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Abstract

Sharks play a key role in coral reef ecosystems, but Caribbean populations are concerningly
low. When monitoring endangered species, it is critical to use minimally invasive tools and
protocols that are adequate for local species and the environment. This study investigated
the adequate deployment time of baited remote underwater videos (BRUVs) for shark
studies in the Cayman Islands and whether the use of photo-identification to recognise
individuals (MaxIND) on BRUVs could improve abundance estimates (in comparison to
MaxN) and the analysis of shark behaviour. From 2015 to 2018, a total of 557 BRUVs were
deployed with recording times ranging from 3.8 to 211.03 min. The results showed that
(1) of the total number of individual sharks recorded on videos, 95% of individuals were
recorded within the first 110 min (slight variations between species), (2) MaxIND values
were 1.1-1.5 times greater than that of MaxIN (ratios varying with species) and (3) time
of first arrival (Tarrive) was similar for all recorded species but time spent in front of the
camera’s field of view (Tvisit) and activity levels (count of entries in camera’s field of view)
varied between species. The results provide key information to improve the localised
monitoring of rare/endangered species and can inform conservation management.

Keywords: non-invasive monitoring; Caribbean reef shark; endangered species; natural
marks; shark conservation

1. Introduction

The widespread decline in some shark populations globally has been mainly the result
of overexploitation and habitat degradation [1-3]. Coastal shark populations have been
particularly impacted and are concerningly low in the Caribbean compared to some other
regions [4-6]. This concern has promoted shark conservation in the wider Caribbean [7-12]
prompted by evidence that the loss of large predators such as sharks may trigger a cascade
of effects modifying the entire ecosystem [13-17]. Conservation measures (e.g., quotas,
Marine Protected Areas (MPAs) and species protection) can have positive impacts on
local shark populations [6,12,18-20]. However, for shark conservation management to be
effective long-term, it is key to monitor populations with minimally invasive tools and
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adequate protocols that encompass species-specific behaviour and local environmental
settings [21-24].

Baited remote underwater videos (BRUVs) are a non-invasive approach to studying
sharks [18,23,25-28]. Their numerous benefits, such as being cost-effective, repetitive,
having minimal impact on habitat and requiring relatively little manpower, having few
deployment constraints and generating statistically robust data [6,24,29-32], make BRUVs
a common research method for studying the diversity and relative abundance of sharks in
a range of spatiotemporal scales [6,28,33-35].

Various metrics that eliminate double counting [36] are used to estimate relative
abundance. The most common metric is MaxN also known as Nmax [9,32,37-39], de-
fined as the maximum number of a particular species seen in a single frame during the
entire video record [36,38,40]. However, MaxN is considered a conservative estimate of
abundance [38,40] that is likely to underestimate abundance at higher levels of true abun-
dance (hyperstability) [24,41-43]. Recently this issue has been addressed and MaxIND
(or TotN, [24], Nmax-A [18] and IndN [44]), an abundance metric that uses individual
photo-identification (photo-ID) [45-48], has been applied most recently to rays [43] and
sharks [27,44].

Individuals on BRUVs are often seen from multiple angles and distances allow-
ing for the detection of distinguishing features for individual identification in some
species [18,27,43,49]. Stobart et al. [24] identified lobster (Palinurus elephas) using size,
body pattern and damaged antennae and found that MaxIND, unlike MaxN, did not reach
saturation at high densities. The use of natural markings (e.g., species-specific spot patterns
on the tail and pectoral fins, skin discolorations or scars) and sex to identify individual
elasmobranchs on BRUVs found that MaxIND can improve the precision of abundance
estimates for rare/endangered species. MaxIND abundance estimates were 1.1-2.5 times
greater than MaxN values with ratios varying between species [43,44].

