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First estimates of population size
and home range of Caribbean
reef and nurse sharks using
photo-identification and BRUVS

Johanna Kohler1,2*, Mauvis Gore2,3, Rupert Ormond2,3

and Timothy Austin1

1Department of the Environment, Cayman Islands Government, George Town, Cayman Islands,
2Centre for Marine Biodiversity and Biotechnology, Heriot-Watt University, Edinburgh,
Scotland, United Kingdom, 3Marine Conservation International, Edinburgh, Scotland, United Kingdom
The assessment of parameters population size and individual home range is

important for effective conservation management of sharks. This study uses the

novel application of photo identification (photo-ID) to BRUVS footage as a non-

invasive alternative to tagging in order to generate individual capture histories.

These were used in mark-recapture models to estimate effective population

sizes and to determine home ranges. In the Cayman Islands a total of 499 shark

sightings of six coastal shark species were recorded on BRUVS from 2015 - 2018,

but re-sighting rates were only sufficient for the determination of population

parameters for two species - Caribbean reef shark (Carcharhinus perezi) and

nurse shark (Ginglymostoma cirratum). The calculated super-population sizes

for Caribbean reef shark (180 ± 37 SE) and nurse shark (336 ± 61 SE) were greater

than the estimates for each species based on a closed-population model

(Caribbean reef shark: 128 ± 40 SE, nurse shark: 249 ± 48 SE), though both

measures indicated that there were about twice as many nurse sharks (1.3 - 1.8

sharks/km2) as Caribbean reef sharks (0.7 – 1 shark/km2) within the study area.

The demographic compositions included numerous immature individuals,

indicating that breeding of both species takes place within the study area of

188 km2. Most recognizable individuals of both species showed linear home

ranges of <20 km, but a few individuals were observed to have moved longer

distances (Caribbean reef shark: 125.37 km, nurse shark: 156.07 km). The data

indicate that the home ranges and long-distance movements of individual sharks

observed within the islands’marine protected areas (MPAs) often extend to areas

beyond the MPA’s boundary, potentially exposing them to fishing activities. This

study provides the first estimates of population size for Caribbean reef and nurse

sharks in the Cayman Islands and the first estimate of a Caribbean reef shark

population globally.

KEYWORDS

mark-recapture models, Caribbean Sea, MARK software, Cayman Islands, conservation,
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1 Introduction

Understanding the ecology of populations is critical for their

effective conservation and management. Over the past decade shark

conservation has become a global priority (Ormond et al., 2017;

Daly et al., 2018; Birkmanis et al., 2020) due to the substantial

decline in some shark populations (Graham et al., 2010; Worm

et al., 2013; Dulvy et al., 2014; Roff et al., 2018; Pacoureau et al.,

2021), including specifically in the Atlantic Ocean and Caribbean

Sea (Ward-Paige et al., 2010; Dwyer et al., 2020; MacNeil et al.,

2020) as the result of intense overexploitation and other human

activities, such as habitat degradation (Baum et al., 2003; Pikitch

et al., 2006; Jennings et al., 2008; Heupel et al., 2009; Guzman et al.,

2020). In response many nations have implemented measures such

as fishing bans, quotas and Marine Protected Areas (MPAs) in

order to reduce the impact of fishing on local reef shark populations

(Gallagher et al., 2017; Ward-Paige, 2017; Guzman et al., 2020). The

benefits of these measures has however been highly variable and

depended on population parameters such as population size and

home range (Ormond and Gore, 2005; Speed et al., 2010; Bond

et al., 2012; Dwyer et al., 2020). These assessments remain

challenging and are limited by declining shark population

numbers, the complexity of their habitat and their highly

mobile nature.

Mark-recapture methods are a standard tool to investigate

population parameters (Seber, 1986; Cliff et al., 1996; Kohler and

Turner, 2001). This approach requires the identification of

individuals in a population so that they can be recognized at a

subsequent sampling occasion. Generally, this is done by capturing

the study animal and attaching or inserting a unique tag for

individual identification (Kohler and Turner, 2001). In the case of

sharks, tagging can be difficult logistically, as it is sometimes

impossible to restrain individuals [e.g. whale sharks (Rhincodon

typus) (Meekan et al., 2006), basking sharks (Cetorhinus maximus)

(Gore et al., 2016)] and in many countries there are legal restrictions

that require permits to catch and handle study animals. Population

models can be powerful, but these rely on a number of assumptions

including equal survival and capture probability of marked and

unmarked animals (Seber, 1986). The success of mark-recapture

studies greatly depends on the chance of survival of marked

animals, which can be limited by the potential impacts of physical

capture and tagging [e.g. post-release mortality or reduced

reproduction (Skomal, 2007; Gallagher et al., 2014; Barnes et al.,

2016; Ellis et al., 2017)], and by the longevity of the tags or markings

[e.g. failure due to the loss of tags (Graham and Roberts, 2007;

Rowat et al., 2009)].

Photo-identification (photo-ID) offers a non-invasive

alternative to physical mark-recapture techniques (Gubili et al.,

2009; Marshall and Pierce, 2012; González-Ramos et al., 2017),

using photographs to ‘capture’ (sighting) and ‘recapture’ (re-

sighting) study animals. Since this method relies on distinctive

markings for individual identification (Dudgeon et al., 2008), it may

only be practical for species that have noticeable patterns or

markings. In sharks, underwater photographs of patterns and

dorsal fins have been used to study various species including

basking sharks (Sims et al., 2000; Gore et al., 2016), white sharks
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(Carcharodon carcharias) [e.g. (Domeier and Nasby-Lucas, 2007;

Towner et al., 2013; Schilds et al., 2019)], nurse sharks

(Ginglymostoma cirratum) (Castro and Rosa, 2005), whale sharks

[e.g. (Bradshaw et al., 2007; Graham and Roberts, 2007; Ramıŕez-

Macıás et al., 2012; Andrzejaczek et al., 2016)], and zebra sharks

(Stegostoma fasciatum) (Dudgeon et al., 2008).

Since population models rely on individual capture histories

and sufficient numbers of re-sightings (Cooch and White, 2009;

Schwarz and Arnason, 2009), the precision of population estimates

increases with sample size (Cooch and White, 2009). However,

sharks are typically elusive and difficult to capture (or sight) because

individuals often tend to avoid areas where there are boats, or

snorkelers and SCUBA divers in the water (Smith et al., 2010;

Cubero-Pardo et al., 2011; Bradley et al., 2017c). To achieve large

sample sizes, previous studies have surveyed natural aggregation

events [e.g. whale sharks (Andrzejaczek et al., 2016) or basking

sharks (Gore et al., 2016)] or used bait to attract animals [e.g. white

shark (Towner et al., 2013)].

