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Abstract: Baited Remote Underwater Video Stations (BRUVS) are widely used for monitoring relative
abundances of fishes, especially sharks, but only the maximum number of individuals seen at any one
time (MaxN) is usually recorded. In both the Cayman Islands and the Amirante Islands, Seychelles,
we used photo-ID to recognise individual sharks recorded on BRUVS videos. This revealed that for
most species the actual numbers of separate individuals (IndN) visiting the BRUVS were significantly
higher than MaxN, with, for example, ratios of IndN to MaxN being 1.17 and 1.24 for Caribbean reef,
Carcharhinus perezi, and nurse, Ginglymostoma cirratum, sharks in the Cayman Islands, and 2.46 and
1.37 for blacktip reef, C. melanopterus, and grey reef, C. amblyrhynchos, sharks, respectively, in the
Amirantes. Further, for most species, increasing the BRUVS deployment period beyond the 60 min
normally used increased the observed IndN, with more than twice as many individuals in the Cayman
Islands and >1.4 times as many individuals in the Amirantes being recorded after 120 min as after
60 min. For most species, MaxN and IndN rose exponentially with time, so data from different
deployment periods cannot reliably be compared using catch-per-unit-effort (CPUE) calculated as
catch-per-unit-time. In both study areas, the time of first arrival of individuals varied with species
from <1 min to >2 h. Individually identifiable sharks were re-sighted after up to 429 days over 10 km
away in the Cayman Islands and 814 days over 23 km away in the Amirantes, demonstrating that
many individuals range over considerable distances. Analysis of Cayman re-sightings data yielded
mean population estimates of 76 ± 23 (SE) and 199 ± 42 (SE) for C. perezi and G. cirratum, respectively.
The results demonstrate that, for sharks, the application of both photo-identification and longer
deployment periods to BRUVS can improve the precision of abundance estimates and provide
knowledge of population size and ranging behaviour.
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1. Introduction

Globally, many species of shark have suffered a dramatic decline in abundance over the past
30 years [1–3], principally as a result of by-catch and finning in response to the demand for shark
fin by the Far-East restaurant trade [4,5]. As a consequence, 11 shark species are now considered
Critically Endangered, 15 Endangered and 48 Vulnerable [6]. Most large-bodied sharks are threatened
or endangered [2,7], while even once common reef species have become scarce in many areas with,
for example, the long-established shark fishery in the Seychelles recording a significant decrease in
catch per effort from 16 to 6 kg day−1 between 1992 and 2016 [8].

As a result, monitoring the population abundance of sharks is much needed [9]. Baited Remote
Underwater Video Stations (BRUVS), underwater video cameras set to record the fishes attracted to
bait, is now the method most frequently used for surveying and monitoring sharks in particular [10–12].
Stereo-BRUVS, in which two cameras are focused towards the bait, can provide further data by enabling
both the distance to a fish and its length to be determined [13], although the associated equipment costs
are necessarily higher if similar numbers of units are to be deployed. Cappo et al. [14] have reviewed
BRUVS techniques for camera, bait, and orientation of bait and camera, as well as potential auditory,
olfactory and behavioural cues, while Harvey et al. [15] concluded that BRUVS provide a statistically
robust and cost-effective method of monitoring diverse assemblages of fishes in a number of habitat types.

BRUVS are not the only visually-based method regularly employed for monitoring fishes.
Several forms of Underwater Visual Census (UVC) are widely used by divers [16–18]. However,
remote video has the advantage of being practical in conditions where divers cannot easily operate,
as in very deep water or rough conditions, and of being able to detect species, such as large sharks,
which are often too scarce or too wary to be regularly sighted by divers [13]. Video methods are only
fully effective in reasonably clear water, and baited video will only detect species that either are resident
close to the BRUVS, or passing through, such as roaming schools of carangids, or like sharks have a
well-developed olfactory sense enabling them to home-in on the bait [19].

To date, the most commonly used measure of the numbers of fishes coming to the BRUVS
has been the maximum number of fishes recorded in a single frame during the viewing period
(referred to as MaxN or Nmax). While simple for an observer to record, this measure suffers a
number of limitations, most obviously that the observed MaxN may be much lower than the total
number of separate individual fish attracted to the bait. Harvey et al. [15] discussed alternative
approaches, including the use of cumulative MaxN (recorded each time MaxN is updated for
each species). Campbell et al. [20] compared MaxN with MeanCount (the mean number of fishes
observed in a series of frames or stills). They concluded that these two measures were comparable
for abundance estimation, although MeanCount resulted in less precision for all species analysed.
Similarly, Schobernd et al. [21] compared the advantages of using MaxN and MeanCount in both
simulations and laboratory experiments, as well as in empirical data. They concluded that an advantage
of MeanCount is that it is linearly related to actual abundance, whereas MaxN is not.

Understanding the accuracy and precision of monitoring and surveying methods is important
for interpreting any apparent change or lack of change in species number or relative abundance.
A weakness of the above counting methods is that they do not record whether different individuals are
visiting a BRUVS at different times, as opposed to a single individual making repeat visits. Nor do they
detect when the same individual visits two or more different BRUVS. This limitation is most obvious
with less abundant but not uncommon species, such as many reef sharks and rays, in which different
individuals may visit the same BRUVS, but at different times.

To address this issue, studies on other taxa have experimented with photo-identification as a
tool for distinguishing different individuals. Stobart et al. [22] used BRUVS to record spiny lobster,
Palinurus elephas, and compared three measures of abundance: MaxN, mean MaxN (using 5 min
sampling periods) and the true number of individuals per recording based on individual identification
(referred to in the present study as IndN). The authors concluded that while all three measures could
distinguish areas of contrasting population density, MaxN and MeanN were not appropriate for
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documenting changes in population abundance because they were liable to sample saturation. That is,
an increase in population abundance may not result in any increase in the MaxN. More recently,
Irigoyen et al. [23] used three relative abundance indices in a survey of broadnose sevengill shark,
Notorynchus cepedianus: Nmax, NmaxIND (cumulative number of different sharks and similar to
IndN) and Nocc (total number of occurrences in a BRUVS session). The index NmaxIND appeared
to show a greater abundance of sharks than Nmax. Sherman et al. [24] used photo-identification to
determine the true numbers of two species of ray visiting BRUVS and found that the actual abundances
were for Neotrygon orientalis 2.4, and for Taeniura lymma 1.1, times greater than the recorded MaxN
values. However, to date this approach has not been generally applied to BRUVS-based monitoring of
sharks, in part because the earlier cameras used were of lower resolution, so that it was not feasible to
distinguish between most individuals of the same species.

Photo-identification has been found to be practical in some other studies of sharks. Population estimates
of basking shark, Cetorhinus maximus [25], and great white shark, Carcharhinus carcharius [26], have been
made based on individual recognition through quality images of dorsal fins. Photo-identification based
on images captured by divers or fishers has also been used in ecological studies of blacktip reef shark,
C. melanopterus [27], Greenland shark, Somniosus microcephalus [28], nurse shark, Ginglymostoma cirratum [29],
sicklefin sharks, Negaprion acutidens [30], broadnose sevengill shark, Notorynchus cepedianus [23], and whale
shark [31,32], as well as flapper skate, Dipturus intermedius [33]. In addition, BRUVS have been used to
monitor the presence and size [34], as well as site fidelity [11], of individually identified sharks. Here,
the feasibility of applying photo-identification methodology to the video footage recorded by BRUVS is
assessed to monitor more effectively the abundance of coral reef shark species and test whether the data can
also be used to generate additional information on population size or ranging behaviour.

The deployment period used to record individuals visiting a BRUVS (i.e., the effective length of
deployment) has also varied between studies. The majority of previous studies have used deployment
periods of 60 min (for example [24,35,36]), often because this was the maximum recording time that
could be guaranteed by the batteries in older cameras. Some studies used shorter times, such as 30 min
([19] fish species), while Brooks et al. ([10] shark species) used 90 min, Harasti et al. ([34] white shark)
5 h and Stobart et al. ([22] lobster) 7 h. After using BRUVS to record coral reef fishes in the Hawaiian
Islands, Asher [37] concluded that while a short deployment of 20 min was sufficient to capture
fast-reacting species and residents, longer periods of 60 min were required to capture macropiscivores,
including sharks. Our experience suggested that additional individual and species of shark could
arrive at a BRUVS even after this time. A study by Torres et al. [38] exceeded other deployment times
in using a duration of 24 h for sharks in the western Mediterranean. As a result of the wide range
of deployment times used in different studies, the effect of deployment period on the numbers of
individuals and species of shark recorded at a site was also tested in the present study.