Despite the improved precision of abundance estimates, this approach has not as yet
been widely used, partly due to the increased time required for analysis and technological
shortcomings such as insufficient resolution of the cameras used (e.g., Sony and Canon
camcorders [18,50]), making it unfeasible to distinguish between individuals of the same
species [23]. Lately, the affordability of cameras with increased resolution such as GoPros
(https://gopro.com/, accessed on 27 July 2025) not only allows for the application of
MaxIND but also the study of individual behaviour patterns of sharks on BRUVs.

The adequate recording time of BRUVs can vary depending on the study loca-
tion [36,37,39,51-56]. The adequate recording time for BRUVs in Caribbean ecosystems has
not yet been assessed, despite its use to study reef sharks in Belize [18,57-59], the Dutch
Caribbean [50,60], Turks and Caicos [39], Cuba [57], the Cayman Islands [9,27,28,44] and
The Bahamas [23,61,62].

Previous studies have quantified fish and shark behaviour from BRUVs such as T1st
or T4 (time of first arrival) [39,63], which can vary with the relative distance an individual
is from the BRUVs when first deployed [36,41], the attractiveness of the bait [64,65], the
olfactory ability of species [66] and/or relative abundance of a species [24,63,67,68]. The
notation of the time of entry and of exit of individuals into the camera’s field of view (FOV),
TITO (time in—time out, [69] can also be useful to study individual behaviour patterns [39].
At the time of writing, TITO has only been used to derive a value for ‘residency time’ (e.g.,
total time a species was in close proximity to the unit) but it has also been suggested as
an indicator for boldness of a species [69-71]. Recently, behaviours such as ‘duration of
visit’ (= total time spent in the camera’s FOV) and descriptions of reactions by shark species
towards the BRUV unit were reported from the Turks and Caicos [39], but activity level
(= number of re-entries into the camera’s FOV) on BRUVs has yet to be studied in detail.


https://gopro.com/
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In the Cayman Islands, 18 coastal shark species have been recorded [9,28,72-74]. All
shark species within Cayman waters are protected by legislative species protection (since
2015) and long-established coastal Marine Protected Areas (MPAs, since 1986) [75]. Despite
the conservation measures, it is worth noting that the initial MPAs were designed to protect
SCUBA divers from fishing activities in areas with high diving pressure, not to protect
areas with high biodiversity (pers. com. John Bothwell, DoE), since when the MPA network
has been expanded [75]. Previous research suggested that local sharks are affected by
human behaviours such as fishing activities (incidental by-catch), SCUBA diving and boat
traffic [72]. Furthermore, it is likely that degradation of the local habitat [76-79] continues,
driven by the culmination of population growth across all three Cayman Islands and the
broader impacts of global climate change [80]. While Cayman’s coastal shark populations
seem stable, they remain low [27,28,72] and the potential isolation of coastal shark pop-
ulations at remote locations [34,81,82] makes those in the Cayman Islands particularly
vulnerable to local extinctions. Therefore, accurate monitoring of local shark populations is
essential to ensure the long-term conservation of these threatened species.

This study aimed to optimise the BRUVs monitoring of coastal shark populations in
the Cayman Islands. Non-invasive mono-BRUVs were used to (1) identify the adequate
recording time (=time at which 95% of all recorded individual sharks were recorded), (2) ex-
amine differences between MaxN and MaxIND and (3) assess species-specific behaviours
on BRUVs. It was expected that (1) the optimal recording time exceeds the common practice
of 60 min [36], (2) estimates of MaxN and MaxIND would be different from each other and
(3) that time of first arrival, duration of visit and activity level would differ between species.
The results provide information to enhance monitoring of rare and endangered species in
the Cayman Islands and inform conservation management in the wider Caribbean.

2. Materials and Methods
2.1. Study Area

Baited remote underwater videos (BRUVs) were deployed on Grand Cayman (19.3222° N,
81.2409° W) and Little Cayman (19.6897° N, 80.0367° W) from May 2015-November 2018.
The three Cayman Islands (Grand Cayman, Little Cayman and Cayman Brac) are located
in the western Caribbean Sea with a total land area of 264 km? (Figure 1). Each island has a
narrow coastal shelf (maximum width: 1.5 km) with shallow lagoons and two distinct reef
terraces (shallow reef: 5-15 m, deep reef: 16-25 m) leading to almost vertical slopes reach-
ing to more than 2000 m depth [83]. The marine environment is dominated by seagrass
beds, fringing mangrove forests, beach rock, sandy bottom and coral reefs including soft
coral, hard coral and sponges, that all in turn provide habitat for a diversity of tropical reef
fish [79,84-89] and sharks [9,72-74].