Given the predatory nature of reef sharks, baited remote

underwater video systems (BRUVS) are now a common tool for

studying aspects of shark populations (Brooks et al., 2011; Clarke

et al., 2012; Ormond et al., 2017; Osgood et al., 2019; Bruns and

Henderson, 2020; MacNeil et al., 2020) and are considered

advantageous for species that tend to avoid human presence and

so are not well recorded using Underwater Visual Census (UVC)

techniques reviewed in Harvey et al., 2013. Individual sharks on

BRUVS are often seen from multiple angles. The recent

improvement of the resolution in affordable action cameras (e.g.

GoPros) has enabled the application of photo-ID techniques to

BRUVS recording permitting researchers to improve the estimates

of relative abundances of rays (Sherman et al., 2018) and reef sharks

(Gore et al., 2020). While Koivuniemi et al. (2019) used camera

traps, photo-ID, and mark-recapture techniques to estimate the

population size and the home range of Saimaa ringed seals

(Phocahispida saimensis), this approach has not until now been

used to assess shark populations. The use of BRUVS in combination

with photo-ID appears to be especially advantageous for

populations that are small or endangered and therefore inherently

difficult to survey.

Reef sharks play a key role in maintaining healthy reef

ecosystems (Cortes, 1999; Bascompte et al., 2005; Ferretti et al.,

2010; Heupel et al., 2014). A recent study found that reef shark

populations in the Caribbean are much less abundant than those in

the Pacific and Indian Ocean (MacNeil et al., 2020). Further, reef

sharks in remote locations, such as the Cayman Islands, are

considered ecologically vulnerable to local extinction, since like

remote island populations they are less likely to be repopulated

from other regions (Karl et al., 2012; Bernard et al., 2017). Nurse

sharks and Caribbean reef sharks (Carcharhinus perezi) are the two

most abundant reef shark species in most Caribbean regions

(Castro, 2000; Chapman et al., 2005; Bond et al., 2012; Pickard

et al., 2016; Bakker et al., 2017; Fanovich et al., 2017; Bruns and

Henderson, 2020; Casselberry et al., 2020), including the Cayman

Islands (Ormond et al., 2017), both being reported to have relatively

small home ranges (10 - 20 km) (Chapman et al., 2005; Bond et al.,

2012; Pickard et al., 2016; Garla et al., 2017; Dwyer et al., 2020). To
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date, however, information on local population size is only available

from nurse sharks in the Atol das Rocas Marine Reserve, Brazil

(Castro and Rosa, 2005), and there are still no estimates reported

from other species such as the endemic Caribbean reef shark.

In the Cayman Islands, shark research commenced in 2009

(Ormond et al., 2017) and results showed that abundances of sharks

are moderately low compared to some other locations (Gore et al.,

2020), with the distributions of species influenced by habitat and

human disturbance (Kohler, 2022). Since it is recognized that even

small recreational fisheries, such as that in Cayman, can impact reef

sharks (Lewin et al., 2006; McCoy et al., 2009; Meier et al., 2011;

Mohan et al., 2020), precautionary measures can provide some

degree of protection for local populations. Marine Protected Areas

(MPAs) were established in 1986, covering 45% and 50% of the

coastal shelf on Grand Cayman and Little Cayman, respectively

(NCA, 2013). Additionally, a nation-wide ‘shark sanctuary’

prohibiting the catch and landing of any shark species within

Cayman waters has been in effect since 2015 (NCA, 2013). To

date, precise estimates of population sizes and home ranges of reef

sharks in Cayman have not been available. Despite proactive

conservation efforts, a lack of information on the status of local

shark populations is of concern, since this undermines effective

conservation planning (Bond et al., 2012).

To address this knowledge gap the present study investigated

the following hypotheses: 1) that the novel application of photo-

ID can be used to recognize individual sharks and, based on the

frequency or re-sightings, be applied to mark-recapture models to

estimate population size and demographic composition, and 2)

that the use of photo-ID to recognize individual sharks can also be

used to assess the movements and home-ranges of individuals.

Assuming sharks were recorded on BRUVS, it was expected that

prolonged soak times would allow the recording of all individuals

that were available for ‘capture’ (i.e. present within the proximity

of the BRUVS unit). Presuming that sufficient numbers of

individual re-sightings could be recorded, it was anticipated

that both closed and open mark-recapture models could be

applied to the data, the latter assuming significant movement of

individuals into and out (immigration and emigration) of the

population being modelled. Provided individual sharks were

sighted at more than one location, linear home ranges of

species were expected to be estimated as relatively small (<20

km). The results provide information for effective conservation

and enforcement locally and contribute towards the knowledge of

the status and behavior of reef shark populations in the

wider Caribbean.
2 Materials and methods

2.1 Study area

Grand Cayman (19.3222° N, 81.2409° W) and Little Cayman

(19.6897° N, 80.0367° W) are two of the three Cayman Islands

located in the western Caribbean Sea (Figure 1), approximately

110 km apart and totalling 264 km2 in land area. Each island has a

narrow sublittoral shelf (maximum width: 1.5 km) with two
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distinct reef terraces (shallow reef: 5 - 15 m, deep reef: 16 - 25

m) and below this almost vertical slopes reaching to more than

2000 m (Roberts, 1994). Different portions of the coast are fringed

by shallow lagoons, seagrass beds, mangroves and coral reefs, of

which some areas have been protected to varying degree, jointly

referred to as Marine Protected Areas (MPAs), since 1986 (NCA,

2013). During the time of this study, MPAs covered a total of 45%

the costal shelf on Grand Cayman and 50% on Little Cayman. No

take zones covered 15% and 11% of the coastal shelf on Grand

Cayman and on Little Cayman, respectively (NCA, 2013). The

boundaries of MPAs have recently been enhanced to cover 55% of

Cayman’s total coastal shelf (NCA, 2013). The detailed

description and regulations of each zone can be reviewed at

https://doe.ky/marine/marine-parks/. The reef environment is

dominated by soft and hard coral, and sponges, with areas of

reef rock and sandy bottom, whereas the lagoons consist mostly of

sandy substrate, single coral heads, and seagrass beds, both

environments providing habitat for a diversity of tropical reef

fish (Burgess et al., 1994; Logan, 1994).
2.2 Data collection

The data were collected using baited remote underwater video

systems (BRUVS) deployed on seven seasonal sampling occasions

over a four-year period (October 2015 - November 2018) (see

Table 1). On each sample occasion the same 13 areas on Grand

Cayman and 8 areas on Little Cayman were surveyed (Figure 1). In

each area, on each sampling occasion, a set of four BRUVS was

deployed with 500 - 1000 m between individual units. Mono-BRUVS

(one horizontally facing camera, Figure 2) were deployed on the

seabed inside MPA boundaries (MPA = 10) and outside (non-MPA

n= 11), at the fore-reef between 10 - 25 m (n = 14) and in the lagoon

between 0.5 - 6 m depth (n = 7). Stereo BRUVS were not used as the

extra cost and time needed for analyses were not justified in terms of

additional data. BRUVS were baited with approximately 300 g of

sliced Atlantic mackerel (Scomber scombrus) contained within a mesh

bag attached to the end of a 1.5 m bait arm. Cameras (GoPro camera

Hero 3 or 4) were expected to record for at least 90 min or until

battery failure or exhaustion of available space on the memory card

(mean recording time 123.2 ± 19.1 min, range = 69.7 - 202.9 min). All

videos (n = 278) were viewed using VLC, Windows media, or Apple

Quick Time player, depending on software availability on laptops or

desktop computers.

