.org/10.1111/j.1600-0706.2011.19685.x
https://doi.org/10.1111/j.1600-0706.2011.19685.x
https://doi.org/10.1098/rspb.2006.0198
https://doi.org/10.1098/rspb.2006.0198


	 Behavioral Ecology and Sociobiology           (2024) 78:76    76   Page 16 of 16

Sci 29:261–279. https://​doi.​org/​10.​1111/j.​1748-​7692.​2011.​
00559.x

Wakefield ED, Cleasby IR, Bearhop S, Bodey TW, Davies RD, Miller 
PI, Newton J, Votier SC, Hamer KC (2015) Long-term individ-
ual foraging site fidelity—why some gannets don’t change their 
spots. Ecology 96:3058–3074

Ward A, Webster M (2016) Sociality: The Behaviour of Group-Living 
Animals. Springer International Publishing, Cham

Ward AJ, Thomas P, Hart PJ, Krause J (2004) Correlates of bold-
ness in three-spined sticklebacks (Gasterosteus aculeatus). 
Behav Ecol Sociobiol 55:561–568. https://​doi.​org/​10.​1007/​
s00265-​003-​0751

Webster MS, Hixon MA (2000) Mechanisms and individual conse-
quences of intraspecific competition in a coral-reef fish. Mar Ecol 
Prog Ser 196:187–194. https://​doi.​org/​10.​3354/​meps1​96187

Weihs D (1973) Hydromechanics of fish schooling. Nature 
241:290–291

Westneat DF, Wright J, Dingemanse NJ (2015) The biology hidden 
inside residual within-individual phenotypic variation. Biol Rev 
90:729–743. https://​doi.​org/​10.​1111/​brv.​12131

Whiteman EA, Côté IM (2004) Dominance hierarchies in group-living 
cleaning gobies: Causes and foraging consequences. Anim Behav 
67:239–247. https://​doi.​org/​10.​1016/j.​anbeh​av.​2003.​04.​006

Yamamoto T, Takahashi A, Sato K, Oka N, Yamamoto M, Trathan 
PN (2014) Individual consistency in migratory behaviour of a 
pelagic seabird. Behaviour 151:683–701

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.1748-7692.2011.00559.x
https://doi.org/10.1111/j.1748-7692.2011.00559.x
https://doi.org/10.1007/s00265-003-0751
https://doi.org/10.1007/s00265-003-0751
https://doi.org/10.3354/meps196187
https://doi.org/10.1111/brv.12131
https://doi.org/10.1016/j.anbehav.2003.04.006

	Individual flexibility in group foraging behaviour of reef manta rays (Mobula alfredi)
	Abstract 
	Significance statement
	Introduction
	Methods
	Video Analysis
	Statistical Analysis
	What are the effects of abiotic and biotic factors on group and solo foraging behaviour?
	What are the effects of abiotic and biotic factors on group size? What are the effects of individual state on the probability to lead the group?
	How much of the variation in group foraging, group size and leadership behaviour was explained by among-individual, fixed effects and within-individual differences?
	How does within and among-individual variation differ depending on individual state factors?


	Results
	What are the effects of abiotic and biotic factors on group and solo foraging behaviour?
	What are the effects of abiotic and biotic factors on group size?
	What are the effects of individual state on the probability to lead the group?
	How much of the variation in group foraging preference, group size and leadership behaviour was explained by among-individual, and within-individual differences?
	How does within and among-individual variation differ depending on individual state?

	Discussion
	Acknowledgements 
	References