In the present study, the BRUVS video recordings obtained during two shark conservation projects,
one in the Cayman Islands (western Caribbean) and the other in the Amirante Islands (south-western
Seychelles) were reviewed. Photo-identification methodology was applied to distinguish the separate
individuals visiting BRUVS over different periods. The aims of the study were to assess whether (a) the
use of photo-identification can provide better estimates of the numbers of sharks being recorded, (b) the
approach can be used to generate estimates of population size by applying mark–recapture analyses to
the data, and (c) the method can also be used to provide information about the movements of individuals.
In addition, (d) it was investigated whether for reef sharks the numbers of species and individuals
recorded varied significantly with BRUVS deployment period. We found that photo-identification
could enhance the value of data obtained in relation to all three questions. However, the present study
is not intended to compare abundances between areas or habitats, or across years (hence locations of
individual stations are not included); those analyses are being reported on separately.



Oceans 2020, 1 277

2. Materials and Methods

2.1. Study Areas

The study was based on data collected from two widely separated island groups, one in the
western Atlantic and the other in the Indian Ocean. The Cayman Islands are located in the North-West
Caribbean Sea (Figure 1a) and include three islands, Grand Cayman, Little Cayman and Cayman
Brac. These islands are emergent sections of the Cayman Ridge which runs adjacent to the 7 km
deep Cayman Trench. Sampling was conducted around the largest island, Grand Cayman (in a study
area bounded by Latitudes 19.25◦ N and 19.42◦ N and Longitudes 81.05◦ W and 81.44◦ W), and also
around Little Cayman (in a study area bounded by Latitudes 19.64 and 19.73◦ N and Longitudes
79.95 and 80.13◦ W), 130 km to the northeast. Both islands have well-developed fringing coral reefs
beyond which a narrow coastal shelf drops steeply to very deep water. A series of marine parks and
conservation/replenishment areas, occupying about 25% of the 160 km long coastline, were designated
over 30 years ago. Shark abundance, although a little higher than on many other Caribbean Islands,
was still considered low in relation to relatively pristine reef areas [39]. In consequence sharks were
given full protection throughout Cayman waters in 2015 [40].Oceans 2020, 1, 5 

 

 
Figure 1. Locations of study areas: (a) the three islands constituting the Cayman Islands in the 
Caribbean Sea, and (b) D’Arros Island and St. Joseph’s Atoll in the Amirante Islands, Seychelles, in 
the Indian Ocean. Data analysed for this study resulted from deployments of BRUVS at varied 
intervals of 0.5–2 km around the whole of both Grand Cayman and Little Cayman in the Cayman 
Islands, and D’Arros Island and St. Joseph’s Atoll in the Seychelles. The faint red lines around each 
island indicate the extent of territorial waters [41]. 

The Amirante Islands in the south-western part of the Seychelles, in the western Indian Ocean 
(Figure 1b), are a series of widely separated small islands and coral reefs sitting on the 180 km by 40 
km Amirante Bank, beyond which the plateau gives way to very deep water. The islands include 
D’Arros Island (E53.29°, S5.41°) and the adjacent St. Joseph Atoll (E53.33°, S5.43°), around both of 
which the data used here were collected (the combined study area being bounded by Latitudes 5.27°S 
and 5.47°S and Longitudes 53.17°E and 53.38°E). D’Arros and the outer faces of St. Joseph Atoll are 
surrounded by well-developed fringing reefs that slope down from a reef crest to the seabed at 15 to 
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Figure 1. Locations of study areas: (a) the three islands constituting the Cayman Islands in the
Caribbean Sea, and (b) D’Arros Island and St. Joseph’s Atoll in the Amirante Islands, Seychelles, in the
Indian Ocean. Data analysed for this study resulted from deployments of BRUVS at varied intervals
of 0.5–2 km around the whole of both Grand Cayman and Little Cayman in the Cayman Islands,
and D’Arros Island and St. Joseph’s Atoll in the Seychelles. The faint red lines around each island
indicate the extent of territorial waters [41].
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The Amirante Islands in the south-western part of the Seychelles, in the western Indian Ocean
(Figure 1b), are a series of widely separated small islands and coral reefs sitting on the 180 km by 40 km
Amirante Bank, beyond which the plateau gives way to very deep water. The islands include D’Arros
Island (53.29◦ E, 5.41◦ S) and the adjacent St. Joseph Atoll (53.33◦ E, 5.43◦ S), around both of which the
data used here were collected (the combined study area being bounded by Latitudes 5.27◦ S and 5.47◦ S
and Longitudes 53.17◦ E and 53.38◦ E). D’Arros and the outer faces of St. Joseph Atoll are surrounded
by well-developed fringing reefs that slope down from a reef crest to the seabed at 15 to 20 m, while the
atoll itself encloses a 3.5 km wide sandy lagoon, 1–6 m deep. Adjacent bank areas (5–35 m deep) that
were also surveyed have a mainly sandy seabed, which in its shallower parts are colonised by dense
seagrass beds (mostly Thalassodendron ciliatum) and occasional coral patches. D’Arros and St. Joseph
Atoll are more remote from significant human populations than the Cayman Islands, and the adjacent
reefs have been protected from fishing for almost three decades; in contrast, however, more distant
bank areas are regularly fished, including by targeted long-lining for sharks. Nevertheless, sharks are
more abundant in the Amirante Islands than in the Cayman Islands, and a comparison between the
two areas provided an indication of how different levels of abundance influence the value of applying
photo-identification to BRUVS recordings. The precise locations of sampling points are not relevant to
the analysis, and for both ethical and legal reasons are not included in this report.

2.2. BRUVS

In both study areas the BRUVS body was built from an open weave plastic crate, upturned and
weighted down by a series of dive weights attached close to the rim (now the lower side). The bait arm
was a 1.5 m long PVC tube fixed to the top of the crate, with the bait enclosed in a double-layered plastic
mesh bag placed at the far end of the bait arm (Figure 2). The amount of bait used was standardised
at 300 g of mackerel, Scomber scombrus, in the Cayman Islands and bonito, Euthynnus affinis, in the
Amirante Islands. A camera was fixed on the crate next to the base of the bait arm and pointed
towards the bait bag. The cameras used were models 3 and 4 Silver GoPros, which recorded in high
definition (HD) and could be fitted with double battery packs, allowing recording periods of 2+ h.
The availability of HD cameras was key to the present work, as the high quality of images extracted
from video permitted the detection of fine detail on the individual sharks.
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Figure 2. Image of a BRUVS as used in the present study, showing the open weave plastic body, a 
high-definition camera (GoPro Hero 3 or 4) under a roll cage, a bait arm with outer bait bag (lower 
left) and lines (upper right) leading to a surface marker buoy. (Photo with permission by James Lea). 

BRUVS were normally deployed in both study areas on the fore-reef at depths of 10–18 m, but 
at 2–4 m deep in the lagoon of St. Joseph Atoll and in the Cayman Islands’ Sounds (equivalent to 
lagoons). Deployment by boat took place between 07:35 and 15:34 h in the Amirante Islands and 08:26 
and 15:04 in the Cayman Islands. BRUVS were positioned on the seabed in open spaces among corals 
on reefs, or in gaps within seagrass beds. Appropriate placement of the BRUVS was achieved with 
the aid of either a viewing scope or of a snorkeler who signalled when the BRUVS was over a suitable 
area. In both locations BRUVS were deployed in sets of four, one at each of four stations that were 
located at variable intervals of 500 m to 2 km in a line along each section of coast (i.e., coasts orientated 
in a particular direction); the arrangement thus approximated a stratified random sampling design. 