2.2.1 Standardized photo-identification
Photographic identification (photo-ID) of individual sharks was

made using distinctive features such as the presence of natural

markings (e.g. skin discoloration, shape of dorsal fins), signs of

former injuries (e.g. wounds, scars, fin damage and fishing hooks),

and in some cases the presence of tags following separate

conventional tagging [See Figure 3 for examples of distinguishing

features, as also used by others (Castro and Rosa, 2005; Meekan

et al., 2006; Domeier and Nasby-Lucas, 2007; Dudgeon et al., 2008;

Marshall and Pierce, 2012; Gore et al., 2016)]. Markings were

assumed to be unique, and not to fade completely or heal
frontiersin.org
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TABLE 1 Summary of sampling occasions and time intervals (number of months) between sampling occasions of collecting underwater photos of
sharks from BRUVS in the Cayman Islands (2015 - 2018).

Sampling occasion Year Months Time interval (months)

1 2015 October + November N/A

2 2016 May + June 5

3 2016 October – December 3

4 2017 May + July 4

5 2017 November + December 3

6 2018 April + March 2

7 2018 October + November 5
F
rontiers in Marine Science
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FIGURE 1

Standardized sampling areas (letters) and individual BRUVS deployment sites (rows of four blue dots indicating four replicate BRUVS deployments) on
Grand Cayman (13 areas) and on Little Cayman (8 areas) used repeatedly throughout the study period (2015 - 2018). Shaded areas indicate the
extent of MPAs.
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1 LHS, left-hand side; RHS, right-hand side.
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completely over the study period (Anderson and Goldman, 1996;

Gore et al., 2016).

Individual sharks were classified as either immature or mature,

based on estimated total length (TL), and the sex of each individual

recorded. The length estimates were not considered to be exact

measurements because size estimates are difficult to make

accurately from mono-BRUVS (Harvey et al., 2002; Cappo et al.,

2004; Harvey et al., 2009). To reduce the variability in length

estimates of the shark, estimates were made in relation to the size

of the bait bag and to reference images of a pole. The first individual

length estimate was derived in relation to the bait bag (25 cm side

facing camera, 1.5 m away) and the second was made in relation to

reference images of a PVC pole (total length 160 cm marked in 10

cm increments) taken at 1 - 10 m distance from the camera. For

each shark, an estimate of TL (from the tip of the snout to the tip of

the caudal fin) was made to the nearest 5 cm and the maturity

determined (Table 2). The two estimates per shark were compared

and when they differed in relation to their maturity, the TL and

maturity were re-estimated. Sharks that swam further than 10 m

from the camera, that did not entirely come into the field of view at

any one time during the video, or that swam far above the BRUVS

unit, were not sized and were removed from this part of the analysis.

The sex of sharks was identified by the presence (= male) or

absence (= female) of claspers. Immature sharks were only sexed if

the anogenital area was visible at any time during the video, so

allowing the observer to examine the pelvic region for the presence

or absence of claspers. If the ventrum was not clearly visible, and no

claspers were observed, then the sharks were designated as ‘no

visible claspers’ (NVC).

Conventional dorsal fin tags [Rototag livestock tag (DuFlex,

Destron Fearing) or breeding pair ovine Allflex tag (Ritchie EID)]

were fitted on Caribbean reef sharks and on small numbers of nurse

sharks during an acoustic tagging study undertaken between 2010 –

2018 (Kohler, 2022). Video analysis of BRUVS revealed that only a
Frontiers in Marine Science 05
small number of nurse sharks with tags were recorded and that

those tags were heavily overgrown with turf algae, making the tag

number unreadable. Therefore, instead of the number on the tag,

only the presence of the tag was considered an identifying feature.

For each shark, the distinguishing features were entered into a

software database [see Gore et al. (2016)] supported by still images

captured from BRUVS videos in order to facilitate matching of re-

sighted individuals. Still images were taken using the screenshot

function available in Windows/Mac or within the media player

(VLC, Windows media or Apple Quick Time). For each shark, so

far as possible, at least one image was taken of (1) the entire body

(LHS, RHS1), (2) the 1st and 2nd dorsal fin on both left and right-

hand sides (LHS, RHS), (3) the head (LHS, RHS), (4) the underside

of the pelvic fins, and (5) of any additional distinctive features (e.g.

dorsal fin tag, scar, skin discoloration, hook, injury). For some

sharks no distinguishing features could be recorded because of the

lack of any visible distinguishing features, either because the shark

did not come close enough to the camera or because it moved

through the frame too quickly. In this case the shark sighting was

marked as ‘no ID possible’ and rejected for use in any data analysis

(Castro and Rosa, 2005; Meekan et al., 2006) so as to meet the

underlying assumptions of mark-recapture models (Jolly, 1965;

Seber, 1965; Seber, 1982).

2.2.2 Sightings and individual
live-encounter histories

For the purpose of mark-recapture analysis a shark sighting was

defined as the presence of an individual at a BRUVS unit at any time

during a single deployment, whether it entered the frame just once

or made multiple entries. In contrast, a re-sighting was recorded

when the same individual was sighted again on a different unit
FIGURE 2

Design of mono-BRUVS deployed in the Cayman Islands.
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either on the same day or on a subsequent day. Potential re-

sightings based on characteristics recorded in the database were

confirmed (or rejected) by direct comparison of ID-photographs by

a trained observer (Figure 4). Additionally, each re-sighting was

confirmed (or rejected) by a second experienced observer in order

to reduce visual bias and the chance of a false positive, as previously

implemented (Andrzejaczek et al., 2016; Gore et al., 2016; Araujo

et al., 2017). The data were processed to generate individual live-

encounter histories (Supplementary Material) where 1 = the

sighting (i.e. capture or re-capture in terms of mark-recapture

models) of a particular shark and 0 = the absence of that

individual, on a particular sampling occasion (White and

Burnham, 1999).
2.3 Data analysis

2.3.1 Estimating population size
For each species, the population size was estimated using two

standard mark-recapture models, the first assuming demographic

and geographic closure (no immigration or births and no
Frontiers in Marine Science 06
emigration or deaths: closed population) and the second not

assuming any closure (allowing for the potential occurrence of

immigration, births, emigration, and deaths: open population)

within the study period.

