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Abstract
Reef manta rays (Mobula alfredi) face threats from human exploitation and activity in several regions of the world and crucial 
information on the ecology of the species is needed. The species is observed at several sites in all parts of the archipelago of 
New Caledonia where anthropogenic influence is presumed to be minimal. This study is the first to investigate the popula-
tion of New Caledonia and focuses on its characteristics and its habitat use. Photographs of reef manta rays were collected 
directly from the authors (14.4%) between 2017 and 2020 and gathered from recreational divers and snorkelers (85.6%) from 
11 sites around New Caledonia. The authors used the unique ventral coloration patterns of the manta rays that were clearly 
identifiable from 1741 of these photographs to identify 391 individuals and record their physical characteristics (sex, injuries, 
and colour morph) and resighting rates. These results highlight the widespread distribution of the species in the archipelago 
(11 sites) with little connectivity between all aggregations sites, with only 5.4% of the individuals observed at more than 
one site. Strong and long-term site fidelity was recorded at all studied sites through re-sighting rates (52.2% overall) and 
residency analysis. The population also records the world highest known proportion of melanistic manta rays (43%) to date, 
and a balanced male: female ratio (1.0:1.15). The analysis of injuries reported that 44.8% of all reef manta rays identified 
(n = 391) had noticeable wounds or injuries with no significant difference in the proportions of males and females injured. 
From these injured individuals only 9.8% of injuries judged to be of anthropogenic origin and 29.7% from attempted preda-
tion. Our study complements and correlates previous findings on this population that revealed strong site fidelity and low 
connectivity. The different characteristics of this population of reef manta rays also emphasize that concerns about species 
in New Caledonia are limited and that such favourable context needs to be preserved as reference for conservation.
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Introduction

The distribution patterns and habitat use of highly mobile 
marine species can be difficult to predict and understand. 
These animals are able to move and have the potential to 
disperse over large distances, although many use smaller 
home ranges than their dispersal capabilities (Mannocci 
et al. 2017). In the marine environment, the importance of 
ecological and environmental factors that limit a given spe-
cies’ dispersal and result instead in long-term site fidelity 
patterns often remain unclear. For instance, habitat heteroge-
neity or topography (e.g. currents or deep-water channels) as 
well as habitat choice based on food resources or reproduc-
tive ecology can be the drivers of a fragmented population 
(Palumbi 1994; Bowen et al. 2016). The characterisation of a 
population range is crucial to identify effective management 
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units for conservation purposes, especially for threatened 
species (Hueter et al. 2004).

Reef manta rays Mobula alfredi (Krefft 1868) are large, 
primarily coastal planktivores that are distributed in equato-
rial and tropical waters in the Indo-Pacific region (Coutu-
rier et al. 2012). Similar to many other elasmobranchs, reef 
manta rays have conservative life history traits: low fecun-
dity, slow maturity and high longevity, which make them 
particularly sensitive to overexploitation (Couturier et al. 
2012; Stevens 2016). Since 2011, the reef manta rays have 
been listed as vulnerable to extinction on the IUCN Red List 
(Marshall et al. 2022) due to over-harvesting pressure as a 
result of the high commercial value of their gill plates for use 
in non-traditional Chinese medicine (O’Malley et al. 2017). 
In response to important declines of manta ray populations 
around the world and the important lack of knowledge on 
the species (Ward-Paige et al. 2010), the number of studies 
on the ecology and behaviour of the species has increased 
considerably over the past decade (Stewart et al. 2018). A 
major part of previous research efforts focused on identi-
fying population characteristics and structure, as well as 
movements and habitat use patterns (Stewart et al. 2018). 
These studies have shown that reef manta rays are highly 
mobile species capable of movements over a thousand of 
kilometres along a continuous coastline (up to 1150 km, 
Armstrong et al. 2019) and hundreds of kilometres between 
island chains (up to 450 km, Germanov & Marshall 2014). 
Large-scale movements seem to be mainly conditioned by 
variations in food resources (Sleeman et al. 2007; Dewar 
et al. 2008; Anderson et al. 2011a, b; Jaine et al. 2012; Cou-
turier et al. 2018; Setyawan et al. 2018). On the contrary, 
when sufficient foraging opportunities persist or are sea-
sonal within an area, reef manta rays tend to remain in or 
return to this area over extended periods of time, which is 
described as site fidelity or affinity. ‘Site fidelity’ is defined 
by Chapman et al. (2015) as the return of an individual to 
a location where it previously resided after an absence as 
long as or longer than the residency period. In the case of 
potential regular movements within a large home range 
including many sites, Couturier et al. 2011 applied the term 
‘site affinity’. For example, strong evidence of site fidelity 
was observed in Hawaii (Deakos et al. 2011; Whitney et al. 
2023), Mozambique (Marshall 2008), the Seychelles (Peel 
et al. 2020), Indonesia (Setyawan et al. 2020), French Poly-
nesia (Carpentier et al. 2019) and eastern Australia (Coutu-
rier et al. 2011). In these studies, individuals were re-sighted 
over decadal periods, confirming long-term, and potentially 
life-long use of aggregation sites (e.g. Clark 2010; Setyawan 
et al. 2020; Carpentier et al. 2019). In New Caledonia, satel-
lite telemetry also demonstrated constrained movements of 
the tagged individuals near the aggregation site of origin 
(Lassauce et al. 2023). This observation was based on rela-
tively short deployment duration (approximatively 77 days), 

thus multiple years analyses of site fidelity and residency are 
necessary to fully understand these patterns.

The movements and habitat use patterns of reef manta 
ray populations have been studied using different methods 
(or a combination of them), including photographic mark-
recapture methods, acoustic and satellite telemetry, or 
genomic techniques (Stewart et al. 2018). Most studies on 
manta rays use photo-identification (photo-ID) to describe 
population characteristics (e.g. Deakos et al. 2011; Carpen-
tier et al. 2019; Setyawan et al. 2020), assess connectiv-
ity (e.g. Beale et al. 2019; Germanov et al. 2019, Knochel 
et al. 2022) and estimate population size (e.g. Marshall 
et al. 2011; Harty et al. 2022; Setyawan et al. 2022). The 
cataloguing of individuals was made possible through the 
identification of each animal based on the variation in the 
ventral body pigmentation patterns (Marshall et al. 2011). 
Photo-identification offers an inexpensive, minimally inva-
sive, and widely accessible method to build large databases 
of individuals and conduct long-term monitoring of these 
populations. Ocean exploring tourists or local enthusiasts 
(“citizen scientists”) have been informed on how to take 
research-grade photographs that can be used by experts 
to examine individual markings, compare to our national 
photo-identifications database, and either add new or iden-
tify already known individuals. For all identification, such 
photographs also enable the monitoring of characteristics 
such as injuries or predation marks, maturity stages and the 
colormorph. Such submission of photo-identifications by 
citizen scientists can enable the collection of large quantities 
of data over extended geographic scales, while also ensuring 
longevity of the monitoring program. This citizen science 
approach has proven highly effective for the study of manta 
rays because the species is attractive for recreational divers, 
benefiting researchers with important contributions to their 
study (e.g. Germanov et al. 2019).