Figure 2. Image of a BRUVS as used in the present study, showing the open weave plastic body,
a high-definition camera (GoPro Hero 3 or 4) under a roll cage, a bait arm with outer bait bag (lower left)
and lines (upper right) leading to a surface marker buoy. (Photo with permission by James Lea).
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BRUVS were normally deployed in both study areas on the fore-reef at depths of 10–18 m, but at
2–4 m deep in the lagoon of St. Joseph Atoll and in the Cayman Islands’ Sounds (equivalent to lagoons).
Deployment by boat took place between 07:35 and 15:34 h in the Amirante Islands and 08:26 and
15:04 in the Cayman Islands. BRUVS were positioned on the seabed in open spaces among corals on
reefs, or in gaps within seagrass beds. Appropriate placement of the BRUVS was achieved with the
aid of either a viewing scope or of a snorkeler who signalled when the BRUVS was over a suitable
area. In both locations BRUVS were deployed in sets of four, one at each of four stations that were
located at variable intervals of 500 m to 2 km in a line along each section of coast (i.e., coasts orientated
in a particular direction); the arrangement thus approximated a stratified random sampling design.
In repeat deployments over successive years BRUVS were placed at the same stations at the same sites.
Survey work was undertaken when the Douglas sea scale was ≤ 4 and wave or swell height ≤ 1.5 m.
Following retrieval of the BRUVS, memory cards were removed from the cameras and the files copied
to computers on which the videos could be viewed. Visual analysis was carried out for the full length
of each video, with a minimum of 25% of each video being checked by a second researcher to ensure
that comparable standards were being observed. For each shark that was detected, the time(s) of arrival
in view and loss from view were recorded on each occasion, along with species, sex, maturity and size,
as estimated by comparison with the size of the bait bag and graduated marks on the bait arm [42].

In the Cayman Islands BRUVS were deployed once or twice a year, in or around June and
December, and for present purposes data from 2015 to 2017 have been analysed. In the Amirante
Islands BRUVS were deployed once per year, in or around February or March, and for this study data
from 2015 to 2017 were similarly selected.

2.3. Photo-Identification

To facilitate individual recognition, so far as possible detailed information was recorded on the
appearance of each newly observed shark. The characteristics recorded included the shapes of fins and
other body parts (if these appeared in anyway atypical), and any variation in natural patterning or
colouration, as well as the shape and location of any naturally acquired markings, such as wounds,
injuries or scars (Figures 3 and 4). Details were recorded of distinguishing features on both sides of
the body, so that with few exceptions individuals could be recognised on viewing from either side.
Acquired marks could be temporary, as with minor abrasions or injuries, but most used in individual
identification were more permanent, as when part of a fin was missing or torn. Evidence from
longer-term studies suggested that while many non-fatal injuries heal, scars and serious fin injuries in
sharks can remain evident for many years [25,26].
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Figure 3. Examples of variations in natural patterning and injuries on dorsal fins of sharks recorded 
as screen grabs from BRUVS videos. (a) Differences in natural patterning on right and left sides of 
first dorsal fins of two different blacktip reef sharks, Carcharinus melanopterus, (first shark i and ii, 
second shark iii and iv), and (b) dorsal fins of four different grey reef sharks, C. amblyrhynchos. The 
yellow circles highlight the location of distinctive features; the yellow lines are added to allow 
variation in the shape of the black fin tip to be seen more clearly. Note that the different sides of an 
individual blacktip reef shark’s dorsal fin tend to be similar, but are not identical to each other. 

Figure 3. Examples of variations in natural patterning and injuries on dorsal fins of sharks recorded
as screen grabs from BRUVS videos. (a) Differences in natural patterning on right and left sides
of first dorsal fins of two different blacktip reef sharks, Carcharinus melanopterus, (first shark i and
ii, second shark iii and iv), and (b) dorsal fins of four different grey reef sharks, C. amblyrhynchos.
The yellow circles highlight the location of distinctive features; the yellow lines are added to allow
variation in the shape of the black fin tip to be seen more clearly. Note that the different sides of an
individual blacktip reef shark’s dorsal fin tend to be similar, but are not identical to each other.
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Characteristics recorded on each cartoon were then entered into a computer database, along with the 
details of each deployment and selected images showing the individual’s distinctive features. The 
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any other recorded individual. Potential matches were then either confirmed or rejected by 
comparison of the images or video clips of each shark. Potential matches were independently verified 
by a second researcher. 
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from BRUVS videos of two different Caribbean reef sharks, Carcharinus perezi (top), a nurse shark,
Ginglymostoma cirratum, (centre), and a set of four images (bottom) showing distinctive features on
different individual whitetip reef sharks, Triaenodon obesus.
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Features observed on individual sharks were marked on a standardised cartoon (sketch-like
drawing) for each shark (see [25] for further discussion of the method and for examples).
Characteristics recorded on each cartoon were then entered into a computer database, along with
the details of each deployment and selected images showing the individual’s distinctive features.
The cartoons and database could be interrogated for individual characteristics to facilitate matching
with any other recorded individual. Potential matches were then either confirmed or rejected by
comparison of the images or video clips of each shark. Potential matches were independently verified
by a second researcher.

2.4. IndN and MaxN

Data on the numbers of sharks were used to compare the results of using two different methods
for recording the numbers of sharks of each species attracted to each BRUVS. First, MaxN, the greatest
number of sharks of a given species observed in a single frame during a set period, was determined.
Second, photo-identification was used to determine so far as possible IndN, the total number of
different individuals of each species visible at any time in the field of view. In practice, not all the sharks
detected on screen approached the BRUVS close enough for the individual to be identified. Individuals
that lacked distinguishing features enabling them to be recognised in the long term, but that could still
be separated from other sharks seen on the same recording (for example, if the shark was a different
size), were added to the tally. Nevertheless, on some occasions two or more similar individuals may
not have been seen clearly enough to distinguish, and on others not every shark attracted may have
entered the field of view. Thus, in some instances, the IndN recorded will have been less than the
actual number of individuals visiting.

Catch per unit effort (CPUE) has been used to compare the numbers of sharks visiting different
BRUVS [10], but this metric can be misleading because, as evident from our results, the numbers of new
sharks arriving at a BRUVS tends to decline with time. That is, the plot of the accumulative number of
individuals against time is asymptotic. Therefore, longer deployments may generate lower CPUEs,
even if more sharks are recorded. For this reason, the values of MaxN and IndN were compared with
respect to three different deployment periods commencing from the time when the BRUVS arrived
at the seabed; these were 60, 120 and 150 min. This comparison was undertaken to investigate the
effects of using longer deployment periods by determining if these result in the detection of more
individuals and/or more species. Deployment period was the term used to describe the recording time
on the seabed.

2.5. Statistical Analysis and Mark–Recapture Population Estimates

A series of tests were applied to the data to determine statistical significance as detailed in the
relevant parts of the Results section; these include Friedman ANOVA, Wilcoxon matched pairs test,
ANOVA, paired t and post-hoc LSD tests. The statistical package used in the study for parametric and
non-parametric tests (described in Results) was Statistica 64 V. 12.

Although large numbers of BRUVS videos were analysed (>500) and a large number of individually
identifiable sharks recorded, the numbers of individuals re-sighted on successive campaigns were too
low for open population mark–recapture models to be employed, such as the Schnabel and Jolly–Seber
methods which we have applied to basking shark in Scotland [25]. However, the numbers of re-sightings
in the Cayman Islands for six surveys over three years were high enough for successive population
estimates of two species to be made using the Chapman derivative of the basic Lincoln–Peterson
estimator [43,44], which is more robust for small sample sizes [45]. For each “re-capture” occasion t,
the population size Nt was calculated where nt = the number of sharks sighted on sample occasion t,
rt = the number of marked sharks re-sighted in sample nt, and mt = the number of marked sharks at
the beginning of sample occasion t:

Nt = [(mt + 1) ∗ (nt + 1)/(rt + 1)] − 1 (1)
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Assuming that k1 number of sharks were initially marked (i.e., identified) at sample occasion 1 and
that k2 = n2 − r2 was the number of unmarked (previously unknown) sharks sighted by the end of sample
occasion 2, then mt, the number of effectively marked sharks at the next sample occasion t, equals

∑
kt.