2.3.1.1 Closed population model

The closed-population estimates of population size (�N) were

obtained using the Chapman derivative of the basic Lincoln-

Peterson estimator (Seber, 1982; Cliff et al., 1996) which is more

robust for small sample sizes (Chapman, 1951). For each ‘re-

capture’ occasion t, the population size (Nt) was calculated

(Equation 1) where nt = the number of sharks sighted on

sampling occasion t, rt = the number of marked sharks re-sighted

in sample nt, and mt = the number of marked sharks at the

beginning of sampling occasion t.

Nt   =  
(mt + 1) ∗ (nt + 1)

(rt + 1)
 −   1 Equation 1

Assuming that k1 number of sharks were initially ‘marked’ (i.e.

individually identified) at sampling occasion 1 and that k2 = n2 – r2
number of unmarked sharks were sighted, were marked and
A

B

D

E

F

G

I

H

J

C

FIGURE 3

Examples of features used to distinguish individual sharks, including fin shape (A–D), skin discoloration (F, J), injuries, scars (G, I), dorsal fin tag (H),
fishing hook (E), and sex (F, G).
TABLE 2 Total length (cm) criteria for classifying maturity of sharks recorded on BRUVS in the Cayman Islands (2015 - 2018).

Species
Female Male

Reference
IM M IM M

Caribbean reef shark < 180 ≥ 180 < 150 ≥ 150 Compagno et al., 2005; Pikitch et al., 2005

nurse shark < 200 ≥ 200 < 180 ≥ 180 Castro, 2000; Compagno et al., 2005
IM, immature; M, mature.
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released at the end of a sampling occasion 2, then mt number of

effectively marked sharks at the next sampling occasion t equals

o kt . For each Nt the variance (Equation 2)

var   (Nt)   =  
(mt + 1)   (nt + 1)   (mt − rt)   (nt − rt)

(rt + 1)2   (rt + 2)
Equation 2

and 95% Confidence Interval (Equation 3)

95%  CIt   =  ±   1:965   ∗  
SDt
ffiffiffiffiffi

Nt
p Equation 3

were determined and the total population size (�N) was estimated as

the mean (Equation 4) across sampling occasions s (Cliff et al., 1996;

Castro and Rosa, 2005).

�N =   o
 Nt

(s   −   1)
Equation 4
2.3.1.2 Open population model

The open-population estimates were obtained using a Jolly-Seber

model (Jolly, 1965; Seber, 1965) that estimated super population size

(N̂ ), which is the number of animals that would hypothetically ever be

present in the population concerned during the study period. This was

achieved using the POPAN function in the mark-recapture software

program MARK (RRID : SCR_019281) (Arnason and Schwarz, 1995;

White and Burnham, 1999). The model assumes that all individuals

(both unmarked and marked) in the population have the same

probability of capture (i.e. being sighted or re-sighted) and of

apparent survival. Based on likelihood for t sampling occasions, the

model generates t – 1 estimates of F (‘phi’ = apparent survival

probability), t estimates of p (capture probability), t –1 estimates of b
(‘pent’ = probability of entry into the population), and N̂ . Specific
Frontiers in Marine Science 07
assumptions concerning the fit of the model (Schwarz and Arnason,

2009) to the data were tested on the fully time-dependent model using

the RELEASE GOF function in MARK (Burnham et al., 1987).

Models were fitted using the logit link function forF and p, the log

link function for N̂ , and the multinomial logit (Mlogit) link function,

so as to limit the sum of b to ≤ 1 (White and Burnham, 1999; Schwarz

and Arnason, 2009). The time-dependency of model parameters was

adjusted so that every possible combination of F, p and b (n = 8) was

modelled. For all models the number of sampling occasions was set to 7

and the time intervals were adjusted to present the number of months

between the last month of the previous sampling occasion and the first

month of the following sampling occasion (Table 1). Akaike’s

Information Criterion (AICc) was used to compare the fit of the

different models (Burnham and Anderson, 2002), and the N̂ estimate

of the best fit model [that is the model with the lowest AICc (Burnham

and Anderson, 2002)] was reported. Estimates of F, p and b were not

the central aim of the study and so are not reported.

2.3.2 Sex and maturity
For each species, the proportions of males to females and of

mature to immature individuals were calculated after pooling data

for all individuals across the study period. Only sharks that were

sexed or for which the maturity could be determined, respectively,

were used in this analysis. Statistical significance of any deviation

from a 1:1 ratio was determined using a Chi-squared goodness of fit

test (a = 0.05). All statistic test results were considered significant at

the 0.05 level and, unless p< 0.001, the exact p-value was reported.

2.3.3 Estimating home range size
The size of linear home ranges was examined by defining the

minimum linear displacement (MLD) following the protocol
FIGURE 4

Example of ID-photographs of the same individual shark recorded on two sampling occasions in the Cayman Islands (2015 - 2018).
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described in Kohler (2022). In short, the individual MLD was

defined as the linear distance between the two furthest BRUVS

units at which a particular shark was recorded. The GPS

coordinates of these two sites were converted into distance, using

the great-circle distance formula (https://www.movable-type.co.uk/

scripts/latlong.html), and reported in kilometers (km). For

individual sharks that were sighted only once or only at one

location, no MLD was calculated. Prior to hypothesis testing, data

were tested for homogeneity of variances using a Levene’s test (a =

0.05) and for normality using a Shapiro test (a = 0.05)

(Supplementary Material). To test the null hypothesis that home

range sizes were not significantly different between species, a non-

parametric, two-way Mann-Whitney U test (a = 0.05) was used.
3 Results

From 2015 - 2018, a total of 557 BRUVSs recorded 499 shark

sightings of six shark species (Table 3). Sharks were identified as

individuals by photo-identification using the underwater video

footage on 69.67% of all sightings (Table 3). Caribbean reef and

nurse shark were the most frequently recorded species with a re-

sighting rate of known individuals of 36.17% and 26.09%, respectively

(Table 3). Due to the low numbers of sightings of the remaining

species (Table 3), the following analyses were only feasible for

Caribbean reef and nurse shark. Individual live-encounter histories

for each species are reported in Supplementary Material.
3.1 Estimating population size

3.1.1 Closed population model
The Lincoln-Peterson estimates for each sampling occasion

varied from 27 - 314 individuals for Caribbean reef sharks
Frontiers in Marine Science 08
(Figure 5) and from 71 - 414 individuals for nurse sharks

(Figure 6). The mean population size ( �N) of Caribbean reef

sharks was 128 ± 40 (SE) and that of nurse sharks was 249 ± 48 (SE).