New Caledonia is an archipelago located in the south-
ern Pacific region where reef manta rays are sighted year-
round at many sites (Lassauce, pers. comm.). In New 
Caledonia, fisheries effort is low (harvesting on average 
0.26t/km2/year) in comparison to other Pacific islands, 
manta rays are not fished, and tourism development is still 
relatively insignificant (Guillemot et al. 2009). Anthropo-
genic influence on manta rays such as accidental capture 
or catches in ghost nets is presumed to be minimal. In fact, 
there is no records of neither bycatch nor observations 
of entangled or stranded manta rays. Nonetheless, manta 
rays are locally only protected in the exclusive economic 
zone since 2013 (GNC 2013) but under no current legal 
protection within coastal waters (10 nmi from the barrier 
reef). To date, the few published studies on the reef manta 
rays of New Caledonia reveal unprecedented deep diving 
behavior for reef manta rays using satellite telemetry at all 
studied sites in New Caledonia, potentially indicating the 
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presence of important food resources in deeper (300–700 
m depth) waters (Lassauce et al. 2020). Satellite telemetry 
also described horizontal movements where reef manta 
rays presented a strong site fidelity and an important affin-
ity for coastal waters (Lassauce et al. 2023). Moreover, 
genetic analysis has revealed small scale differentiation 
between studied sites within New Caledonia waters, sug-
gesting limited connectivity and high site fidelity caus-
ing detectable fine-scale genetic structure (Lassauce et al. 
2022). Nonetheless, the population of reef manta rays of 
New Caledonia has never been described. Information 
on the population size, sex ratio, incidence of melanism, 
injury and predation rates remain unknown to date. These 
characteristics are necessary as baseline for monitor-
ing and establish effective management strategies. For 
instance, investigating melanism add more perspective 
into the global documentation and may contribute to a 
better understanding of the underlying evolutionary ori-
gin of this trait. Similarly, revealing the proportion and 
the origin of injuries in a population help identifying key 
areas where conservation measures are required to ensure 
more effective protection. Finally, high site fidelity and 
limited connectivity were demonstrated through satellite 
telemetry and genetics in New Caledonia, yet long-term 
analysis of these trends are lacking, and the use of photo-
identification will complete and help verify these findings 
over several years.

Our study aimed to provide a first insight into the popu-
lation size, sex ratio, incidence of melanism, injury and 
predation rates, as well as patterns of connectivity, site 
fidelity and residency of reef manta rays of New Caledo-
nia. We analysed decades of compiled photo-identifica-
tions data collected through both scientific surveys and 
citizen scientists photographs from known aggregation 
sites around the archipelago.

Methods

Study sites

The archipelago of New Caledonia is divided into a so-
called Main Island surrounded by the second largest bar-
rier reef in the world (1660 km in length) and islands in 
the south (Isle of Pines), east (Loyalty Islands) and north 
(Belep Island). We chose to focus our data collection 
efforts at three main study areas (Fig. 1): Noumea, Touho 
and Ouvea. Noumea is in the south-eastern part of the 
Main Island and includes two aggregation sites along the 
barrier reef, approximatively 20 km off the coast: Dumbea 
Channel, a feeding station, and Boulari Channel, a clean-
ing station (24 km apart). Several dive clubs and other 
tourist operators from Noumea visit these sites daily. 
Touho is located in the northeast of the Main Island. Only 
one aggregation site in this area, a cleaning station, which 
is located on the barrier reef less than 5 km off the coast, at 
the northern tip of the Great Channel of Touho. This site is 
a 15- to 20-m-deep reef flat with several cleaning stations 
aggregating manta rays year-round. A dive club was pre-
sent almost daily on the site between 2014 and 2017 before 
its operation ceased, after which nearly no visitors came 
to this site besides the authors. Ouvea is the most north-
erly of the Loyalty Islands, 90 km off the Main Island and 
separated by a 2000 m deep channel. There are two known 
aggregation sites: one located along the Southern reefs 
and the other at the Northern reefs of the island, called 
the Pleiades, that enclose the lagoon of Ouvea. These two 
sites are mainly cleaning stations with occasional feeding 
on the reef crest at a depth of 10 to 15 m. Tourist opera-
tors regularly frequent these cleaning stations on Ouvea. 
These three study areas were selected among others based 

Fig. 1  Sighting locations of 
reef manta rays (M. alfredi) in 
New Caledonia, South Pacific 
(inset) recorded by photo-
identification between 1993 and 
2020. The red line indicates the 
EEZ of New Caledonia. Stars 
indicate sites included in the 
dataset. Triangles indicate sites 
mentioned in the study but not 
in the dataset
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upon two factors. First, these were the areas where reef 
manta rays are photographed the most due to the regular 
presence of tourist operators that ease the access to the 
sites for both recreational divers and scientists. Second, 
these areas, being distributed across New Caledonia, give 
a broad view of the connectivity within the archipelago. 
All other sites are defined as secondary in this study since 
data were scarcer and the authors were not able to com-
plement the sampling effort. Data at these sites are only 
based on opportunistic collection of photo-identifications 
by citizen scientists, with no standardised surveys per-
formed directly by the authors at these locations.

Data collection

Reef manta rays’ photographs were collected either while 
SCUBA diving or free diving through the combination of 
opportunistic observations from local tourist operators, dive 
clubs, spearfishers and other users of the sea, and surveys 
performed by the authors. On the one hand, photographs 
were gathered from citizen scientists via communication 
campaign was launched in 2016 by the ‘Manta Initiative 
in New Caledonia’ program (www. faceb ook. com/ initi ative 
manta NC), a collaboration between The Manta Trust (www. 
manta trust. org), Conservation International (www. conse 
rvati on. org) and the Aquarium des Lagons (www. aquar 
ium. nc). This program aims to inform and promote citi-
zen science in order to collect all already available images 
and encouraging everyone to participate by capturing new 
photographs. A training was offered to the dive club rep-
resentatives, and they promoted the initiative by involving 
the customers. Communication materials were broadcasted 
to explain the photo-identification process and the condi-
tions required to participate. Citizen science has been used 
in many studies to gather information on population char-
acteristics of reef manta rays around the world (e.g. East 
Australia, Couturier et al. 2014, Indonesia, Germanov et al. 
2019, French Polynesia, Carpentier et al. 2019). In order to 
account for the inconsistent sampling effort through time 
and enable comparisons between sites, we measured the 
sampling effort variable in ‘sighting days’ when at least one 
reef manta rays sighting was recorded at each site. On the 
other hand, the authors performed surveys at the three main 
sites between 2017 and 2020 at different periods of the year 
(Table S1). Sampling was opportunistic based on boat and 
staff availability A

Images were captured while SCUBA diving or free diving 
using underwater digital cameras. A team of 2–4 divers sur-
veyed a site for a minimum of two dives when using SCUBA 
and between 4 and 8 h when free diving. The photographs 
that generated the data used for this study were collected 
from different periods depending on site. In Noumea, the 
earliest photograph was captured in 1993 and the latest was 

in December 2020. In Touho, the photographs were taken 
between January 2014 and August 2020. Photographs from 
Ouvea were dated from January 2005 to August 2020. Data 
collected at secondary sites ranged from 2017 to January 
2020 in Mare, from January 2008 to November 2020 in 
Lifou, from 2003 to July 2020 in the Ile of Pines, from June 
2019 and July 2020 in Boulouparis, from February 2015 and 
November 2017 in Bourail, from March 2010 and August 
2019 in Pouembout, from March 2017 and 2019 in Ouano, 
and from September 2011 in Poindimie (Table S1).

Photo‑identification data processing

A New Caledonian database was built in 2016 with iden-
tification entries only generated from photographs with a 
clear distinction of the spots and other patches located on the 
inter-brachial and sub-abdominal areas on the ventral surface 
of the animals. In addition, only photo-identifications with 
a precise date and location were entered in the database. All 
photographs that did not comply with these conditions were 
not retained at all in the database. Additional distinctive 
wound marks were also used to assist in the identification 
process. A sighting event constitutes a positive identification 
of an individual. Re-sightings of a known individual were 
recorded when the identification occurred at least 24 h after 
the previous identification (Marshall 2008). Two encounters 
of the same individuals but at two different sites within the 
same day would be considered as a re-sighting. The iden-
tification was processed visually by the author comparing 
the new photographs to the photo-identifications of each 
individual already recorded in the database. Once identi-
fied, distinctive characteristics such as the sex, the colour 
morph and injuries were recorded from all available images 
(following Marshall et al. 2011). The sex was determined 
by the presence or absence of claspers for male or female 
individuals, respectively (following Marshall et al. 2011). 
The maturity stage was classified threefold: newborn, juve-
nile and adults. Newborns were identified with unmarked 
body with no scratches (Marshall and Bennett 2010a, b) 
and the presence of creases along the junction between the 
pectoral fins and the body (Marshall 2008). Juvenile males 
were identified when claspers are not fully developed, and 
juvenile females were individuals bearing no mating scars on 
the pectoral fins. Finally, adults were males with fully devel-
oped claspers and females with mating scars. The presence 
of injuries was also recorded and marks of predators and 
of anthropogenic origin were distinguished independently, 
when possible, among all injuries. Predation attempts were 
identified by the appearance of clear shark bites (Marshall & 
Bennett 2010a) and/or the tail cut, while damaged or miss-
ing cephalic fins, clear cuts on the frontal edge of the body 
and/or clear propeller marks (Carpentier et al. 2019) were 
identified as being of anthropogenic origin. Maturity and 

http://www.facebook.com/initiativemantaNC
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disc width were also recorded but since the data showed high 
discrepancy among observers, we decided not to include 
them in our analyses.