The total population size (N) was estimated as the mean across sample occasions s [41,42] according to:

N =
∑

Nt/(s − 1) (2)

3. Results

A total of 661 BRUVS were deployed, 451 in the Cayman Islands (at 92 locations) and 210 BRUVS
in the Amirante Islands (at 60 locations). These BRUVS recorded a total of six species in the Cayman
Islands and eight in the Amirante Islands (Table 1), representing two orders (Carcharhiniformes and
Orectoloboformes) and three families (Carcharhinidae, Ginglymostomatidae and Sphyrnidae) of sharks.

Table 1. The numbers of individually identifiable sharks of different species (i.e., those carrying
distinguishing features enabling them to be recognised again as individuals) and the corresponding
percentages these represent of all records of that species observed on video recordings from Baited
Remote Underwater Video Stations (BRUVS) (a) in the Cayman Islands (451 BRUVS) and (b) in the
Amirante Islands (210 BRUVS).

Area Scientific Names English Names
Number of

Individually
Identifiable Sharks

% Recognisable
Sharks of All Records

of the Species

(a) Cayman
Islands

Carcharhinus limbatus blacktip 8 60
Carcharhinus perezi Caribbean reef 135 54.4
Galeocerdo cuvier tiger 4 100
Ginglymostoma cirratum nurse 201 82.8
Negaprion brevirostris lemon 14 66.7
Sphyrna mokarran great hammerhead 4 66.7

(b) Amirante
Islands

Carcharhinus
albimarginatus silvertip 4 16.7

Carcharhinus
amblyrhynchos grey reef 96 77.9

Carcharhinus leucas bull 13 9.1
Carcharhinus
melanopterus blacktip reef 322 85.3

Nebrius ferrugineus tawny nurse 44 78.3
Negaprion acutidens sicklefin 65 55.3
Sphyrna mokarran great hammerhead 1 33.3
Triaenodon obesus whitetip reef 30 63.9

3.1. Recognisability of Individual Sharks

In most species the majority of sharks observed could be recognised as individuals (Table 1),
although the proportions of sharks observed for which sufficient features were evident to permit
this varied from 100% for tiger shark, Galeocerdo cuvier, to 9.1% for bull shark, Carcharhinus leucas.
In some species, individuals were relatively easy to distinguish. For example, the dorsal fins of
C. melanopterus (85.3% individually identifiable) are capped by an area of black pigmentation, the exact
shape of which varies markedly both between individuals and between opposite sides of the same
individual (Figure 3). Similarly, whitetip reef sharks, Triaenodon obesus, (63.9% individually identifiable)
have spot patterns on the body that are unique to individuals (Figure 4). Other species, such as
C. amblyrhynchos, (77.9% individually identifiable) and G. cirratum (82.8% individually identifiable)
(Figure 4), required more careful examination of the video footage to discern individually distinctive
markings. C. leucas and silvertip, C. albimarginatus, sharks were the most difficult to identify as
individuals on recordings since they tended not to approach the camera, making detection of individual
features often impracticable. The mean percentage of distinguishable sharks across species was 60%
and the overall percentage of recognisable individuals (irrespective of species) was 66%.
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3.2. Comparison of IndN with MaxN

For all shark species combined in both the Cayman Islands and the Amirante Islands, the mean
IndN (1.88, 2.71, 2.67) was significantly greater than mean MaxN (1.20, 1.57, 1.51) for each of the
three deployment periods (60, 120 and 150 min, respectively) (Table A1). Considering the species
separately, in the Cayman Islands for both C. perezi and G. cirratum, mean IndN was significantly
greater than mean MaxN for each deployment period (60, 120 and 150 min) (Figure 5, Table A1),
the overall ratio of IndN to MaxN being 1.17 for C. perezi, and 1.24 for G. cirratum. Similarly, in the
Amirante Islands, mean IndN was significantly greater than mean MaxN for all three deployment
periods for C. amblyrhynchos, C. melanopterus and N. acutidens, but only for 120 min for tawny nurse
shark, Nebrius ferrugineus, (Figure 6, Table A1). The overall ratios of IndN to MaxN were 2.46 for
C. melanopterus, and 1.37 for C. amblyrhynchos. For other species, the sample sizes were too low for
significant differences to be detected (Figures 5 and 6). For all species in which there were significant
differences between IndN and MaxN, the ratio of IndN to MaxN increased with time, as it did also for
C. limbatus and T. obesus, in which differences were not significant (Table A2).
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Figure 5. Cayman Islands: The mean number (bar) and 95% confidence interval (error bar) of individually
identified sharks observed for deployment periods of 60, 120 and 150 min for IndN compared with the
same periods for MaxN. Significant differences found between pairs of IndN and MaxN using paired t
tests are noted byF for p ≤ 0.05,FF for p ≤ 0.001 andFFF for p ≤ 0.0001 (see Table A1).
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Figure 6. Amirante Islands: The mean number (bar) and 95% confidence interval (error bar) of
individually identified sharks observed for deployment periods of 60, 120 and 150 min for IndN
compared with the same periods for MaxN. Significant differences found between pairs of IndN and
MaxN using paired t tests are noted byF for p ≤ 0.05,FF for p ≤ 0.001 andFFF for p ≤ 0.0001
(see Table A1).
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The number of BRUVS deployments in which the application of individual identification revealed
the presence of more sharks than would otherwise have been evident (i.e., where IndN > MaxN) is
shown in Table 2. While the use of photo-identification revealed the presence of additional sharks in
the more abundant species (three in the Cayman Island and six in the Amirante Islands), this was not
the case for the less common species.

Table 2. Proportion of BRUVS deployments in which IndN was greater than MaxN in (a) the Cayman
Islands (n = 451) and (b) the Amirante Islands (n = 210). The proportion as a percentage of BRUVS is
the percentage of BRUVS with sharks in which IndN was greater than MaxN.

Area Species No. of BRUVS
with Sharks

BRUVS IndN >
MaxN as%

(a) Cayman
Islands

Carcharhinus limbatus 8 0
Carcharhinus perezi 85 20
Galeocerdo cuvier 4 0
Ginglymostoma cirratum 131 22.1
Negaprion brevirostris 11 9.1
Sphyrna mokarran 4 0

(b) Amirante
Islands

Carcharhinus
albimarginatus 1 0

Carcharhinus
amblyrhynchos 57 33.3

Carcharhinus leucas 9 11.1
Carcharhinus melanopterus 80 66.3
Nebrius ferrugineus 33 15.2
Negaprion acutidens 46 28.3
Sphyrna mokarran 1 0
Triaenodon obesus 27 7.4

3.3. Effect of Deployment Period for All Species Combined

The mean IndN and MaxN of all species combined after different recording times in each of the
two study areas are significantly different in each case (Table 3). In both the Cayman Islands and
the Amirante Islands there was a significant increase in IndN and in MaxN both from 60 to 120 min,
and from 120 to 150 min in the Amirante Islands (Table A3).

Table 3. Comparison of IndN and MaxN for all shark species combined ± standard deviation (S.D.)
recorded on BRUVS in (a) Cayman Islands (BRUVS n = 109) and (b) Amirante Islands (BRUVS n = 55)
for 60, 120 and 150 min deployment periods. Only cases where BRUVS ran for 150 min were used to
compare across the three periods with Friedman ANOVA χ2, p = probability value, df = 2.

Study
Area

Deployment
Period (min)

IndN MaxN

Mean Number &
S.D. of All Sharks X2 p Mean Number &

S.D. of All Sharks X2 p

(a)
Cayman
Islands

60
0.78

137.9 0.00001

0.72

119.2 0.00001

0.91 0.82

120
1.81 1.44
1.38 0.95

150
1.96 1.56
1.5 1.08

(b)
Amirante

Islands

60
2.45

72.8 0.00001

1.45

54.3 0.00001

2.71 1.24

120
3.73 2.13
3.05 1.28

150
3.84 2.16
3.04 1.23
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Overall, using IndN there were 2.1 times as many sharks recorded after 120 min as after 60 min in
the Cayman Islands, and 1.4 times as many recorded in the Amirante Islands after 120 min than after
60 min. Similarly, there were 1.6 and 1.4 as many individual sharks recorded after 150 min as after
120 min in the two areas, respectively.