During this study, 45% and 50% of the total coastal shelf on Grand Cayman and Little
Cayman, respectively, were protected by MPAs (MPAs were extended in 2021).
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Figure 1. Standardised sampling areas (letters) and individual BRUV deployment sites (rows of

four blue dots indicating four replicate BRUV deployments) on Grand Cayman (13 areas) and on
Little Cayman (8 areas) used repeatedly throughout the study period (2015-2018). Cross-hatched
areas indicate the extent of MPAs. Created by the Department of Environment, Cayman Islands
Government. Insert layer’s geography was developed by Esri and sourced from Garmin International,
Inc., the U.S. Central Intelligence Agency (The World Factbook) and the National Geographic Society
for use as a world basemap [90].

2.2. Data Collection

Mono-BRUYV units (one horizontally facing camera) were deployed twice a year over
a four-year period, 20152018 (Table 1) on fore-reef areas (10-25 m depth) and in lagoons
(0.5-6 m depth), totalling 21 survey areas (Grand Cayman 13, Little Cayman 8; Table S1).
Areas and BRUYV sites were selected to reflect the diversity of habitats, geographic areas
and protection status (MPA, non-MPA) (Figure 1).
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Table 1. Mean (+SE) and range of Tarrive, Tvisit and activity level of all sharks combined from
BRUVs (1 = 499, maximum length = 211.03 min) in the Cayman Islands (2015-2018).

Behaviour Metric Mean (£SE) Range
Tarrive (min) 62.84 (+1.53) 1.23-164.12
Tvisit (min) 6.92 (+£0.48) 0.07-84.23

Activity level 1 16.08 (£1.19) 1-176

1 Count of re-entries of an individual shark.

Detailed descriptions of BRUV design and deployment can be viewed in Koher
et al. [27]. In brief, an inverted plastic crate, weighted with ~3.5 kg dive weights, to
which a GoPro camera (Hero 3 or 4) and a mesh bait bag containing approximately 300 g of
sliced Atlantic mackerel (Scomber scombrus) at the end a 1.5 m PVC pole was placed with a
rope, that was attached to the unit, onto sandy bottom near reef and marked with a hard
surface float (Figure 2).

Figure 2. Design of Mono-BRUV unit deployed in the Cayman Islands.

BRUYV deployments were conducted during daylight hours (8:00-17:00). At each
deployment, four BRUV units were deployed consecutively, within an approximately
30 min period, each separated by 500-1000 m from the previous one. Fresh bait was used for
each BRUV deployment. At each BRUV unit, the date/time, location (latitude/longitude)
and depth (m) were recorded from the boat, above the unit, using a watch, handheld GPS
(Garmin Ltd., Olathe, KS, USA) and handheld depth sounder (Vexilar Inc., Minneapolis,
MN, USA). During recording the boat kept a distance of at least 500 m from all four units to
reduce any effects of boat noise and presence on the behaviour of any shark present. Battery
packs were used to extend recording times to at least 90 min (or until battery failure or
exhaustion of available space on memory card). After a minimum of 2 hrs of recording time
was complete, BRUVs were retrieved and cameras removed. All recorded videos (1 = 605)
were viewed independently by three trained observers using either VLC (version 3.0.21;
VideoLAN, Paris, France), Windows media (version 12; Microsoft Corporation, Redmond,
WA, USA) or Apple Quick Time player (version 7.7.9; Apple Inc., Cupertino, CA, USA),
depending on software availability on laptops or desktop computers.
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2.3. Video Analysis

Sharks were identified to species level, where possible. All shark species, except the
closely related Caribbean reef shark (Carcharhinus perezi) and blacktip shark (Carcharhinus
limbatus), had distinct morphometrics and were easily identified using a reference guide
with relevant information from mainly two sources [91,92]. Individuals not identified to
species level were excluded from the analysis.