Abundance estimations

Our approach to estimate the abundance of reef manta 
rays at each site is based on the method to estimate spe-
cies richness through species accumulation curves. Fol-
lowing the Baker et  al. (2006) approach, species dis-
covery curves can be derived to the individual level to 
determine whether a population has been fully enumer-
ated and estimate abundance of partially enumerated pop-
ulations. In this study, we used the cumulative number 
of reef manta ray individuals identified at a given site 
plotted against cumulative field effort for this analysis, 
the dataset was confined to only periods when sampling 
effort was the highest and the most consistent: from 2017 
to 2020 for Noumea and Ouvea, and 2014–2015 for Touho 
(Table S1). In addition, the abundance was only estimated 
at these three sites since only at these locations the effort 
was consistent enough to run this analysis. For this 
approach to be valid, assumptions require to be met: (1) 
observers continuously attempt to identify new individu-
als throughout the period; (2) all manta rays have equal 
chance to be identified; and (3) there are no significant 
additions to the population during the period that would 
cause true abundance to raise (Baker et al. 2006). In other 
words, the rate at which new individuals are discovered 
per unit effort should decline with time. The first assump-
tion was met by confirming that at these sites during these 
particular periods, observers were trained and identified 
all reef manta rays present. For the second assumption, 
these sites are all cleaning stations and, being key habi-
tat for reef manta rays, all individual of an area should 
be available to be identified given a sufficient sampling 
effort. The third assumption is met based on the fact that 
the number of manta rays that were born or died during 
the period prior to being identified is negligible.

Discovery curves of the cumulative number of indi-
viduals per sampling effort unit (days) were generated 
for each site using the Sample rarefaction (Mao’s tau) 
function (Colwell et al. 2004) implemented in the PAST 
4.03 software (Hammer 2001). A total of five non-linear 
models (listed in Table S2) proposed within the Non-lin-
ear fit function in PAST were fit to our data by following 
Levenberg–Marquardt optimization and the best-fit model 
was chosen using the smallest AIC value (Table S2). 
Abundance estimates were indicated by the asymptote 
of the curve and 95% confidence intervals were based on 
1999 bootstrap replicates (default value of the program).

Site fidelity and residency analysis

We investigate site fidelity using individual sighting his-
tories such re-sighting rates and lengths of re-sightings 
periods. Based solely on sightings, our data do not allow 
us to know whether an individual stayed at or left a site 
between two sightings. Thus, we analysed residency, the 
uninterrupted occupation of an area by an individual dur-
ing a given period, using models. Residency models, or 
models of lagged identification rates (LIR), defined as the 
probability of resighting an individual after a variable lag 
time, were fitted to our resighting data to compare patterns 
between sites. These statistical models are appropriate with 
the analysis of opportunistically sampled data, as it uses the 
recapture data to infer sampling effort (Whitehead 2001). 
Several studies used these statistical models on manta rays 
(Deakos et al. 2011; Germanov et al. 2019; Carpentier et al. 
2019), whale sharks (e.g. Ramírez-Macías et al. 2012; Rob-
inson et al. 2016; McCoy et al. 2018), and marine mam-
mals (Whitehead 2001; Chabanne et al. 2017). We used the 
SOCPROG2.9 software (Whitehead 2009) to calculate LIR 
data and compare them to eight models with different closed 
and open population scenarios that includes variables such 
as emigration, mortality, and re-immigration (Table S3). 
In this case, the dataset was confined to only those periods 
when sampling effort was the highest and the most consist-
ent from both, the authors and citizen scientists: from 2017 
to 2020 for Noumea and Ouvea, and 2014–2015 for Touho 
(Table S1). For each site, the best-fit model was chosen by 
selecting the lowest value from the Akaike information cri-
terion (AIC), when no overdispersion occurs in the data, 
or the quasi-Akaike information criterion (QAIC) when 
overdispersion occurs in the data. The differences in AIC 
or QIAC values between the best-fit model and any other 
ones (∆AIC or ∆QAIC) provide an indication of how the 
data support other models based on the following results 
(Whitehead 2007): ∆AIC or ∆QAIC < 2 = substantial sup-
port; ∆AIC or ∆QAIC 4 – 7 = considerably less support; 
and ∆AIC or ∆QAIC > 10 essentially no support. All chosen 
models were then bootstrapped 1999 times (default value 
of the program) to calculate standard errors (SE) and 95% 
confidence intervals (CI).

Statistical analysis

The comparisons of sex ratio, maturity stages, ratio of 
normal chevron colored vs melanistic individuals for each 
site and potential sex bias in movements were tested using 
Chi-squared (χ2) goodness of fit tests. Injury and attempted 
predation rate data were also compared using Chi-squared 
(χ2) tests for contingency tables to assess the relationship 
between these variables and the sex at each site. Differences 
in mean numbers of re-sighting events, mean re-sighting 
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period and re-sighting events per individual were tested 
using analysis of variance (ANOVA). Student t-tests (equal 
variances) and Welch’s t-tests (unequal variances) were used 
for pairwise comparisons of means. Levene’s tests were used 
to test the homogeneity assumptions.

Results

Sampling effort

Sampling effort, as measured by number of sightings days 
with at least one sighting event, was not evenly distributed 
through locations and time at all sites in New Caledonia. 
Spatially, of a total of 654 sightings days, the largest sam-
pling effort (91% of all sightings days) occurred at the three 
main study sites: Noumea (56.6%, 370 days), Touho (22.9%, 
150 days) and Ouvea (11.5%, 75 days), while sampling effort 
at secondary sites ranged from 0.2% (1 day) at Poindimie 
and Bourail to 4.3% (28 days) at Mare. Temporally, these 
654 sightings days were unevenly distributed from 1993 to 
2020 (Table S1A). In Noumea (N = 370 days) and Ouvea 
(N = 75 days), most of the sampling effort was conducted 
between 2017 and 2020, with 55.7% and 85.3% of the total 
effort at these sites, respectively. In Touho (N = 150 days), 
sampling effort was the highest in 2014 and 2015, represent-
ing 85.3% of the total effort. This sampling heterogeneity 
was taken into account when analysing temporal and spatial 
patterns in our manta sightings as reported below.