3.4. Effect of Deployment Period for Separate Shark Species

The mean IndN (i.e., the mean number of separate individuals visiting a BRUVS) was significantly
different over the periods 60, 120 and 150 min for C. limbatus, C. perezi, G. cirratum and lemon shark,
Negaprion brevirostris, in the Cayman Islands, and for C. amblyrhynchos, C. melanopterus, N. ferrugineus,
N. acutidens and T. obesus in the Amirante Islands (Table 4). Among these species, C. perezi, G. cirratum,
C. amblyrhynchos, C. melanopterus and N. acutidens showed a significant increase in mean number from
60 to 120 min, while C. perezi and G. cirratum also showed an increase from 120 to 150 min (Table A4).

Table 4. Comparison of mean ± standard deviation (S.D.) values of IndN and MaxN for each shark
species for BRUVS deployment periods of 60, 120 and 150 min for (a) the Cayman Islands and (b)
the Amirante Islands. Shown too are the results of a Friedman ANOVA (χ2, p = probability value,
n = number of BRUVS in sample; df = 2) for the differences in the means across the three deployment
periods. Post hoc results are available in Table A4.

IndN MaxN

Area Shark Species Period min Mean S.D.
χ2

Mean S.D.
χ2

p p
n n

(a)
Cayman
Islands

Carcharhinus
limbatus

60 0.5 0.55 6 0.6 0.55 4
120 1 0.049 1 0.1
150 1 6 1 5

Carcharhinus perezi
60 0.78 0.88 54.5 0.64 0.7 50.6

120 1.67 1.22 0.00001 1.28 0.88 0.00001
150 1.82 1.35 45 1.43 1.02 47

Galeocerdo cuvier
60 0.33 0.58 4 0.33 0.58 4

120 1 0.1 1 0.1
150 1 3 1 3

Ginglymostoma
cirratum

60 0.6 0.75 79.9 0.55 0.63 67.6
120 1.43 1.03 0.00001 1.1 0.6 0.00001
150 1.57 0.93 70 1.19 0.46 69

Negaprion
brevirostris

60 0.33 0.52 8 0.33 0.52 8
120 1 0.018 1 0.018
150 1 6 1 6

Sphyrna mokarran
60 0.5 0.58 4 0.5 0.58 4

120 1 0.1 1 0.1
150 1 4 1 4

(b)
Amirante
Islands

Carcharhinus
albimarginatus

60 0.5 0.71 2 0.5 0.71 2
120 1 0.4 1 0.4
150 1 2 1 2

Carcharhinus
amblyrhynchos

60 0.69 0.62 18.7 0.69 0.62 18.7
120 1.12 0.59 0.00009 1.12 0.59 0.00009
150 1.19 0.49 26 1.19 0.49 26

Carcharhinus
melanopterus

60 1.23 1.07 14 1.23 1.07 14
120 1.47 0.86 0.0009 1.47 0.86 0.0009
150 1.47 0.86 30 1.47 0.86 30

Nebrius ferrugineus
60 0.8 0.79 8 0.8 0.79 8

120 1.3 0.48 0.018 1.3 0.48 0.018
150 1.3 0.48 10 1.3 0.48 10

Negaprion
acutidens

60 0.64 0.63 14 0.64 0.63 14
120 1.21 0.43 0.0009 1.21 0.43 0.0009
150 1.21 0.43 14 1.21 0.43 14

Triaenodon obesus
60 0.64 0.5 8 0.64 0.5 54.3

120 1 0.018 1 0.00001
150 1 11 1 11
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The mean MaxN was significantly different across different deployment periods for C. perezi,
G. cirratum and N. brevirostris in the Cayman Islands and for C. amblyrhynchos, C. melanopterus,
N. ferrugineus, N. acutidens and T. obesus in the Amirante Islands (Table 4). Post-hoc tests indicated that
in the Amirante Islands, C. amblyrhynchos, C. melanopterus and N. acutidens all showed a significant
increase in mean MaxN from 60 to 120 min, as well as G. cirratum in the Cayman Islands, while C. perezi
showed significant increases in mean MaxN both from 60 to 120 and from 120 to 150 min (Table A4).

3.5. Arrival Times at BRUVS

As a further means of assessing effective BRUVS deployment periods, the mean times of first
arrival (at those BRUVS on which the species were recorded) were determined for each species in the
Cayman Islands and the Amirante Islands (Figure 7). For two species in the Cayman Islands, the mean
first arrival time was close to 60 min, while the remaining four species took longer (mean of 71–76 min).
In the Amirante Islands, the mean first arrival time was less than 60 min for four species and was
about an hour for two other species, but in two species, C. albimarginatus and great hammerhead
(Sphyrna mokarran) shark, the mean arrival time was greater than an hour. It was notable that some
individual C. amblyrhynchos and C. melanopterus (in the Amirante Islands), and G. cirratum and C. perezi
(in the Cayman Islands), took more than 2 h to arrive.
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Figure 7. Mean and 95% confidence interval of time taken (hh:mm) by shark species to arrive at the
BRUVS camera. Top: Cayman Islands, Bottom: Amirante Islands. The red line indicating a mean time
taken to arrive of 1 h (60 min) is included for convenience.
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In the Amirante Islands, the variation in first arrival time across species was statistically significant
(ANOVA: F(7,533) = 5.05, p = 0.00001), with C. leucas when present arriving significantly earlier than
C. albimarginatus, C. amblyrhynchos, C. melanopterus, N. ferrugineus, N. acutidens and T. obesus (Post hoc LSD
tests: p < 0.006, respectively). C. melanopterus’s first arrival time was significantly shorter than those for
C. amblyrhynchos, N. ferrugineus and N. acutidens (Post hoc LSD tests: p <0.04, respectively). There was no
significant variation in first arrival time across species in the Cayman Islands (ANOVA: F(5,411) = 0.19, p = 0.9).

3.6. Re-Sighting Rates

The application of photo-identification methodology allowed many individuals to be recognised
again if they were re-sighted. The proportions of the more commonly recorded species that were
re-sighted during the study periods on a different BRUVS deployment ranged from 0% for C. limbatus to
10.1% for G. cirratum in the Cayman Islands, and from 4.5% for N. ferrugineus to 9.8% for C. melanopterus
in the Amirante Islands (Table 5). In the Cayman Islands, a third of individual G. cuvier and S. mokarran
were re-sighted, but only three individuals of either species were recorded in total. The mean of
the re-sighting rates for each species across both locations was 12%; the combined re-sighting rate
(from pooling all individuals irrespective of species) was 10.9%.

Table 5. The re-sightings rates on BRUVS for shark species (a) in the Cayman Islands and (b) in the
Amirante Islands, both within years and between years. Only re-sights recorded on BRUVS videos
are included here (as opposed to other re-sightings that were recorded during other related activities).
Note that the total number of individuals re-sighted over the whole period is not necessarily the sum of
the re-sights in each year, since some re-sights may be of individuals that have already been re-sighted.

Area Species Year
No. of

Distinguishable
Individuals

Re-Sights
within Year

Re-Sights
within

Year as%

Re-Sights
from Previous

Years

Total
Individuals

Re-Sighted as%

(a)
Cayman
Islands

Carcharhinus
limbatus

2015 1 0 0
2016 4 0 0 0 0
2017 3 1 33.3 0 12.5

Carcharhinus
perezi

2015 44 2 4.5
2016 47 4 8.5 0 6.6
2017 69 7 10.1 4 9.6

Galeocerdo
cuvier

2015 2 1 50
2016 1 0 0 0 33.3
2017 1 0 0 1 50

Ginglymostoma
cirratum

2015 51 9 17.6
2016 68 2 2.9 1 10.1
2017 79 13 16.5 21 28.8

Negaprion
brevirostris

2015 3 1 33.3
2016 6 0 0 0 11.1
2017 4 1 25 1 9.1

Sphyrna
mokarran

2015 2 1 50
2016 1 0 0 0 33.3
2017 1 0 0 0 33.3

(b)
Amirante

Islands

Carcharhinus
albimarginatus

2015 2 0 0
2016 2 1 50 0
2017 0 0 0 0 25

Carcharhinus
amblyrhynchos

2015 23 1 4.3
2016 34 2 5.9 1
2017 34 0 0 2 6.8

Carcharhinus
melanopterus

2015 107 14 13.1
2016 79 7 8.9 2
2017 135 6 4.4 2 9.8

Nebrius
ferrugineus

2015 9 0 0
2016 17 1 5.9 0
2017 18 1 5.6 0 4.5

Negaprion
acutidens

2015 23 2 8.7
2016 21 2 9.5 0
2017 21 0 0 0 6.2

Triaenodon
obesus

2015 7 0 0
2016 8 1 12.5 0
2017 14 0 0 1 6.8
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3.7. Movements of Individual Sharks