3.1.2 Open population model
For Caribbean reef and nurse sharks the test results of the program

RELEASE GOF (Table 4) showed no violation of the underlying

assumptions for open population mark-recapture models, indicating

equal probabilities of apparent survival, capture and entry of

photographically identified individuals. For both species, a variance

inflation factor of c ̂ = 1 was applied because c-̂values indicated slight

under-dispersion of the data (Cooch and White, 2009).

For both species, eight Jolly-Seber models were tested; the

model choice criteria and the respective super-population

estimates are summarized in Table 5. Comparing the AICc scores

and weights, model {Ft p. bt} (time-dependent survival, constant

probability of capture and constant probability of entry) was the

most parsimonious for Caribbean reef sharks and had

approximately 2.3-times more support than the next best model

{Ft pt bt} (Table 5). This best fit model estimated the size of the

super-population for Caribbean reef sharks at 180 individuals (95%

Confidence Interval = 127 - 281).

For nurse sharks, the best fit model {F. pt bt} (constant survival,
time-dependent probability of capture and entry) was

approximately 9.25-times more supported than the next best

model {Ft p. bt} and estimated the size of the super-population at

336 individuals (95% Confidence Interval = 248 - 496, Table 5).
3.2 Sex and maturity

The maturity of all 69 individual Caribbean reef sharks and 141

individual nurse sharks was determined among which 64 and 117

individuals of each species respectively could be sexed (Table 6). For
TABLE 3 Summary of sightings and individual sharks on ID-photographs obtained from BRUVS in the Cayman Islands (2015 - 2018).

Species
Total

sightings

Number of
non-recognizable

sightings

Number of
recognizable
sightings

Number
of

individuals

Number of re-sighted
individuals

blacktip shark
Carcharhinus
limbatus

13 7
6

(46.15%)
3

1
(33.33%)

Caribbean reef
shark
Carcharhinus perezi

193 91
102

(52.85%)
69

18
(26.1%)

great hammerhead
shark
Sphyrna mokarran

7 2
5

(71.43%)
4

1
(25%)

lemon shark
Negaprion
brevirostris

21 3
18

(85.71%)
8

3
(37.5%)

nurse shark
Ginglymostoma
cirratum

260 47
213

(81.92%)
141

51
(36.17%)

tiger shark
Galeocerdo cuvier

5 1
4

(80.00%)
3

2
(66.67%)
frontiersin.org

https://www.movable-type.co.uk/scripts/latlong.html
https://www.movable-type.co.uk/scripts/latlong.html
https://doi.org/10.3389/fmars.2023.1230896
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Kohler et al. 10.3389/fmars.2023.1230896
Caribbean reef sharks, the sex ratio did not differ significantly from

unity (Chi-squared test: c2 = 3.7812, df = 2, p = 0.151), but

immature sharks were found to be significantly more common

(Chi-squared test: c2 = 56.116, df = 2, p< 0.001) than mature

individuals (Table 6). For nurse sharks, males (Chi-squared test:

c2 = 6.838, df = 2, p = 0.033) and immature sharks (Chi-squared

test: c2 = 150.5, df = 2, p< 0.001) were significantly more common

than females and mature individuals, respectively (Table 6).
3.3 Estimating home range size

For both species mean home range sizes were relatively small

(< 22 km, Table 7) and did not differ significantly between species

(Mann-Whitney U test: W = 441, p = 0.162). Individual Minimum

Linear Displacements (MLDs), the number of sightings, and the

number of BRUVS units on which the individual was recorded are

reported in the Supplementary Material. The maximum MLD was

156.07 km for nurse sharks and 125.37 km for Caribbean reef
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sharks, with MLDs greater than 100 km recorded for four and two

individuals of each species respectively (Supplementary Material).
4 Discussion

The present study demonstrated that the novel application of

photo-identification and mark-recapture models to BRUVS footage

can be a useful, non-invasive tool for estimating population sizes of

reef shark species. This study provided the first estimate of

population sizes of Caribbean reef and nurse sharks in the

Cayman Islands (Grand Cayman and Little Cayman, totalling 188

km2 coastal shelf), and the first estimate of the size of a distinct

Caribbean reef shark population in any region. Such assessments of

population numbers are critical for the effective conservation and

management of sharks (Bond et al., 2012), since it is important to be

able to determine whether a population is stable, or increasing or in

decline. This is especially important in remote locations, such as the

Cayman Islands, since these populations could be subdivided from
FIGURE 5

Lincoln-Peterson estimates (Nt) ± SE of Caribbean reef sharks for each sampling occasion (t) in the Cayman Islands (2015 - 2018). Grey area
represents the 95% Confidence Interval.
FIGURE 6

Lincoln-Peterson estimates (Nt) ± SE of nurse sharks for each sampling occasion (t) in the Cayman Islands (2015 - 2018). Grey area represents the
95% Confidence Interval.
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those in other regions as a result of geographic separation by deep

water (Karl et al., 2012; Bernard et al., 2017).

Using encounter histories of individuals generated by photo-

identification both open- and closed- population estimates indicate

that there were about twice as many nurse sharks (1.3 - 1.8 sharks/

km2) as Caribbean reef sharks (0.7 - 1 shark/km2) present in the

study area. Population density assessments for reef sharks are

limited and, to this date, none are available for Caribbean reef

sharks [e.g. see IUCN Red List report of the Caribbean reef shark

(Carlson a et al., 2021)]. Mark-recapture studies in the Caribbean

have focused predominantly on whale sharks (Graham and Roberts,

2007; Ramı ́rez-Macı ́as et al., 2012; McKinney et al., 2017),

calculations estimating the presence of 521 to 809 individuals in

Mexico and 2,167 individuals throughout the entire Western

Central Atlantic Ocean region. However, since these studies

assessed feeding aggregations of a highly migratory species, these
Frontiers in Marine Science 10
numbers are not directly comparable to the population numbers of

reef sharks estimated in this present study.

The estimated nurse shark density in the present study is

approximately 24 times less than of that estimated for the Atol

das Rocas Marine Reserve, Brazil [44 sharks/km2 (Castro and Rosa,

2005)], a study that also used photo-identification and mark-

recapture methods. Compared to estimates of reef shark numbers

from Palmyra Atoll [grey reef shark (Carcharhinus amblyrhynchos)

population size = 8,344 sharks, population density = 21.3 sharks/

km2 (Bradley et al., 2017a)] and French Polynesia [blacktip reef

shark (Carcharhinus melanopterus) population size = 250 sharks,

density = 5.1 sharks/km2 (Vignaud et al., 2014)] population

numbers of both Caribbean reef and nurse sharks in this present

study appear to be relatively low. The shark populations at Palmyra

Atoll have been monitored for over a decade and are likely at or

near their site-specific carrying capacity (Bradley et al., 2017b;
TABLE 4 RELEASE goodness-of-fit results (TEST 2 + TEST 3) and ĉ for the fully time-dependent Jolly-Seber model tested in the mark-recapture
analysis of individual encounter histories of Caribbean reef and nurse sharks in the Cayman Islands (2015 - 2018), using the POPAN function in the
program MARK.