Sightings distribution

A total of 1741 sighting records consisting of at least one 
photograph suitable for identification were collected from 
1993 to 2020 for the reef manta ray. Photographs were taken 
by citizen scientists (85.6%) between 1993 and 2020 and 
the authors (14.4%) between 2017 and 2020 (Table S1B). 
These sightings originated from 11 sites around the archi-
pelago of New Caledonia, although 94.4% were recorded 
at the three main study sites of Noumea, Ouvea and Touho. 
Noumea had the highest percentage of sightings (48.9% of 
total), with 851 sightings recorded in 370 days between 1993 
and 2020. In Touho, 591 sightings were recorded in 150 
days between 2014 and 2020, with 81% of those sightings 
recorded in 2014 and 2015 when a tourism boat was opera-
tional there. In Ouvea, we recorded 206 sightings from 75 
days between 2014 and 2020, with 80.1% collected since 
2017. At the eight secondary sites, a total of 93 sightings 
were recorded since 2003 in 59 days of successful survey 
effort. Mare and the Isle of Pines accounted for 37 and 27 
sightings in 28 and 15 days, respectively, while the six other 
sites combined produced a total of 29 sighting events in 16 
days. The average number of sightings per sampling effort 

unit was significantly different between sites (F(3,653) = 27.1, 
p < 0.001). The highest rate was recorded in Touho with 3.9 
individuals per day and the lowest was in Noumea with 
2.3, while in Ouvea the rate was 2.7 individuals per day 
(Table 1). When all data were pooled across New Caledonia, 
there was no significant difference in the number of males 
and females sighted (χ2

(1, N = 1741) = 1.71, p > 0.05).

Individuals per site and estimated abundance

Using photo-identification, off the 1741 sightings, we 
recorded 391 reef manta ray individuals throughout the 11 
known aggregation sites in New Caledonia. In Noumea, 
we counted a total of 153 reef manta rays at two aggrega-
tion sites: 82.3% at Boulari channel and 17.7% at Dumbea 
channel, with 14.4% of the Noumea individuals observed at 
both sites. In Touho, the total count was 72 reef manta rays, 
while in Ouvea, we recorded 116 individuals from two sites: 
Northern (16.5%) and Southern Pleiades (83.5%) with 13.3% 
observed at both sites. From the eight secondary sites we 
recorded a total of 66 individuals. Individual counts varied 
from one (in only one sighting) in Poindimie to 20 from both 
Mare and the Isle of Pines for 37 and 27 sighting events, 
respectively (Table S1).

The discovery curves describing the cumulative number 
of individuals recorded over time did not reach an asymptote 
for any of the sampling sites, indicating that these counts did 
not represent the whole population (Fig. 2). However, the 
curves for most sites, and especially for Touho and Noumea 
population, showed a slight decline in accumulation rate, 
suggesting that extrapolation to an asymptote might pro-
vide an abundance estimate (Baker et al. 2006). The best-
fitting model (Table S2) for the Noumea and Touho was 
Hill’s equation and reached its asymptote at 252 [CI 210, 
265] and 94 [74, 97] individuals, suggesting that, based on 
the current number of identified individuals, 60.7% [57.7, 
72.9] and 76.6% [74.2, 97.3] of these groups were sampled, 
respectively. In Ouvea, the Michaelis–Menten model best-
fitted the data and reached its asymptote at 238 [238, 239] 
individuals, suggesting that 47.5% [47.4, 47.6] of the popu-
lation was sampled.

Re‑sighting rate and residency

A total of 222 reef manta rays (56.8%) of New Caledo-
nia (N = 391) were re-sighted at least once (Table 1). In 
New Caledonia, the average resighting period, between 
the first and last sighting event for a given individual, was 
1467 ± 1507 days (approximatively 4.0 ± 4.1 years). The 
longest re-sighting period was recorded for an adult male 
sampled in Noumea with 9997 days (approximatively 
27.4 years) between the first observation in 1993, already 
adult at the time, and the last in 2020. Among the three 
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main study sites, the site fidelity was the highest in Touho 
(N = 72) with 76.4% of individuals resighted at least once 
in 150 days of sampling and the lowest in Ouvea (N = 116) 
with 44.8% of individuals resighted in 75 days (Table 1). 
In Noumea (N = 153) 59.5% of individuals were resighted 
at least once in 370 days. On average each individual was 
resighted 9.1 ± 11.5 times, with a mean resighting period 
of 1947 ± 1776 days (approximatively 5.3 ± 4.9 years). 
The individual with the most re-sightings was an adult 
female recorded 64 times in 370 sightings days, with a 
resighting period of 4953 days (approximatively 13.6 
years). In Touho (N = 72), 53 manta rays were observed 
more than once. On average, individuals from this site 
recorded 10.5 ± 9 re-sight events with a resighting period 
of 1196 ± 764 days (approximatively 3.3 ± 2.1 years). The 
most re-sighted individual was an adult male recorded 35 
encounters in 50 sightings days within a period of 4596 
days (approximatively 12.6 years). In Ouvea (N = 116), 45 
manta rays were observed more than once. The number of 
re-sighting events was 3.3 ± 2.5 times on average and the 
mean re-sighting period of 1021 ± 1362 days (approxima-
tively 2.8 ± 3.7 years). At this site, the maximum number 
of sightings was recorded for an adult male with 17 times 
in 75 sightings days over a period of 202 days. Finally, 
of the eight remaining sites, Mare (N = 20) and Isle of 
Pines (N = 14) counted eight and seven individuals that 
were sighted more than once, respectively. The average of 
re-sighting events per individual was 3.1 ± 1.4 and 3.8 ± 2 
times with mean re-sighting period of 366 ± 63 days 
and 1345 ± 1429 days (approximatively 3.7 ± 3.9 years), 
respectively. The most re-sighted manta rays were both 
adult females with eight and six sighting events within 

428 and 1153 days (approximatively 1.2 and 3.2 years), 
respectively.

The observed mean Lagged Identification Rate (LIR) 
shows the probability of re-sighting an individual after a 
variable lag time. Using the sightings data from each site, 
LIR revealed long-term residency as all trends indicated a 
levelling off over long-time lags (Fig. 3).

Lagged Identification Rate (LIR), calculated within each 
study site, showed a net decrease at time lags from 1 to 
approximatively 200 days at Touho and to approximatively 
100 days at Noumea and Ouvea. Following this decrease, 
the LIR showed slight increase after approximatively 370 
days in Noumea, 340 days in Touho, and twice, after 100 
days and 390 days in Ouvea. This suggests that the manta 
rays stayed seasonally in the site. The LIR then remained 
stable at increasing time lags indicating the return of these 
individuals to the site in the following months. Models fit-
ted to the LIR substantially supported the data based on the 
∆QAIC (< 2) for Noumea and Ouvea (due to over-dispersion 
in the data) and the ∆AIC (< 2) for Touho (no over-disper-
sion in the data) (Table 2). The model H consisting of the 
following parameters: emigration, re-immigration and mor-
tality (includes permanent emigration) was the best fit for 
Noumea and Touho. On average, a daily abundance of 20.83 
(± SE = 3.72; 95% CI 14.94–29.94) and 22.40 (± SE = 4.08; 
95% CI 12.16–28.01) manta rays may be found within the 
site of Noumea (N = 104) and Touho (N = 61), respectively. 
These individuals were estimated to occupy these sites for 
periods of 31.47 (± SE = 15.52; 95% CI 9.03–72.62) and 
139.57 (± SE = 53.14; 95% CI 7.04–171.04) days and be 
away for periods of 23.68 (± SE = 8.34; CI 10.24–43.70) and 
175.57 (± SE = 686.69; CI 5.74–959.69) days, respectively. 

Fig. 2  Discovery curves of 
the cumulative number of 
individuals of reef manta rays 
(M. alfredi) identified over the 
number of days of sighting 
events at main areas in New 
Caledonia: Noumea, Touho, 
Ouvea between January 1993 
and December 2020 (black 
parts).Gray parts of the curves 
are model projections and dot-
ted lines are 95%CI
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The mortality rates were negligible for both sites since val-
ues were close to zero (< 0.001). Models E and F best fitted 
the data from Ouvea (N = 96). The model F revealed a daily 

abundance of 39.79 (± SE = 13.94; 95% CI 18.89–73.84) 
manta rays. Residence times for individuals in Ouvea could 
not be estimated with precision with the model F as the 
sampling size was too small, and mortality estimated by 
the model E was also negligible (< 0.001). Other models 
also explained the data to a lesser degree (∆QAIC or ∆AIC 
between 4 and 7) and indicated similar results (Table S3).