Re-sightings of individuals on a BRUVS different from those on which they were originally
recorded provided information about shark movement patterns. In the Cayman Islands, individuals
were re-sighted at distances of up to 10 km for C. perezi and 15 km for G. cirratum from the location of
the original sighting (Table A5). In the Amirante Islands, individuals were re-sighted at distances of
up to about 25 km for C. melanopterus shark, 33 km for C. amblyrhynchos shark, and about 27 km for
N. acutidens, N. ferrugineus and T. obesus (Table A5), although both these last two species were also often
re-sighted on BRUVS close to the stations at which they were originally recorded. While a majority of
re-sights occurred within the same season, in the Amirante Islands some re-sights of C. amblyrhynchos,
C. melanopterus and N. acutidens occurred after longer periods of time, the longest being of an individual
C. melanopterus re-sighted after 814 days. In the Cayman Islands, some individuals were also detected
after long periods of time, the longest being 429 days for C. perezi and 184 days for G. cirratum.

3.8. Population Estimates

For most species, the numbers of re-sightings were too low to permit the reliable estimation of
population size, but using the Chapman derivative of the basic Lincoln–Peterson estimator successive
estimates were possible for the numbers of C. perezi and G. cirratum present in the Cayman Islands
study area. The mean estimated number of individually recognisable C. perezi over 2015–2017 was
76 ± 23 (S.E.), and of individually recognisable G. cirratum over the same period was 199 ± 42 (S.E.).
Comparable estimates for C. melanopterus and C. amblyrhynchos in the Amirante Islands study area are
in hand.

4. Discussion

Comparison of the present data with those obtained by other researchers in the same ocean
regions is possible (Table 6 [10–12,42,46–48]), but confounded by differences in method, such as the
time and depth ranges at which the BRUVS were deployed. In particular, while most researchers
report MaxN for a deployment period of 60 min, relevant studies have used deployment periods
ranging from 54 to 90 min, with one using 6 h [48]. Some authors (Brooks et al. [10]) have corrected for
differences in deployment period by reporting numbers as catch per unit effort (CPUE) of one hour, on
the assumption that MaxN increases linearly with time. However, in the present study, the values of
both MaxN and IndN rise exponentially with time, hence longer deployment periods will appear to
yield lower values of CPUE if presented this way. Nevertheless, some comment is possible. In the
Cayman Islands, the abundance of two species of sharks was greater and of four species less than that
reported in Eleuthera, the Bahamas. The abundances of N. acutidens appear markedly greater in the
Amirante Islands than in the eastern Indian Ocean. Abundances of C. melanopterus and N. ferrugineus
appear broadly comparable. More detailed analysis of the spatial and temporal patterns of abundance
for the different species recorded in our study areas will be reported separately.

It is also important to note that when fish visible on BRUVS videos are counted (e.g., to determine
MaxN), normally the results provide information only on relative abundance (that is, differences in
abundance between locations or between occasions), but not on overall population size or density.
Even though such population indices are widely used for wildlife monitoring and are generally
assumed to be directly proportional to population density, in many field studies this assumption has
been found to be invalid [49]. It is a weakness of BRUVS methodology as generally employed that the
most commonly used measure, MaxN, does not increase linearly with actual abundance, but tends to
saturate [22]. While this would be less of an issue for schooling or non-territorial species, it becomes
more of a concern in species which are territorial or keep their distance from each other.
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Table 6. A comparison of the values of MaxN reported by authors for BRUVS deployed (A) in the Caribbean Sea and tropical western mid-Atlantic Ocean, and (B) in
the Indian Ocean. In (A), the area in the Bahamas was Eleuthera (1: Brooks et al. [10]) and in Belize it was Glover’s Reef (6: Bond et al. [11]). (B) included an area in the
BMR in the BIOT, Indian Ocean (3: Tickler et al. [12]), MOU74 and Rowley Shoals, E. Australia (4: Meekan et al. [42]), Raja Ampat in Indonesia (5: Jaiteh et al. [46];
6: Beer [47]), and Houtman Abrolhos Islands, W. Australia (7: Santana et al. [48]). * denotes unfished or protected areas. Catch per unit effort (CPUE) values for the
present study were calculated as the shark MaxN per hour on BRUVS.

Literature Review Current Study

Shark Species Ocean CPUE BRUVS N Country Years Depth m Reference Area CPUE BRUVS N Years

Carcharhinus limbatus

A

0.003 279 Bahamas 2008–2009 4–15 1

CI

0.01 451 2015–2017

Carcharhinus perezi
1.43 200 Belize 2009–2010 10–25 2 0.128 451 2015–2017
0.28 200 Belize 2009–2010 10–25 2

0.081 279 Bahamas 2008–2009 4–15 1
Galeocerdo cuvier 0.013 279 Bahamas 2008–2009 4–15 1 0.004 451 2015–2017
Ginglymostoma cirratum 0.215 279 Bahamas 2008–2009 4–15 1 0.178 451 2015–2017
Negaprion brevirostris 0.035 279 Bahamas 2008–2009 4–15 1 0.013 451 2015–2017
Sphyrna mokarran 0.012 279 Bahamas 2008–2009 4–15 1 0.004 451 2015–2017

Carcharhinus albimarginatus

B

0.19 138 Indian Ocean 2012 10–80 3

AI

0.01 210 2015–20170 24–41 E Australia 2003-2004 5–71 4
0.306 80 E Australia * 4

Carcharhinus amblyrhynchos

1.35 138 Indian Ocean 2012 10–80 3

0.168 210 2015–2017
0.216 58 E Australia 2003–2004 5–71 4
0.398 24–41 E Australia * 4
0.1 80 Indonesia 2012 1–34 5

0.55 80 Indonesia * 2012 1–34 5

Carcharhinus melanopterus

0.1 138 Indian Ocean 2012 10–80 3

0.328 210 2015–2017
0.5 80 Indonesia * 2012 1–34 5
0.2 80 Indonesia 2012 2–85 5
0.3 328 Indonesia 2015 1–34 6

Galeocerdo cuvier

0.01 138 Indian Ocean 2012 10–80 3

0 210 2015–17
0 24–41 E Australia 2003–2004 5–71 4

0.056 80 E Australia * 4
0.007 31 W Australia 2012 35–106 7

Nebrius ferrugineus
0.15 138 Indian Ocean 2012 10–80 3

0.098 210 2015–20170 24–41 E Australia 2003–2004 5–71 4
0.019 80 E Australia * 4

Negaprion acutidens 0.025 328 Indonesia 2015 2–85 6 0.125 210 2015–2017

Sphyrna mokarran
0.01 138 Indian Ocean 2012 10–80 3 0.003 210 2015–2017
0.028 24–41 E Australia 2003–2004 5–71 4
0.018 80 E Australia * 4

Triaenodon obesus

0.2 138 Indian Ocean 2012 10–80 3

0.065 210 2015–2017
0.273 24–41 E Australia 2003–2004 5–71 4
0.139 80 E Australia * 4
0.025 328 Indonesia 2015 2–85 4

BRUVS N = number of BRUVS deployed. Years indicate when the study was undertaken. AI = Amirante Islands, CI = Cayman Islands.
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In the present study, we sought to address this issue by identifying sharks as individuals and
determining the actual number of sharks visiting each BRUVS. As this study confirmed, most individual
sharks carry distinctive marks or features allowing them to be identified as individuals. Some marks
are natural while others are acquired, with older individuals tending to have more characteristics
through injuries and scars than neonates and juveniles. In 12 of the 14 species recorded, at least
two-thirds of the observed sharks could be recognised as individuals through such features. In most
cases where it was not possible to discern any distinguishing features, this was because the shark’s
appearance on camera was too brief or too distant. Some species, notably C. albimarginatus and C.
leucas, in which the percentages of distinguishable individuals were the lowest (9.1% and 16.7%,
respectively), never closely approached the bait even though they may have been attracted to the
vicinity of the BRUVS by olfactory cues. With other species the proportion of individually identified
sharks was lower than it might otherwise have been because of high turbidity and poor visibility at
some stations. This was especially the case in the sandy lagoon in St. Joseph Atoll, where only a
minority of individuals could be identified. In particular, this affected the percentage of individually
identifiable C. melanopterus (85.3%), which otherwise are readily identified as individuals because of
the very variable shape of the black patches on their dorsal fins (see also [50]). In summary, while many
sharks can be recognised as individuals with certainty, a proportion of them viewed on BRUVS cannot
be distinguished. Thus, in many cases the difference between the true number of visiting sharks and
MaxN will be even greater than between MaxN and IndN.