2.3.1. Recording Times

Recording times of each video were defined as the time from when the BRUV unit
settled on the seabed until the unit left the seabed or the video recording stopped (i.e.,
either the battery depleted, or the memory card filled before the BRUV unit was retrieved).

2.3.2. Abundance Metrics: MaxIN and MaxIND

For each BRUV deployment, both MaxIN and MaxIND were determined for each shark
species. MaxN was the maximum number of individuals seen together in a single frame
at any one time during the entire video. Individual identification for MaxIND was made
through the application of photo-identification (see [27]). Individual sharks were mostly
identified by their dorsal fin shape, injuries (or scars) and skin discolouration together
with their size and sex [27]. MaxIND was the total count of every individual shark seen
during the entire video, regardless of whether an individual could be positively identified
(unlike Kohler et al. [27], rejecting individuals marked as “no ID possible”). Counting
every individual recorded on videos, provided it was clear that the shark was a different
individual even if it was not clear which one, intended to obtain the best estimate of the
total number of sharks recorded on the BRUV.

2.3.3. Biological Estimates

Individual sharks were classified into maturity stages (immature, mature), based on
estimated total length (TL), and the sex (female, male, ‘no visible claspers” (NVC)) were
recorded [27].

2.3.4. Behaviour

For each shark, Tarrive (time of first arrival), the time of first departure and the time
of any re-entry and subsequent departure thereafter were noted. Tvisit (total time spent
in FOV) was calculated by summing the differences for each re-entry of a shark. The
individual activity level was defined as the total count of re-entries made by a shark during
the video.

2.4. Statistical Analysis

Prior to hypothesis testing, data were tested to determine whether assumptions of nor-
mality and homogeneity of variances were met. A Shapiro-Wilks normality test (« = 0.05)
showed that, despite log, square-root and z score transformations, all data distributions
were significantly different (p < 0.05) from normal; in consequence, non-parametric tests
were performed on untransformed data. Homogeneity of variances, for each statistical
analysis, was tested using a Levene’s test (x = 0.05). If the Levene’s test was significant
(p < 0.05), the assumption of homogeneity of variances was rejected and the subsequent
statistical test for hypothesis testing was set to assume unequal variances. Statistical test
results were considered significant at the 0.05 level (p < 0.05) and, unless p < 0.001, the exact
p-value is reported. If a test was significant, the null hypothesis (HO0) was rejected and the
alternative hypothesis (H1) accepted. All statistical analyses were performed in R (R v3.6.1)
using packages ‘car” and ‘dunn.test’; maps were visualised using ESRI’s ArcGIS Desktop
v10.4, and graphs were plotted using Microsoft Excel (v1911).
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2.4.1. Adequate Recording Time

Only videos that recorded sharks (1 = 499) were used to assess adequate recording
time (time at which 95% of individuals were recorded, derived from De Vos et al. [55]),
using the declining arrival rate of new individuals (i.e., an accumulation curve) over the
entire length of each video. For each species, based on MaxIND and Tarrive, individuals
were binned into 10 min intervals. The number of videos (i.e., sample size) per 10 min
interval differed because not all videos ran for the maximum of 211.03 min (Table 1). To
account for unequal numbers of videos per time interval, the cumulative abundance of an
interval was calculated as the number of individuals across all videos multiplied by the
pooled mean. The cumulative abundance was expressed as proportion, plotted against
time and the adequate recording time identified.

2.4.2. MaxN and MaxIND

Only videos that recorded a minimum of 90 min (n = 557) were standardised to
90 min video length and were used to examine whether mean values from MaxN and
MaxIND were significantly different, with a particular focus on testing whether MaxIND
was typically greater than MaxN, implying that there are often more sharks present at
a BRUV unit than the maximum number visible on screen at any one time. The null
hypothesis that abundance values of a species were not significantly different between
MaxN and MaxIND was tested using a non-parametric, two-way paired Wilcoxon signed-
rank test.