Connectivity

A total of 21 reef manta rays (5.4%) have been observed at 
two or three different sites. Among these 21 individuals, six 
recorded two movements between sites and one recorded 
four (Fig. 4; Table S4). Overall, there were no distinguish-
able routine movement patterns. These movements were 
recorded by 10 males and 11 females, with no significant 
bias in the sex ratio (1.0: 1.1, χ2

(1, N = 21) = 0.04, p > 0.05) and 
four (19%) were juveniles. The two sites with the highest 
number of rays connecting at least once were between two 
areas on the same coastline: Noumea and Touho (approxi-
matively 320 km shortest distance through the water) with 
five individuals and time interval between re-sighting rang-
ing from 141 to 2328 days. Two of them made the return trip 
from Noumea to Touho within a minimum time interval of 
354 and 567 days. Three manta rays were sighted at both 
Touho and Ouvea, with the two areas being located approxi-
matively 115 km apart and with a 2000-m-deep channel in 
between. Two of them connected from Ouvea to Touho and 
one from Touho to Ouvea. Six manta rays were sighted at 
the Isle of Pines and either Touho (N = 3, approximatively 
300 km shortest distance through water) or Noumea (N = 3, 
approximatively 100km). Connections between the Isle of 
Pines were observed in both directions with time intervals 
ranging from 89 to 446 days between sightings at the two 
sites. Only two individuals were recorded moving from 
Ouvea to Noumea (approximatively 260 km). Only two indi-
viduals were sighted at 3 sites. One connected from Lifou 
to Ouvea to Noumea and the other moved from Poindimie 
to Touho to Noumea. Only the individuals sighted in Mare 
(N = 20) were not sighted at another site during the study 
period.

Injuries and attempted predations (or bite marks)

Of the total of 391 identified reef manta rays in New Cal-
edonia, 175 (44.8%) had noticeable wounds or injuries 
(Fig. 5). Among these individuals (N = 175), the majority 
(67.4%) showed marks of natural predation attempts, while 
9.8% had injuries assumed to be of anthropogenic origin. 
Off the total of reef manta rays (N = 391), this translates 
to 116 (29.2%) individual that bore bite-related injuries 
and 17 (4.3%) had injuries assumed to be of anthropo-
genic origin. The origin of the injuries of the remaining 

Fig. 3  Lagged identification rates (LIR ± SE) of reef manta rays (M. 
alfredi) from each of the main study areas: Noumea (N = 104; 2017–
2020), Touho (N = 61; 2014–2015) and Ouvea (N = 96; 2017–2020. 
Best-fitting models for each area are denoted in Table S4
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42 (22.8%) individuals could not be identified. There was 
no significant difference in the proportions of males and 
females injured (χ2

(1, N = 170) = 0.14, p > 0.05), and neither 
was there a difference between sex in signs of attempted 
predation (χ2

(1, N = 118) = 0.51, p > 0.05). Between sites, sig-
nificant differences were observed when comparing the 
proportions of injured (χ2

(3, N = 175) = 22.7, p < 0.001) and 
predated (χ2

(3, N = 170) = 48.6, p < 0.001) manta (Fig. 5). 
Ouvea (N = 116) and Touho (N = 72) each had a signifi-
cantly higher proportion of injured individuals with 54.3% 
and 52.8%, respectively, than Noumea (N = 153) with 

38.6%. The proportion of manta rays recorded with bite 
marks was significantly higher in Ouvea (43.1%) than in 
Noumea (23.5%) (χ2

(1, N = 86) = 11.6, p < 0.001). The dif-
ferences in proportions of predated individuals between 
Touho (33.3%) and the two other sites were not signifi-
cantly different. Pooling the data from the other remain-
ing sites (N = 68) into an “Other Sites” category, both the 
proportion of injured manta rays (21.4%) and the percent-
age of predated individuals (10.7%), were significantly the 
lowest compared to the three main sites.

Table 2  Maximum-likelihood values for parameters corresponding to each model fitting photographic sighting data of reef manta rays of New 
Caledonia for the three main study sites: Touho (2014–2015, Noumea (2017–2020) and Ouvea (2017–2020)

Numbers between brackets indicate 95% confidence intervals

Study sites Fitted models Community size Mean time in Mean time out Mortality Emigration rate Proportion of 
population in

Noumea (N = 104) H (∆QAIC = 0) 20.83 (14.94–29.94) 31.47 (9.03–72.62) 23.68 (10.24–43.70) 0.00
Touho (N = 61) F (∆AIC < 2) 21.7057 (13.73–

29.21)
114.24 (9.34–

318.54)
78.27 (10.05–

275.10)
H (∆AIC = 0) 22.4007 (12.16–

28.01)
139.57 (7.04–

171.04)
175.57 (5.74–

959.69)
0.00 0.00

Ouvea (N = 96) C (∆QAIC < 2) 77.90 (56.65–
115.19)

0.00 0.5

D (∆QAIC < 2) 77.9169 (56.71–
115.26)

1168.42 (522.51–
4621.88)

E (∆QAIC = 0) 0.00
F (∆QAIC = 0) 39.79 (18.89–73.84) 32.54 (1.68–927.16) 69.48 (8.013–

2.87 ×  1024)
H (∆QAIC < 2) 39.42 (13.09–63.77) 28.2164 (0.36–

157.13)
42.50 (0.59–452.39) 0.00

Fig. 4  Movements recorded 
with re-sightings of photo-
identification of reef manta rays 
(M. alfredi) between sites in 
New Caledonia. Double headed 
arrows indicate movement(s) 
recorded for both ways
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Sex ratio

Of the 391 reef manta rays recorded from New Caledo-
nia, 50.4% were identified as females, 44% as males and 
5.6% were undetermined (Table 1). This male: female ratio 
(1.0:1.15) showed no significant bias (χ2

(1, N = 391) = 2.84, 
p > 0.05). Noumea (N = 153) was the only site with a 
significantly biased sex ratio towards females (1.0:1.47, 
χ2

(1, N = 153) = 5.42, p < 0.05), though we noted that 10 indi-
viduals from this site were unsexed. In Touho, Ouvea and 
all the remaining sites, we did not find any significant dif-
ferences in the numbers of males to females. Touho had 
34 males, 35 females and 3 unsexed individuals (1.0:1.03, 
χ2

(1, N = 72) = 0.14, p > 0.05); Ouvea had 60 males, 50 
females and 6 unsexed rays (1.2:1.0, χ2

(1, N = 116) = 1.17, 
p > 0.05) and all the eight remaining sites combined had 
22 males, 31 females and 3 unsexed individuals (1.0:1.41, 
χ2

(1, N = 68) = 1.61, p > 0.05).

Melanism

Overall (N = 391 individuals), there were significantly 
more chevron-coloured reef manta rays (57.0%) than mela-
nistic ones (43.0%) (1.33:1.0, χ2

(1, N = 391) = 7.74, p < 0.01) 
(Table 1). However, this trend was significant only among 
individual from Noumea, with 58.2% chevron and 41.8% 
melanistic manta rays (1.39:1.0, χ2

(1, N = 153) = 4.08, 
p < 0.05), but not in Touho (1.25:1.0, χ2

(1, N = 72) = 0.35, 
p > 0.05) and Ouvea (1.0:1.0, χ2

(1, N = 116) = 0, p = 1), where 
there was no significant bias in the ratio of colour morphs.

Maturity stage

Over the total of reef manta rays identified (N = 391), by the 
end of this study (2020), 80.8% were adults while 16.6% 
were juveniles. The maturity stage of the remaining 2.6% 
could not be identified. Off the 316 adults, only five indi-
viduals were first sighted as juvenile and re-sighted later 
as adults. Among the juveniles, none were identified as 
new-born. The average period between the first sighting as 
a juvenile and the first sighting as an adult is 1170.4 ± 598 
days (approximatively 3.2 ± 1.6 years). Among the adults, 
there was no significant differences in the numbers of males 
to females (1.0:1.0, χ2 (1, N = 302) = 0.01, p > 0.05) Off the 
65 juveniles, the number of females was significantly higher 
than the number of males (1.0:2.2, χ2 (1, N = 65) = 8.88, 
p < 0.01), with twice as much females than males. Among 
sites, a significative difference in the proportion of juveniles 
was recorded (χ2 (1, N = 65) = 13.7, p < 0.01) with the high-
est identified in Noumea (N = 153) with 24.5%, and the low-
est in Ouvea with 6%. In Touho (N = 72), 10 juveniles were 
counted. Finally, out of the eight remaining sites, juveniles 
were sighted at five of them for a total count of 11 individu-
als, including that 6 were recorded in Mare.