The species for which for most BRUVS IndN was greater than MaxN are those that are largely coastal
by habitat. In contrast, more open-water species C. albimarginatus, C. limbatus, G. cuvier and S. mokarran,
appeared rarely and only as single individuals. Mean IndN was significantly greater than MaxN for
each deployment period overall (60, 120, 150 min). Further, in most species, including C. limbatus,
C. perezi and G. cirratum in the Cayman Islands and C. amblyrhynchos, C. melanopterus, N. ferrugineus
and T. obesus in the Amirante Islands, the mean ratio of IndN/MaxN increased with recording period.
These findings indicate that in at least these two study areas, for most species an increased deployment
period resulted in visits by significantly more individuals, not simply in return visits by the same
individuals. Thus, IndN may at times be a more useful index than MaxN, especially for assessing
ongoing population trends in the least abundant species, such as S. mokarran.

A comparison of the data obtained after different BRUVS deployment periods also showed that
while most shark species present might be recorded during the course of survey work using 60 min
deployments, nevertheless both the number of species recorded and the numbers of individuals of
most species increased with longer BRUVS deployment periods. Interestingly, in a very recent study
by Torres et al. [38], a deployment time of 24 h showed that while no additional species were observed
after 60 min deployment, additional individuals continued to arrive for a long time. In the present
study, the 120 and 150 min deployment periods showed a greater number of both individuals and
species, with some individuals of four species taking over 2 h to arrive. An example of a non-shark
elasmobranch arriving late during a recording session was a bowmouth guitarfish, Rhina ancylostoma,
which arrived at a BRUVS only 2 h 17 min 7 s after deployment. Thus we concluded that extended
recording periods may be advantageous, provided the fieldwork schedule permits this.

Besides deployment period, the number of sharks attracted to a BRUVS, and hence the precision of
monitoring, is also influenced by other factors. Our experience over 10 years suggests that the quality,
as well as the quantity, of bait can be important. The oil in bait appears to be a component particularly
attractive to sharks, but the oil content can vary greatly not only between bait species, but with the
season in which it is caught (relative to fish maturity and reproductive state) for fat content, where they
are fished, and with catch storage conditions. For example, the fat content of fished tuna has been
reported to vary from 0.4 to 13.5%, and of sardine from 1.2 to 18% [51–54]. The quantity of bait may in
our experience be less critical. We used less bait than many researchers, but in a pilot study we found
that using over five times the amount of bait used here (1550 g as opposed to 300 g) resulted in only a
small, non-significant increase in the numbers of sharks arriving at the BRUVS.
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The method of containment of bait on the BRUVS is also important. When, during earlier
work, bait was enclosed only in a large mesh-size bag, most or all of it could be quickly removed
by sharks, but also by scavenging fishes such as species of snapper (Lutjanus), emperor (Lethrinus),
durgon (Melichthys) and octopus. In such circumstances, all of the bait could be consumed in well under
an hour, in which case extended deployment would not result in further sharks being recorded. In both
studies described here, double bags of fine mesh inside larger mesh were employed, so that the scent of
the bait could still disperse readily, while the bait itself was difficult for fishes to extract. Other workers
have used perforated cans as bait containers [23,32]. As in any monitoring program, the data obtained
from BRUVS-based shark monitoring programs will be more reliable if such considerations are taken
into account and all aspects of the method standardised as far as possible.

As well as providing more precise estimates of abundance, the application of photo-identification
to BRUVS can provide information on the behaviour of individuals. Re-sightings showed that some
individuals of most species moved distances of up to 33 km across the study area. C. melanopterus, G. cirratum
and N. ferrugineus, however, were also often re-sighted close to the stations where they were originally
recorded. Data from acoustic tagging work undertaken in both study areas and elsewhere have provided
evidence that some of the species studied can move over even greater distances than evident from the
BRUVS data. For example, one C. perezi was recorded moving 125 km from Grand Cayman to Little
Cayman and the same distance back again to Grand Cayman [39]. Similarly, in the present study individual
C. amblyrhynchos in the Amirante Islands were observed on different BRUVS up to 20 km apart. Both long-
and short-range movements of this species have also been documented in New Caledonian waters by
Bonnin et al. [55], who suggested that the long-range movement of adults was motivated by mating
opportunity. In contrast, only a few of the >50 tagged C. melanopterus in the Amirante Islands have been
recorded crossing the <1 km wide channel between D’Arros and St. Joseph Atoll [56], even though in
Polynesia this species has been recorded crossing open water between islands up to 50 km apart [57].

If the low rates of re-sighting that were observed in the present study are typical of such
photo-identification work, then the movement data generated will be more limited than can be
obtained using acoustic tagging, which frequently records the locations of individuals if they are
present within a study area, provided that a dense network of receivers is installed over the area of
interest. Information derived from photo-identification work may nevertheless be of value where the
considerable funding required to mount an effective acoustic tagging study is unavailable. Furthermore,
where BRUVS are deployed on a regular basis within a specific area, photo-identification data can
reveal whether individual sharks make frequent use of an area or are resident within it.

It was also anticipated that re-sightings data might allow the application of mark–recapture
modelling to estimate the population of different species within the study areas. In practice, the numbers
of individuals of even the more frequently recorded species re-sighted on a different BRUVS during
the same sampling campaign were low (ranging from 2 to 9%), and the numbers re-sighted in the
following year even lower (0.4–2.7%). Encouragingly, however, low rates of re-sighting suggest that
known individuals must be mixing with a larger population of other individuals. Thus the model used
indicated for the Cayman Islands a mean effective population sizes of 76± 23 (S.E.) C. perezi and 199 ± 42
(S.E.) G. cirratum. These estimates are of interest in light of shark conservation efforts in Cayman,
where all shark species have been protected since April 2015 [39,40]. It will be important to determine
whether estimated population sizes of these species increase with time. Local opinion surveys indicated
that the shark protection legislation had overwhelming public support [39], being opposed by only a
small minority of boat-based fishers who may be tempted to ignore it.

There are also two factors which confound the interpretation of the population estimates. Firstly,
the calculated population sizes are only of individually identifiable sharks. Following Gore et al. [25],
these numbers need to be corrected upwards to allow for the proportions of sharks (of the species
concerned) that lacked distinguishing marks. However, a simple proportional correction based on the
proportions of individually identifiable sharks may result in an over-estimate, because some of the
sightings of non-identifiable sharks will also have been re-sightings. Furthermore, while some sharks
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could not be identified as individuals because they lacked distinguishing features, others could not be
identified as individuals since they did not approach the BRUVS closely enough or because the water
was too turbid, and so could in fact have been known individuals.

A second uncertainty relates to the size of area to which these population estimates apply. The three
Cayman Islands have a combined terrestrial area of only 264 km2 and an estimated length of coast
of 160 km, most of which is fringed by coral reef. These reefs drop steeply into water >500 m deep
within 2 km of the shore. However, C. perezi, for example, have been recorded at depths of 150 m or
more [58–60], and in the Cayman Islands were recorded moving between Grand Cayman and Little
Cayman, islands 125 km apart separated by water > 1000 m deep [39]. Further, it seems from the
results of conventional and acoustic tagging studies of sharks on reefs that, while some individuals
may be resident or semi-resident in an area, many are only occasionally present in the area or may
never be recorded again [39,58,61,62]. Thus, some of the individuals observed in the present study
may be foraging and mixing over a much larger region than the 160–320 km2 shelf area immediately
surrounding the individual Cayman Islands. Comparable analysis is underway of the Amirante
Islands data, but is confounded by the facts that the study area covers only a third of the archipelago
and that the area did not achieve marine protected area status until 2019.