Species c2 df p c ̂

Caribbean reef shark 8.3401 12 0.7580 0.69

nurse shark 8.5697 12 0.7392 0.71
frontiers
TABLE 5 Model choice criteria and abundance estimates (N̂ ) of eight Jolly-Seber models tested in a mark-recapture analysis for individual encounter
histories of Caribbean reef and nurse sharks in the Cayman Islands (2015 - 2018), using the POPAN function in the program MARK.

Model AICc D AICc AICc weight Model likelihood Number of parameters N̂ ± SE

95% Confidence
Interval

lower upper

Caribbean reef shark

Ft p. bt 175.29 - 0.42 1 8 180 ± 37 127 281

Ft pt bt 177.01 1.72 0.18 0.42 12 172 ± 42 116 294

F. p. b. 177.01 1.72 0.18 0.42 12 172 ± 42 116 294

F. pt bt 178.89 3.60 0.07 0.17 12 171 ± 42 115 293

Ft pt b. 179.56 4.27 0.05 0.11 13 182 ± 52 117 336

Ft p. b. 179.58 4.29 0.05 0.11 13 189 ± 52 122 340

F. pt b. 179.58 4.29 0.05 0.11 13 189 ± 52 122 340

F. p. bt 182.54 7.24 0.01 0.03 7 176 ± 36 125 273

nurse shark

F. pt bt 354.07 - 0.74 1 12 336 ± 61 248 496

Ft p. bt 358.51 4.44 0.08 0.11 11 287 ± 34 234 372

Ft p. b. 358.51 4.44 0.08 0.11 11 287 ± 34 234 372

Ft pt bt 360.68 6.61 0.03 0.04 16 267 ± 49 200 407

F. p. b. 360.68 6.61 0.03 0.04 16 267 ± 49 200 407

F. pt b. 360.68 6.61 0.03 0.04 16 267 ± 49 200 407

Ft pt b. 363.08 9.01 0.01 0.01 17 267 ± 49 200 407

F. p. bt 364.17 10.10 0.01 0.01 7 322 ± 39 260 417
For each species, the super-population size was estimated by the best fit model (bold) which was identified by the lowest AICc score.
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Dillon et al., 2020), which is presumed to have an upper limit that

depends on habitat extent and prey availability (Stevens, 2012;

Storch and Okie, 2019), degree of isolation or connectivity

described in Vignaud et al. (2014); Bernard et al. (2017), and

region-specific life history traits reviewed in Mourier et al. (2013).

The large numbers of grey reef sharks in Palmyra Atoll may have

aggregated to feed on fish schools attracted to feed on spawn at

localized upwelling sites, but nevertheless small islands surrounded

by deep waters, such as the Cayman Islands, likely support lower

numbers of sharks than more extended networks of semi-

connected reefs.

The demographic compositions observed, including numerous

immature individuals, indicate that there are breeding populations

of both Caribbean reef and nurse sharks within the area, supporting

the evidence that both species are substantially resident through

their range (Carrier and Pratt, 1998). Since shallow lagoons provide

nursery grounds for sharks elsewhere, including insular populations

(Feldheim et al., 2002; Garla et al., 2006b; Papastamatiou et al.,

2009; Papastamatiou et al., 2015; Bond et al., 2017), it would be

useful to undertake visual surveys for juveniles across suitable

mangrove and reef flat areas; however preliminary searches of

these areas did not detect any concentrations of juveniles, such as

are known for lemon shark nursery areas in the Bahamas (Feldheim

et al., 2002, 2014). The occasional sighting of small juveniles both on

BRUVS and while SCUBA diving suggests that Caribbean reef

sharks may in contrast use structurally complex reef slope areas

for pupping and to provide shelter for juveniles.

Mark-recapture methods are a standard approach to estimate

population sizes (Krebs, 1999) and can provide robust estimates as

long as the underlying assumptions of the models are met (Sosa-

Nishizaki et al., 2012). While ecological studies inherently have

some degree of variation, in the present study bias due to imperfect

detection [reviewed in (Marshall and Pierce, 2012; Hagihara et al.,

2018)] was considered limited due to almost constantly clear

visibility and the use of two trained observers to confirm the

identity of individual sharks recorded on BRUVS video.

As in most mark-recapture studies, the assumption of equal

catch probability was probably violated to some degree [reviewed in
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(Latour, 2004)]. The standardized effort using BRUVS rather than

physical capture of the sharks or sightings by SCUBA divers

permitted the recording of all individuals within the camera’s

field of view, regardless of markings, sex, or maturity. This was

advantageous because other capture methods are selective (e.g. size

selective) to some degree (Rudstam et al., 1984; Chopin and

Arimoto, 1995). Similarly, sharks might actively avoid SCUBA

divers (Bradley et al., 2017c), which could bias catch probability

[reviewed in (Latour, 2004)]. In this present study there was no

evidence that the scent plume from the bait favored the attraction of

any particular species or sex (Kohler, 2022). While studies in other

locations have shown that the presence of sharks and the threat of

predation modifies the behavior of large mesopredatory teleosts

around BRUVS [e.g. (Lester et al., 2021)], the presence of (large)

sharks near the bait bag and level of activity around the BRUVS

might have influenced the likelihood of smaller shark species and

individuals approaching the field of view of the cameras. However,

in this present study smaller (younger) sharks tend to arrive earlier

in the recording (Kohler, 2022), indicating strong attraction to the

bait, and did not leave the unit even when larger sharks arrived later

in the recording. Therefore, the equal catch probability of age

groups was considered to be valid still due to the use of battery

backpacks allowing for prolonged deployments times (up to 202.9

min). This ensured sufficient time to record (larger) individuals that

might have arrived later in the recording period (Gore et al., 2020),

after the elapse of commonly used recording times [e.g. 60 min

(Dwyer et al., 2020; Clementi et al., 2021), 90 min (Bond

et al., 2012)].

The non-invasive approach employed in this study is

particularly beneficial when assessing species that are at relatively

low abundances, such as reef sharks in this study, since this would

make re-capture less likely. In addition, capture methods that

require physical capture can also increase the risk of

unintentional death during capture or post release (Brooks et al.,

2012; Bouyoucos et al., 2019; Matias Braccini and Waltrick, 2019;

Raoult et al., 2019). However, it is of note that despite these efforts to

limit bias in this study, the heterogeneity of survival and capture

probabilities is likely to exist to some degree, as in most mark-
TABLE 6 Summary of demographics for Caribbean reef sharks and for nurse sharks. Individual sharks were identified through the application of
photo-ID to BRUVS videos from the Cayman Islands (2015 - 2018).