2.4.3. Shark Behaviour

The null hypothesis that Tarrive, Tvisit and activity level were not significantly differ-
ent between species was tested using a non-parametric, two-way Kruskal-Wallis rank sum
test and possible significant differences between species were identified using a post hoc
Dunn test. Across all species, a non-parametric, two-way Mann-Whitney U test was used
to test the null hypothesis that metrics were not significantly different between sexes and
maturity stages.

3. Results

Over the period 2015-2018 (n = 557 BRUVs, 90 min video length), six species were
recorded on BRUVs: nurse shark (Ginglymostoma cirratum, sum MaxN = 166), Caribbean
reef shark (Carcharhinus perezi, sum MaxN = 136), lemon shark (Negaprion brevirostris, sum
MaxN = 14), blacktip shark (Carcharhinus limbatus, sum MaxN = 8), great hammerhead
shark (Sphyrna mokarran, sum MaxIN = 6) and tiger shark (Galeocerdo cuvier, sum MaxN = 5).

3.1. Assessment for Adequate Recording Time

Over the entire video lengths (mean + SE = 110.20 £ 0.96 min, 3.8-211.03 min), for
all species (6), the mean arrival time (Tarrive) was greater than one hour (Table 1). The
accumulation curve (Figure 3) showed that 95% of sharks were recorded at 110 min.

The maximum number (=100%) of Caribbean reef sharks and of nurse sharks was
reached at 150 min and 170 min, respectively (Figure 3). The recording time of 90 min
recorded approximately 75-85% of all recorded sharks (Figure 3). The common practice of
BRUYV deployments with 60 min recording time recorded only approximately 45-50% of
total recorded sharks (Figure 3).
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Figure 3. Cumulative proportions of all species combined (black), Caribbean reef shark (blue)
and nurse shark (orange) recorded on BRUVs (n = 499) against recording time in the Cayman
Islands (2015-2018). Green lines indicate the video time of 90 min and the corresponding % shark
abundances, dashed black line marks 95% shark abundance and corresponding time, solid black line
indicates 100% shark abundance with the corresponding time stamps for (A) Caribbean reef shark
and (B) nurse shark.

3.2. Comparison of MaxN and MaxIND

For 90 min recording times, MaxIND values were significantly greater than those
for MaxN for both Caribbean reef and nurse sharks (paired Wilcoxon signed-rank test:
Caribbean reef sharks V = 210, p < 0.001; nurse sharks V = 561, p < 0.001, Figure 4). The
values of both metrices for the other species were too low to analyse (Figure 4). Both MaxN
and MaxIND recorded the same numbers of great hammerheads, of blacktip and of tiger
sharks. For lemon sharks, MaxIND recorded one more individual than MaxN.
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Figure 4. Mean (+SE) MaxN (white) and MaxIND (striped) of each shark species recorded on
BRUVs (1 = 557, 90 min) in the Cayman Islands (2015-2018). Significant differences (p < 0.05) are
marked with *.
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This finding demonstrates that for two key species out of six, more individual sharks
visited a BRUV unit than are assumed, when the maximum number visible on the screen at
any one time is taken as the total count of sharks present.

3.3. Behaviour of Sharks on BRUV's

Across all species (6), the mean (+ SE) and range of Tarrive, Tvisit and activity
level are reported in Table 1. Generally, species had no effect on the time of first arrival
(Tarrive, Kruskal-Wallis rank sum test: x? = 1.127, df = 5, p = 0.952, Figure 5a) however
time of visit (Tvisit) and activity level varied significantly (Kruskal-Wallis rank sum test:
Tvisit x2 = 11.242, df = 5, p = 0.047; activity level x% =37.528,df =5, p <0.001, Figure 5b,c)
across species. Post hoc Dunn comparison of Tvisit and activity level (Table 52) showed
that (1) Caribbean reef shark, nurse shark and lemon shark stayed significantly longer near
the BRUV unit than did blacktip and great hammerhead shark (Figure 5b), (2) the activity
level of lemon sharks was significantly greater than that of the other species (Figure 5c) and
(3) Caribbean reef sharks were significantly more active than nurse sharks (Figure 5c).