Discussion

This study provides the first insight into the population 
characteristics, movements, and occurrence patterns of 
reef manta rays in New Caledonia through the collection 
of photo-identifications provided in major part via citizen 

Fig. 5  Percentages of males 
and females reef manta rays (M. 
alfredi) bearing one or more 
injuries (left) and attempted pre-
dation marks (right) at all sites 
in New Caledonia (N = 391): 
Noumea (N = 153), Touho 
(N = 72), Ouvea (N = 116) and 
Other sites (combining Mare, 
Isle of Pines, Lifou, Pouembout, 
Boulouparis, Ouano, Bourail 
and Poindimie, N = 68). Letters 
indicate pairwise significative 
differences (p < 0.05) in propor-
tion of injured or predated 
individuals between sites
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science. We describe strong and long-term site fidelity 
among studied sites and limited connectivity between them. 
We also report the presence of reef manta rays in most parts 
of the archipelago with the highest proportion of melanistic 
individuals documented worldwide to date.

Sampling effort and sighting distribution

Reef manta rays were sampled at various locations (N = 11) 
scattered around New Caledonia territory. While this pro-
vides an indication that manta rays are largely distributed 
in New Caledonian coastal waters, this only describes the 
data generated through filed surveys and mainly citizen sci-
ence, and thus, does not account for all individuals located 
at sites that remained unsampled. The Exclusive Economic 
Zone of New Caledonia expand over 1,422,543  km2, home 
to numerous islands and reefs that are potential habitats for 
reef manta rays. A campaign of aerial surveys (Laran et al. 
2016) of marine megafauna (including manta rays) over New 
Caledonia waters, undertaken in 2014, confirmed the pres-
ence of manta rays at isolated reefs, such as Petrie Reef and 
Astrolabe Reefs, at other islands, such as Belep Islands, and 
other locations along the Main Island (Laran et al. 2016). 
Increasing and geographically extending our sampling effort 
by reaching more observers at these locations will help pre-
cise the distribution of the population.

Individual count and estimated abundance

The overall individual count from data collected from 
1993 to 2020 (in 654 days) at 11 sites around New Caledo-
nia consisted of 391 reef manta rays. Locally, the current 
count in Noumea represents almost two thirds of the model 
estimation although sampling effort at this site was two 
times higher than it was at Touho. In comparison, the total 
number of individuals identified in Touho constitutes three 
quarter of the estimated abundance. In Ouvea, since the 

discovery curve did not show a decline which suggest that 
that extrapolation to an asymptote might provide biased 
estimation (Baker et al. 2006). These results combined 
with evidence of strong site fidelity (see paragraph 4.3), 
suggest that the population could be structured into mul-
tiple partially independent groups. This finding correlates 
with both results recorded via satellite telemetry (Lassauce 
et al. 2023) and genetic analyses (Lassauce et al. 2022) 
which revealed strong site fidelity pattern for reef manta 
rays in New Caledonia. This prevents us from investigating 
manta ray population size of New Caledonia as a whole, 
sampling all aggregation sites in New Caledonia would 
require a sampling effort beyond our logistic capacities. 
Global effort to estimate individual counts vary greatly 
among location (Table 3) from the largest documented 
population in the Maldives with 4,411 individuals counted 
in 54,605 sightings over 12 years (Harris et al. 2020) to 
a minimum of 305 reef manta rays in 11,111 sightings in 
Southern Japan (Kashiwagi 2014). In comparison to these 
previous findings, our results seem to indicate that New 
Caledonia is home for a rather small population, but these 
estimates could be in great part reviewed by increasing 
the sample size in this archipelago. In addition, the small 
proportion of juvenile identified in this study indicates that 
a segregation based on maturity stages is occurring in the 
use area. On this regard, Setyawan et al. (2022) present 
example of how to separately estimate the populations of 
reef manta rays in two different areas, taking into account 
varying survey efforts (which may influence sighting prob-
ability) and environmental conditions. Further efforts to 
estimate abundance and assess demographic dynamics 
should rather be concentrated at each known aggrega-
tion site using more robust modelling approaches based 
on regular and more intensive sampling effort (Deakos 
et al. 2011; Marshall et al. 2011; Couturier et al. 2014) or 
genetic analysis (Venables et al. 2021).

Table 3  Non-exhaustive list of reef manta rays (M. alfredi) population counts

Location Individual count Sighting count Years of monitoring Reference

Maldives 4411 54,605 2005–2017 Harris et al. (2020)
Southern Mozambique 1176 – – Venables et al. (2019)
Seychelles 252 – – Peel et al. (2020)
Western Australia 1121 5146 2006–2018 Armstrong et al. (2020)
Nusa Penida, Bali 624 5913 Germanov et al. (2019)
Komodo National Park, Indonesia 1176 – – Venables et al. (2019)
Bird’s Head Seascape, Indonesia 1375 4052 2004–2019 Setyawan et al. (2020)
Southern Japan 305 11,111 – Kashiwagi (2014)
French Polynesia 317 1347 2001–2017 Carpentier et al. (2019)
Hawaii 309 1494 – Deakos et al. (2011)
New Caledonia 391 1741 1993–2020 This paper
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Site fidelity and residency

Site fidelity as defined by Chapman et al. (2015) or site affin-
ity as defined by Couturier et al. (2014) is characterised by 
the return of an individual to a previously occupied site after 
an absence as long as or longer than the residency period. 
This behaviour is common and has been documented for 
elasmobranchs (Bansemer & Bennett 2009, 2011; Hearn 
et al. 2010; Bessudo et al. 2011; Chapman et al. 2015). The 
habitat use and home range vary depending on the mobility 
capacity of a species (Chapman et al. 2015).

The present study shows high levels of site fidelity with 
rates ranging from 43 to 75% of the manta rays sighted 
more than once within an average re-sighting period of 
four years. The longest re-sighting period in this study 
reached over 27 years. The time interval between the first 
and last sighting event for a given individual (i.e. re-sight-
ing period as per Marshall 2008) is strongly influenced by 
sampling effort, which in our study is inconsistent through 
time and among areas. However, it remains an indicator 
of a high tendency for reef manta rays to remain or return 
to a specific site. This observation was also supported by 
the lagged identification rate analysis which indicated 
that some individuals occupied a site following emigra-
tion and re-immigration patterns with the tendency to 
remain at or return to the same site (Whitehead 2009). 
Results of genetic analysis on this population also con-
verge with these conclusions (Lassauce et al. 2022). In 
fact, genetic differentiation was detected between the stud-
ied sites suggesting limited migration and assortative mat-
ing (Lassauce et al. 2022). Similarly, in Hawaii, genomic 
analysis between small island populations revealed high 
residency. Previous research indicated that reef manta rays 
were able of large-scale movements across different types 
of habitats: continuous (along coastlines; e.g. Armstrong 
et al. 2019) or fragmented (between island chains; e.g. 
Germanov & Marshall 2014). However, these movements 
do not reflect a homogeneous use of the whole extend 
of the potential home range. Instead, the reef manta ray 
tends to concentrate their movements within preferential 
sites as described through the use of satellite telemetry 
in New Caledonia (Lassauce et al. 2023) and in various 
studies around the world (e.g. Hawaii Deakos et al. 2011; 
Mozambique Marshall 2008; Red Sea, Braun et al. 2015; 
Indonesia, Germanov et al. 2019, Setyawan et al. 2020; 
French Polynesia, Carpentier et al. 2019). In comparison 
to our findings, the highest re-sighting rate was reported 
in Maupiti, French Polynesia, where 90% of the individu-
als were sighted more than once (N = 51, Carpentier et al. 
2019). In Nusa Penida, Indonesia, Germanov et al. (2019) 
recorded a re-sighting rate of 82% (N = 624). In Maui, 
Hawaii, Deakos et  al. (2011) found 73% (N = 290). In 
Bird’s Head Seascape, Indonesia, Setyawan et al. (2020) 