Species
Number of individuals

Total Defined sex Female Male Defined maturity Immature Mature

Caribbean reef shark 69 64 26 38 69 57 12

nurse shark 141 117 48 69 141 122 19
fro
TABLE 7 Mean (± SE) and range of minimum linear displacement (MLD) of Caribbean reef and nurse sharks identified through the application of
photo-ID to BRUVS videos from the Cayman Islands (2015 - 2018).

Species
MLD

sample size (n) Mean ± SE, range (km)

Caribbean reef shark 17 21. 18 ± 9.55, 0.52 – 125.37

nurse shark 42 17.76 6.45, 0.44 – 156.07
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recapture studies (Pollock et al., 1990). For example, young sharks

are very vulnerable in their early life stages and therefore equal

survival probability might be violated when pooling encounter

histories of individuals with various life stages (Sosa-Nishizaki

et al., 2012). In this study, it was not feasible to account for

different demographics in the closed- and open-population model

because of the small numbers of re-sighting (Caribbean reef shark: 2

- 4, nurse shark: 3 - 17) at each sample occasion. However, since a

variety of habitat was sampled and the period between sampling

occasions was adequate for the dispersion of ‘marked’ individuals

(Seber, 1986), it is reasonable to assume that this study provided a

reliable estimate of reef shark populations.

Since photo-ID relies on the presence and longevity of

distinctive markings (Marshall and Pierce, 2012; Sosa-Nishizaki

et al., 2012), the use of multiple markings on the entire body

together with conventional tags in this present study achieved

‘double tagging’ [reviewed in (Marshall and Pierce, 2012)]; thus,

increasing the certainty of individual identification. Additionally,

any changes of individual markings (e.g. additional markings,

modification of current markings) over time were documented

throughout the study period. The use of natural marks was found

to be beneficial for individual identification and re-sighting rates,

consistent with other studies (Castro and Rosa, 2005; Meekan et al.,

2006; Domeier and Nasby-Lucas, 2007; Dudgeon et al., 2008;

Marshall and Pierce, 2012; Gore et al., 2016). During their visit to

a BRUVS individuals are usually recorded by cameras from many

different angles, providing high-quality imagery of individual

markings allowing for individual identification, in particular of

individuals or species that naturally have multiple markings.

Although the longevity of markings was not systematically

assessed in this study, individual Caribbean reef and nurse sharks

recorded on BRUVS were re-sighted up to 29 months (2 years and 5

months) and 45 months (3 years and 9 month), respectively, from

the point of initial identification respectively. This indicates that

markings were relatively stable and it was concluded that the marks

did not disappear over the four-year period, consistent with

previous reports showing that scars and skin pattern of individual

sharks were visible across multiple years and even decades

(Anderson and Goldman, 1996; Meekan et al., 2006; Bansemer

and Bennett, 2008; Gore et al., 2016). In this study, the proportion

of nurse sharks with distinctive marks (82%) was higher than the

55% reported in Brazil (Castro and Rosa, 2005) and the re-sighting

rates in this study (26% for Caribbean reef and 36% for nurse

sharks) were comparable with those of whale sharks [22 - 44%

(Meekan et al., 2006; Rowat et al., 2009; McKinney et al., 2017)] and

spotted raggedtooth shark (Carcharias taurus) [44% (Van

Tienhoven et al., 2007)] but much higher than that of basking

sharks [0.06% (Gore et al., 2016)]. The successful identification of a

large proportion of all individuals that were recorded on BRUVS in

this present study was likely due to the high-quality of the

photographs and the meticulous documentation of multiple

markings on the entire body.

The super-population sizes for Caribbean reef shark (180 ± 37

SE) and nurse shark (336 ± 61 SE) are the numbers of individuals

that might enter each population over the study period and each

value was greater than the estimate for each species based on the
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closed-population model. This seems reasonable considering the

different underlying assumptions of each population model. The

closed population model assumes that any immigration or

emigration is negligible between two consecutive sampling

occasions. Although the duration of each sampling occasion and

the time intervals between sampling occasion were relatively short

compared to the reported lifespan of Caribbean reef [15 years

(Tavares, 2009)] and nurse sharks [35 years (Carrier and Luer,

1990)]; and sampling was conducted in spring and autumn,

excluding the summer months when sharks are more mobile and

pupping occurs (Kohler, 2022), demographic and geographic

closure was most likely violated in closed-population models in

this study. Therefore abundance estimates should be treated with

caution (Meekan et al., 2006; Gore et al., 2016), as the violation of

any assumptions may affect the accuracy resulting in an over- or

underestimation of the populations size by the model (Krebs, 1999).

Small numbers of re-sighting (<10) can lower the power of

closed-population models compared to that with larger sample

sizes. To account for the relatively small numbers of re-sighting

per sampling occasion in this study, the Chapman derivative (1951)

was used. Previous studies have demonstrated a) the robustness of

this approach (Eberhardt, 1990; Cliff et al., 1996; White and Shenk,

2001; Castro and Rosa, 2005; Chao et al., 2008) and b) the mean

across sampling occasions is a reliable estimate of population sizes

for a particular study period (Cliff et al., 1996). The use of Seber’s

estimate of variance (Seber, 1982) in this study accounts for small

sample sizes providing a suitable measure for the degree to

which each estimate differs from the mean. The resulting 95% CI

suggests that the true population size of each species is within a

relatively small range, indicating a reasonable accuracy of the

Chapman estimator.

The assumption of demographic and geographic closure is

relaxed in open-population models, such as the Jolly-Seber (JS)

model, which allows for multiple sampling occasions with the

possibility of an increase (through recruitment or immigration) or

decrease (through mortality or emigration) in population numbers

(Schwarz and Seber, 1999). This model is powerful as long as the

sample area and effort is constant, and the time of each sampling

occasion is relatively short in relation to the intervals between

sampling occasions (Jolly, 1965; Seber, 1965; Arnason and Schwarz,

1995) as is in this study. The POPAN function in the program

MARK is a widely used tool for estimates of open populations

(Meekan et al., 2006; Davies et al., 2012; Gore et al., 2016; McCoy

et al., 2018) and was used in this study because it allows for any

numbers of sampling occasions that can extend over many years

and variable (rather than constant) time intervals between sampling

occasions (Schwarz and Arnason, 2009).

Testing the fit of the data via the program RELEASE prior to the

selection of the model with the ‘best fit’ (i.e. lowest AICc) is a

standard approach (Schwarz and Arnason, 2009). While TEST 2

(equal capture probability) and TEST 3 (equal survival probability)

suggest that model assumptions were met by the data, there was a

slight under dispersion (ĉ = 0.83) most likely due to the low

numbers of individuals and re-sightings of each species (Cooch

and White, 2009). To account for this, the value of the variance

inflation factor (ĉ) was set to 1 (Cooch and White, 2009). It is also
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worth noting that the logit link was used instead of the default sin

link, to avoid convergence as the logit link performs better than the

sin link, when the design matrix is modified to account for

differences in time intervals between sampling occasions as in

this study.