5. Conclusions

The results of the present study demonstrate that the photo-identification of individual sharks
can be applied to BRUVS videos and that in most species this approach can result in a greater ability
to distinguish between different abundances. This was most evident for species in which there were
usually too few sharks for more than one individual to appear on screen at a time. Extended recording
periods enhanced this benefit, increasing both the number of shark species and the numbers of
individual sharks detected per BRUVS, at least up to 150 min. The application of photo-identification
to BRUVS can also provide information about the movement ecology of a species; this is helpful since
it indicates for management the appropriate size of the protected area or the foraging range of specific
individuals of interest or concern. Importantly, the method clarifies whether within a study area the
sharks recorded on BRUVS are frequently the same individuals or usually different ones. Additionally,
the method can generate indicative estimates of population size, which can be of value in provoking
either concern or reassurance (depending on the numbers) in relation to local shark conservation
programs. However, the process of matching images is very time consuming (in the present study the
videos from 661 BRUVS were analysed, an undertaking which required about 1500 h of desk time),
and the reliable detection of distinguishing features on BRUVS videos requires patience and experience.
Sherman et al. [24] similarly noted that identifying individuals does provide better accuracy and
additional information, but the determination of actual numbers takes time. MaxN is a simpler and
quicker method, and is particularly appropriate for large-scale surveys or routine monitoring. On the
other hand, the more sensitive estimates attained by determining IndN are valuable if attempting to
monitor population trends of a scarce species or in a smaller area, such as an island or an MPA. IndN is
sensitive to differences in abundance that MaxN would not detect. The balance of costs and benefits in
applying this approach will depend on the aims and circumstances of any particular project.
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Appendix A

Table A1. Comparison between mean IndN and mean MaxN for shark species in (a) the Cayman Islands and
(b) the Amirante Islands for 60, 120 and 150 min deployment periods, with differences tested using post hoc
Wilcoxon matched pairs test (statistic Z), n = number of cases and p = probability values for Figures 5 and 6.

Area Species Deployment Period n t p

(a) Cayman
Islands

All species
60 451 3.96 <0.0001

120 447 6.78 <0.0001
150 228 4.89 <0.0001

Carcharhinus limbatus
60 368

120 364
150 168

Carcharhinus perezi
60 368 2.01 0.05

120 364 3.91 0.0001
150 168 2.90 0.004

Galeocerdo cuvier
60 368

120 363 1.00 0.32
150 168

Ginglymostoma cirratum
60 368 2.86 0.005

120 364 4.86 <0.00001
150 168 3.75 0.0002

Negaprion brevirostris
60 368

120 364 1.00 0.32
150 168

Sphyrna mokarran
60 368

120 364
150 168 1.00 0.32

(b) Amirante
Islands

All species
60 210 5.95 <0.0001

120 210 7.48 <0.0001
150 79 4.99 <0.0001

Carcharhinus albimarginatus
60 210

120 210
150 94

Carcharhinus amblyrhynchos
60 210 2.35 0.02

120 210 3.73 0.0002
150 94 3.32 0.001

Carcharhinus leucas
60 210 1.00 0.32

120 210 1.00 0.32
150 94

Carcharhinus melanopterus
60 210 5.31 <0.00001

120 210 6.20 <0.00001
150 94 4.94 <0.00001

Nebrius ferrugineus
60 210 1.42 0.16

120 210 2.26 0.02
150 94 1.42 0.16

Negaprion acutidens
60 210 2.68 0.01

120 210 3.53 0.001
150 94 2.16 0.03

Sphyrna mokarran
60 210

120 210
150 94

Triaeonodon obesus
60 210

120 210 1.64 0.10
150 94 1.65 0.10
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Table A2. The ratio of IndN to MaxN for shark species for deployment periods of increasing length
(60, 120 and 150 min) in the Cayman Islands and Amirante Islands. n = number of BRUVS included
in analyses. IndN = number of individuals identified. MaxN = maximum number of individuals
observed on screen at any one time. n decreases with increasing time periods, because not all recordings
ran for 120 min, and a minority for 150 min.

Cayman Islands Amirante Islands

Species Period n Ratio
IndN/MaxN Species Period n Ratio

IndN/MaxN

Carcharhinus
limbatus

60 451 1 Carcharhinus
albimarginatus

60 210 1
120 445 1.11 120 210 1
150 228 1.2 150 78 1

Carcharhinus
perezi

60 451 1.12 Carcharhinus
amblyrhynchos

60 210 1.19
120 445 1.21 120 210 1.36
150 228 1.26 150 78 1.45

Galeocerdo
cuvier

60 451 1
Carcharhinus
leucas

60 210 1.11
120 445 1 120 210 1.08
150 228 1 150 78 -

Ginglymostoma
cirratum

60 451 1.16 Carcharhinus
melanopterus

60 210 2.07
120 445 1.27 120 210 2.45
150 228 1.34 150 78 2.59

Negaprion
brevirostris

60 451 1 Nebrius
ferrugineus

60 210 1.08
120 445 1.07 120 210 1.13
150 228 1 150 78 1.15

Sphyrna
mokarran

60 451 1
Negaprion
acutidens

60 210 1.23
120 445 1 120 210 1.3
150 228 1 150 78 1.29

Sphyrna
mokarran

60 210 -
120 210 1
150 78 1

Triaenodon
obesus

60 210 1
120 210 1.15
150 78 1.27

Table A3. Statistical comparison of pairs of deployment periods of IndN and MaxN for all shark species
combined in (a) Cayman Islands and (b) Amirante Islands, using post hoc Wilcoxon matched pairs
tests (statistic Z), n = number of cases and p = probability values for Table 3.

Area Period
IndN MaxN

n Z p n Z p

(a) Cayman Islands 60 vs. 120 min 70 7.3 0.00001 64 6.6 <0.00001
120 vs. 150 min 14 3.3 0.001 14 2.9 0.004

(b) Amirante Islands
60 vs. 120 min 37 5.3 <0.00001 27 4.5 <0.00001

120 vs. 150 min 5 2.0 0.04 2 1.3 0.2
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Table A4. Statistical comparison for pairs of BRUVS deployment periods (60, 120, 150 min) of IndN and
of MaxN for each shark species separately in (a) Cayman Islands and (b) Amirante Islands, using post
hoc Wilcoxon matched pairs tests (statistic Z), n = number of cases and p = probability values for Table 4.

Area Shark Species Period
IndN MaxN

n Z p n Z p

(a) Cayman
Islands

Carcharhinus limbatus 60 vs. 120 3 1.6 0.1

Carcharhinus perezi 60 vs. 120 27 4.5 <0.0001 25 4.4 0.00001
120 vs. 150 6 2.2 0.028 6 2.2 0.03

Ginglymostoma cirratum 60 vs. 120 39 5.4 <0.0001 33 5 0.00001
120 vs. 150 8 2.5 0.011 8 1.9 0.06

Negaprion brevirostris 60 vs. 120 4 1.83 0.07 4 1.8 0.07

(b) Amirante
Islands

Carcharhinus
amblyrhynchos

60 vs. 120 9 2.7 0.008 9 2.7 0.008
120 vs. 150 2 1.3 0.2 2 1.3 0.2

Carcharhinus
melanopterus 60 vs. 120 7 2.4 0.018 7 2.4 0.018

Nebrius ferrugineus 60 vs. 120 4 1.8 0.07 4 1.8 0.07

Negaprion acutidens 60 vs. 120 7 2.4 0.018 7 2.4 0.018

Triaenodon obesus 60 vs. 120 4 1.8 0.07 4 1.8 0.07

Table A5. The range of distances and the respective time periods taken for each shark species.

Species Distance (km) Time (d)

C. amblyrhynchos 2.9–33.0 <1–405
C. melanopterus 0.3–24.5 <1–814
C. perezi 1.2–9.7 181–429
G. cirratum 0.02–15.3 <1–185
G. cuvier 0.38 <1
N. accutidens 0.7–27.5 <1–111
N. brevirostris 1.03 <1
N. ferrugineus 0.5–27.0 <1–2
S. mokarran 2.23 <1
T. obesus 26.91 374

Data availability: 10.6084/m9.figshare.13061546.
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