counted 46.7% (N = 1,375) and Couturier et al. (2014) doc-
umented 63% at Lady Elliot, East Australia (N = 716). In 
addition, investigations on the genetic structure of popula-
tions of reef manta rays in archipelago showed fine scale 
differentiation in New Caledonia (Lassauce et al. 2022) 
and Hawaii (Whitney et al. 2023). These results indicates 
that the population of New Caledonia can be described as 
a metapopulation. As defined by Akçakaya et al. (2007), 
the term “metapopulation” indicates a set of geographi-
cally discrete sub-populations occupying the same region 
among which exchanges of individuals are limited. This 
hypothesis was also suggested by Setyawan et al. (2020) to 
describe the population of reef manta rays in Rajat Ampat, 
Indonesia.

Habitat selection is based on highest quality and suit-
ability, thus, factors as the cost of changing territories 
and the heterogeneity in territory quality would result in a 
greater site fidelity (Switzer et al. 1993). Reproductive suc-
cess is often the main driver to qualify high suitability of 
the habitat. As aforementioned (see previous paragraph), 
the life history of reef manta rays highly depends on their 
foraging success resulting in the species spending most 
of their time foraging or in search for foraging grounds 
(Dewar et al. 2008; Anderson et al. 2011a, b; Jaine et al. 
2012; Couturier et al. 2011, 2012, 2018, Armstrong 2016). 
Although our main studied sites are cleaning stations, high 
rates of site fidelity could be explained by sufficient year-
long foraging opportunities at nearby sites (Deakos et al. 
2011). In fact, Barr and Abelson (2019) demonstrated 
that the reef manta ray chose foraging over cleaning when 
environmental conditions yield sufficient plankton concen-
trations, also implying a proximity between these clean-
ing and feeding sites. During our field operations, feeding 
events were observed near the cleaning station but were 
neither regular nor predictable, suggesting the potential 
existence of more prolific grounds. Given the geomorphol-
ogy of the region, this species might also use deep offshore 
waters where the presence of plankton is possible. This is 
also favourited by the existence of upwelling events occur-
ring sporadically during the summer in the south-west off 
the archipelago that bring nutrients and contribute to bio-
logical activity (Ganachaud et al. 2010). Recent records 
using satellite telemetry showed frequent and deep div-
ing behaviour of reef manta rays in New Caledonia (Las-
sauce et al. 2020) suggesting foraging activity on demersal 
zooplankton (Couturier et al. 2013). More research using 
acoustic or satellite telemetry to identify important feeding 
grounds and environmental factors that influence visitation 
patterns would help understand the spatial ecology of the 
species and characterise the actual range pattern around 
each studied site. This information is essential to assess 
critical habitat and address potential localised threats, and 
thus, inform by conservation projects.
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Connectivity

Reef manta rays of New Caledonia seem to demonstrate site 
fidelity and little connectivity is observed between the stud-
ied sites. We reported only 5.4% of individuals at more than 
one location from 2003 to 2020, reflecting limited move-
ments between known aggregation sites. These records were 
also insufficient to detect any movement patterns. Individual 
movements may depend on local food availability in the 
absence of a significant anthropogenic influence (Dewar 
et al. 2008; Anderson et al. 2011a, b; Armstrong et al. 2016; 
Jaine et al. 2014; Couturier et al. 2018). In fact, occurrence 
and movements of reef manta rays has been linked with zoo-
plankton productivity. The archipelago of New Caledonia 
undergoes slight variations in environmental conditions with 
temperature varying from 22 to 24 °C in peak winter months 
and from 26 to 28 °C in peak summer months (IFREMER 
2020) with little seasonal variation in chlorophyll a concen-
tration (used a proxy for zooplankton abundance, Burgess 
2017) (Dupouy 1990). In addition, all studied sites are in 
proximity of deep waters (> 2000 m-deep), potential source 
of demersal zooplankton that may constitute an important 
part of the diet of the reef manta ray (Couturier et al. 2013). 
These parameters coupled with our findings suggest that reef 
manta rays seem to have sufficient food resource year-round 
at each of their respective aggregation sites. In other part 
of the world, seasonal presence and movements of manta 
rays was explained by monsoonal shift in Indonesia in the 
Komodo Marine Park (Dewar et al. 2008) and Raja Ampat 
(Setyawan et  al. 2018), in Western Australia (Sleeman 
et al. 2007) and in the Maldives (Anderson et al. 2011a). 
Jaine et al. (2012) and Couturier et al. (2018) attributed the 
increase in abundance in winter to optimal oceanographic 
conditions for zooplankton productivity at Lady Elliot 
Island, East coast of Australia.

While only few movements were recorded, these connec-
tions (N = 30) link all parts of New Caledonia, between sites 
around the Main Island and Ouvea Islands, indicating that 
movements along continuous coastline (up to 325 km) and 
between island chain (up to 260 km) exist. Large scale move-
ments have been documented in many locations in the Indo-
pacific region with the largest recorded distance along a con-
tinuous coastline being 1150 km (East Australia, Armstrong 
et al. 2019) and 450 km across archipelagos (Germanov & 
Marshall 2014). This study recorded a majority of movement 
along a continuous coastline but also showed the capacity of 
reef manta rays to connect between sites separated by deep 
water channel. These findings bring further evidence that 
deep-water channels do not seem to constitute a complete 
barrier as suggested by Deakos et al. 2011, 2023) and veri-
fied furthermore in New Caledonia (Lassauce et al. 2022, 
2023). Different resighting rates between studied sites also 
indicate potential nuances in this supposition. Higher fidelity 

rates at a given site may reflect more optimal condition year-
round than at other locations. In addition, further sampling 
effort to neighbouring sites may highlight additional connec-
tions, and thus, extend the range of occupancy around each 
of the known aggregation sites. In this sense, we found that 
almost a third of the manta rays that were observed at more 
than one site were sighted at the Isle of Pines where a total 
of 27 sightings were recorded in only 15 days of sampling. 
These connections were in majority with Noumea (approxi-
matively 100 km away), suggesting that more movements 
potentially exist between these adjacent locations. Surveys 
at aggregation sites along the west coast of the Main Island 
may show more connectivity with Noumea or same potential 
connections between Touho and other sites of the east coast 
or Ouvea with other Loyalty Islands.

Our analysis did not find a sex bias in the individuals 
that recorded these movements. This contradicts previous 
research that documented sex-based difference in habitat 
use (movements and site fidelity) induced by reproductive 
behaviour in populations of reef manta rays (Deakos et al. 
2011; Stevens 2016; Germanov et al. 2019). This observa-
tion is also true for many other marine species including 
other elasmobranchs such as the white shark (Carcharodon 
carcharias, Anderson et al. 2011a, b), scalloped hammer-
head shark (Sphyrna lewini, Daly-Engel et al. 2012) and 
blacktip reef shark (Carcharhinus melanopterus, Mourier 
& Planes 2013), and also sea turtles (Lee et al. 2007) and 
cetaceans (Engelhaupt et al. 2009). In fact, studies predict 
the consistency in resources availability may prevent reef 
manta rays to travel to other islands to forage and thus 
could strongly increase site fidelity among islands (Whit-
ney et al. 2023). Stevens (2016) also showed that females 
tend to reside longer in a site with sufficient food resources 
while males tend to move between sites in search for mating 
opportunities. In New Caledonia, genetic analysis showed 
limited gene flow and genetic differentiation between these 
study areas sites: Noumea, Touho and Ouvea (Lassauce 
et al. 2022). This suggests little reproductive interactions 
between individuals from each site, indicating that the 
recorded movements might not be associated with reproduc-
tive behaviour but rather be related to searches for foraging 
grounds. It is also possible that our analysis does not reflect 
the actual sex distribution of manta rays that were sighted 
at more than one site since based on only few observations 
(N = 21). Further monitoring efforts would be needed to bet-
ter comprehend this behavioural pattern.