The final model was selected via the Akaike's Information

Criterion (AICc) rather than Likelihood Ratio Test (LRT) as this

is a straight forward, standard approach (Meekan et al., 2006;

Cooch and White, 2009; Gore et al., 2016). While the ‘best fit’

model is always the model with the most parameters because it has

the lowest deviance, the trade-off is that the uncertainty of the

model increases with the number of parameters. The AICc

quantifies this trade-off between precision and fit of the model to

the data. The AICc decreases as the model likelihood (fit of the

model) increases for constant numbers of parameters or stays

constant while number of parameters decreases. For Caribbean

reef shark and nurse sharks the F tp. bt model and F. pt bt model

were selected, respectively, because these had the lowest AICc

indicating that each best explains the variation in the data (best

fit) while using fewest parameters (least amount of uncertainty).

It is encouraging that the values of the lower 95% CI (Caribbean

reef shark = 127; nurse shark = 248) from the open-population

model were consistent with the respective population sizes of each

species from the closed-population model. As the assumption of

demographic and geographic closure was likely violated in this

study, it seems intuitive to consider the open-population model as

more accurate than the closed-population model. However,

considering the estimates from both population models, the

results indicate that between 128 and 180 Caribbean reef sharks

and between 249 and 336 nurse sharks used the coastal shelf of

Grand Cayman and Little Cayman at some point during the four-

year study period.

The relatively small home ranges (< 20 km) of Caribbean reef

and nurse shark observed in this study is consistent with previous

reports of both species from other regions (Bond et al., 2012; Dwyer

et al., 2020). Home range sizes of reef sharks can vary from species

to species but are typically relatively small, with an MLD between 5

and 20 km (Murchie et al., 2010; Whitney et al., 2012; Espinoza

et al., 2014; Carlisle et al., 2019; Bouyoucos et al., 2020). The size of

home ranges can be influenced by different energy requirements

governed by swimming behavior [active versus sedentary; (Carlson

et al., 2004)], and site-fidelity in relation to productive foraging

areas (Garla et al., 2006a)]. In this present study, some individuals

were seen in the same area across multiple sampling occasions,

indicating that a degree offidelity to certain areas exists. Site-fidelity

and home ranging behavior rather than moving throughout a coral

reef habitat is well documented in Caribbean reef and nurse sharks

elsewhere (Garla et al., 2006b; Bond et al., 2012; Garla et al., 2017;

Dwyer et al., 2020).

Comparisons of home ranges are difficult because the literature

on linear home ranges of Caribbean reef and nurse sharks are rare.

Compared to the activity space of both species, the observed linear

home ranges of Caribbean reef shark (21.18 km) and of nurse

sharks (17.76 km) seem to be larger than that of Caribbean reef

sharks in the US Virgin Islands (USVI) [5.5 km2 (Pickard et al.,

2016)] and that of nurse sharks in Brazil [1.84 km2 (Garla et al.,
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2017)]. The differences in home range size might be due to the study

design using different metrics (activity space in km2 and linear

home range in km), different sampling methods, and study periods.

The larger home ranges observed in this study compared to

those reported from USVI and Brazil, could be a result from pooling

the data across demographics. The sample sizes of both of these

studies were relatively small (USVI: n = 6; Brazil: n = 10) and

numbers of immature and mature sharks were not reported.

Acoustic telemetry showed that larger individuals move greater

distances than smaller Caribbean reef sharks in Cayman (Kohler,

2022). Ontogenetic expansion of home range size has also been

reported in Caribbean reef sharks from Belize which is thought to be

due to the higher energy requirements of larger sharks compared to

that of smaller individuals (Papastamatiou et al., 2009; Grubbs,

2010; Speed et al., 2010). The larger home ranges in this study might

be likely due to a combination of competition, resource availability

and sampling.

Some individuals of both species were recorded at locations that

are more than 100 km apart, indicating that both species move

along larger sections of the coastal shelf than their typical home

range (Supplementary Material). Some of these long-distance

movements required swimming across deep (>2,000 m), open

water between Grand Cayman and Little Cayman, consistent with

previous reports of reef shark behavior from Belize [Caribbean reef

shark: maximum distance recorded 50 km across open ocean

(Chapman et al., 2005)], from the Dutch Caribbean/USVI [e.g.

nurse shark: 160 km across open ocean (Winter and de Graaf,

2019)], and Florida [nurse shark: maximum distance recorded: 541

km (Kohler and Turner, 2001)].

Although nurse sharks are thought to be rather sedentary and

non-dispersive (Carrier, 1991; Kohler et al., 1998), a recent study

also found that the wide-ranging behavior of nurse sharks to be

more frequent than that of Caribbean reef sharks (Dwyer et al.,

2020). More nurse sharks in the present study were observed to

move longer distances (n = 4, maximum distance: 156.07 km) than

Caribbean reef sharks (n = 2, maximum distance: 125.7 km).

Further, it is possible that this trend was influenced by the

different number of clear markings present between species.

While a larger proportion of recorded nurse sharks showed

numerous clearly distinguishable markings, it was more difficult

to distinguish individual Caribbean reef sharks which had fewer of

these markings. As the presence of markings affects the re-sighting

probability, the use of natural markings for photo-ID might be

only feasible for the study of some reef shark species such as nurse

sharks and might be less suitable for others such as Caribbean

reef sharks.

As matching re-sightings can be time intensive, analysis time

might be reduced by using computer-assisted software for the

photographic mark-recapture (Bolger et al., 2012; González-

Ramos et al., 2017; Keeping et al., 2020) and more sophisticated,

automated face-recognition software [e.g. BearID (Clapham et al.,

2020)]. The use of 360-degree cameras might aid the detection of

individuals in locations with very high shark abundances as well as

the ability to include factors such as sex and size as these cameras

can have much higher rates of sightings of sharks than the limited

field of view of GoPros (Kilfoil et al., 2017). Such camera equipment
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and software are costly, but the use of these tools for future surveys

should be carefully considered.

Nevertheless, the wide-ranging nature of Caribbean reef and

nurse sharks revealed in this study indicates that these species

occasionally move far beyond their typical home range. Although

sharks are protected and receive additional protection from the

extensive network of MPAs in the Cayman Islands, this study

indicates that home ranges and long-distance movements of

individual sharks extend to areas outside the protected zones and

may be exposed to impacts of fishing activities. Wider ranging

species such as nurse sharks might require larger MPAs, as was

recently also suggested by Dwyer et al. (2020). This emphasises the

benefit of using multiple conservation measures, as is the case in the

Cayman Islands, to achieve effective protection for local shark

species [as also recommended by others (Espinoza et al., 2015;

Garla et al., 2017)].
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