Injuries and attempted predation rate

In New Caledonia, 44.8% of reef manta rays had noticeable 
wounds or injuries. Most of the injuries recorded in the pop-
ulation were caused by natural attempted predation (67.4%) 
and only few marks were of anthropogenic origin (9.8%). 



Marine Biology (2024) 171:153 Page 15 of 19 153

This study shows that the reef manta rays in New Caledonia 
do not seem to be highly impacted by anthropogenic stress-
ors as recorded in other parts of the world where manta rays 
are also not directly targeted by fisheries. For example, in 
French Polynesia, Carpentier et al. (2019) reported 85% and 
53% of injuries caused by fishing lines or boat propellers at 
Bora Bora (N = 107) and Maupiti (N = 51), respectively. In 
western Australia (N = 140), 13.1% of the population had 
injuries caused by vessel strikes (McGregor et al. 2019). 
Anthropogenic stressors include boat/propeller strikes, cuts 
due to fishing hooks or entanglement in fishing lines/nets 
and anchor lines (Deakos et al. 2011; Carpentier et al. 2019). 
These sub-lethal wounds can have a severe impact on the 
population growth and distribution (Heithaus 2001; Deakos 
et al. 2011). Reproductive behaviour can be altered as the 
injured animal would spend more time and energy recover-
ing, inducing a delayed sexual maturity (Harris 1989), or 
even causing early abortion in elasmobranch species (Adams 
et al. 2018). Manta rays have been recorded to spend more 
time at cleaning stations when injured to enhance the healing 
process, preventing them from foraging or mating (Marshall 
et al. 2011). In New Caledonia, inshore fishing remains rela-
tively low (0.26 t/km2/year) compared to other countries in 
the world, but the fast-growing population and the socio-
economic rapid changes may result in a large increase in 
fishing pressure (Guillemot et al. 2009). In addition, the cur-
rent pressure is not homogeneous since certain parts, includ-
ing Noumea, are highly exploited and close to overfishing 
(Guillemot et al. 2009). In this context, further monitoring 
could be required to assess sites where potential high fishing 
pressure overlaps with the regular presence of manta rays.

The proportion of individuals bearing bite-related injuries 
(29.7%) was close to those reported in Hawaii (24%, Deakos 
et al. 2011) or east Australia (23%, Couturier et al. 2014). 
The highest attempted predation rate was documented in 
Mozambique, representing 75% of the population (Marshall 
& Bennett 2010a) and the lowest was in French Polynesia 
(only few individuals, Carpentier et al. 2019). Locally, we 
recorded a higher rate in Ouvea (43.1%) which may sug-
gest a higher abundance of predators at this location com-
pared to all other sites in New Caledonia. The proportion of 
manta rays that die from natural predation remains unknown 
although such bite-induced wounds have the same impact on 
the individual (and the population) as with any other injuries 
(as aforementioned).

Sex ratio

The sex ratio (M: F) of the population of reef manta rays 
was equitable (1.0:1.15) which corresponds to previous find-
ings in the Maldives (Stevens 2016), Hawaii (Deakos et al. 
2011) and Japan (Kashiwagi 2014). Other studies reported 
female-biased distributions for populations in Mozambique 

(1.0:3.55, Marshall et  al. 2011), the Maldives (1.0:1.8, 
Kitchen-Wheeler et al. 2012), east Australia (1.0:1.3) Cou-
turier et al. 2014), Raja Ampat (1.0–1.58, Setyawan et al. 
2020) west Australia (1.0:1.26, Armstrong et al. 2020)and 
only in Nusa Penida, Indonesia, was a male-biased ratio 
found (1.4:1.0, Germanov et al. 2019). Sex distribution in 
reef manta rays might also depend on the use of the site. 
Most sites investigated in this study are cleaning stations. 
Sightings at these specific habitats have been described to 
be strongly skewed towards females and databases with a 
majority of sightings at cleaning stations, ours included, tend 
to underestimate the proportion of male in the population 
(Stevens 2016). In New Caledonia, a female-biased ratio was 
only found in Noumea (1.0:1.47). A potential explanation for 
this female-biased ratio could result from less bold attitude 
and smaller size of males that may diminish the likelihood 
of identification (Stevens 2016). Following this hypothesis, 
Noumea is by far the most visited aggregation area by div-
ing operators, which could be an important restricting factor 
for unadventurous male to frequent the area. In this sce-
nario, males might occur in the deeper and outer part of the 
reef where they are less likely to be detected. Sites adjacent 
to potential nursing ground might be frequented by more 
mature females than male (Marshall & Bennett 2010b) while 
males (smaller in size) may favor shallow coastal areas offer-
ing more protection from predator (McCauley et al. 2014, 
Stevens 2016; Germanov et al. 2019). There is no evidence 
for any nearby nursery area since only few juveniles were 
sighted at all the sites we investigated. Thus, further data 
collection recording the size, using standardized measure-
ment techniques (Deakos 2010), and expanding the sampling 
area in search for breeding and nursery ground would help 
provide a better understanding of the population structure.

Melanism

The population of reef manta rays of New Caledonia has 
the highest proportion of melanistic individual reported to 
date (43.0%) with locally 50.1% in Ouvea. Processes affect-
ing intraspecific colour polymorphisms, especially in the 
marine environment, remain unclear. Our results add more 
perspective into the global documentation of this trait and 
may contribute to a better understanding of the underly-
ing evolutionary origin. Melanistic individuals appear to 
be in minority with large differences in frequencies among 
populations of reef manta rays around the world (Venables 
et al. 2019). The second largest proportion for melanistic 
individuals was recorded in Raja Ampat with 40.7% while 
other studied locations recorded less than ten percent includ-
ing Hawaii and the Maldives with no record of melanistic 
individuals (Venables et al. 2019). The present study is the 
only published estimation of melanism within the south-
ern Pacific region while the population of Eastern Australia 
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approximate 10% of melanistic manta rays (Armstrong, pers. 
comm.). The differences in proportion of melanistic manta 
rays among populations seem to be due to neutral genetic 
processes alone since no evidence was found to support 
selection induced by predation (Venables et al. 2019). To 
date, no molecular studies investigated the genetic basis of 
melanism in manta rays.

Conclusion

This study is the first to describe the characteristics of the 
population of reef manta rays in New Caledonia. The use 
of photo-identification combined to field surveys allowed 
the collection of reef manta ray sightings over more than 
two decades and provided a valuable insight on the distribu-
tion and the connectivity. Through this approach, we were 
also able to investigate site fidelity and residency of the spe-
cies as well as estimate the size of the population at given 
aggregation areas in New Caledonian waters. These findings 
on reef manta rays will be used as a baseline for long-term 
monitoring of the population and to evaluate the potential 
impact of eventual future threat to the species. However, 
due to the spatially and temporally limited dataset, these 
fundings need to be considered as a complement to other 
approaches already used such as satellite telemetry (Las-
sauce et al. 2023) and genetics (Lassauce et al. 2022) to 
have a comprehensive understanding of the spatial ecology 
and structure of this population. In regard to these previ-
ous results that suggested site fidelity and low connectivity 
that induced fine scale genetic structure, the present find-
ings bring further indications of long-term site fidelity over 
decades for relatively small groups of reef manta rays. The 
study also highlighted the need for extended field efforts in 
areas that were not yet investigated, and especially remote 
reefs where the species could be even more isolated.
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