Female Caribbean reef sharks arrived significantly earlier in the recording than males
(Mann-Whitney U test: W = 1117, p= 0.003), and while female nurse sharks also arrived
earlier than males, this difference was not significant (Mann-Whitney U test: W = 2832,
p = 0.697). Although not statistically significant, immature Caribbean reef sharks arrived
earlier than mature sharks (Mann-Whitney U test: W = 1711, p = 0.399), contrasting
nurse sharks where both maturity stages arrived at similar times (Mann-Whitney U test:
W =2184.5, p = 0.968). For all species combined (6), females and immature sharks arrived
significantly earlier in the recording than males and mature sharks, respectively (Mann—
Whitney U test: sex W = 13,594, p = 0.007; maturity W = 17,361, p = 0.474, Figure 6). Also,
immature sharks stayed significantly longer and were significantly more active than mature
individuals at the BRUV unit (Mann-Whitney U test: Tvisit W = 24,987, p < 0.001; activity
level W = 23,622, p < 0.001) while sex had no effect on duration of stay (Mann-Whitney
U test: Tvisit W = 15,471, p = 0.435) nor activity (Mann-Whitney U test: activity level
W =16,576, p = 0.739) of sharks (Figure 6). Differences between sex and maturity could
not be analysed for each of the other species because numbers of sightings on BRUVs
were too low.
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Figure 5. Comparison for the species of shark recorded on BRUVs (1 = 499, 211.03 min) of mean
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4. Discussion

BRUVs are now a common tool for monitoring and studying shark populations [40].
Recording time (time elapsed between when the BRUV unit settled on the seabed and when
the unit left the seabed or the video recording stopped) of BRUVs and the use of metrics
(e.g., MaxN, MaxIND) can influence abundance estimates [37,43,44] and the precision of
these estimates [52]. While adequate recording times depend on the research objective,
there is also evidence that it may differ between locations [37,52,53,67,93]. Previous studies
have deployed BRUVs for prolonged (>60 min) recording times (e.g., 90 min; [18]) but have
not compared abundances over increased recording time within the region. This study was
the first to assess an adequate recording time for BRUV deployments likely applicable to in
the wider Caribbean. This study used species first arrival times, differences between MaxN
and MaxIND and behaviours of individual sharks on BRUVs over longer recording times
(>60 min), to propose an adequate BRUV recording time and use of abundance metric for
the effective study of local shark populations in the Cayman Islands.

4.1. Adequate BRUV Recording Time

Overall, sharks in this study arrived relatively late in the recording (mean = 62.84 min
SE =+ 1.53), similar to sharks in the Arabian Gulf (59.1 min SD = 41.4; [94]). There is only lim-
ited research using abundances of species [52,53,93] to determine the optimal time required
to record species. Most studies used species richness and species accumulation curves to
assess adequate recording time for BRUVs [37,39,51,55]. Comparisons that were based on
MaxN showed no differences in abundances of reef species (fish and sharks) on BRUVs
set in temperate rocky reefs and estuaries with increasing recording time 30-90 min [52,53]
and concluded that 60 min would be appropriate to monitor local species. In the Coral
Triangle and Pacific Ocean, recording times of 77 min were optimal for recording shark
species on BRUVs (also based on MaxN); however, 60 min were effective for the majority
of those species in shallow coral reef habitats [93]).

Shorter arrival times of reef fish and sharks are linked to areas with higher density
populations because there will be more individuals able to move towards or approach
the unit more readily [67,93]. In the Pacific, shorter recording times were able to record
rarer species [93] but, in general, shorter recording times may miss individuals of species
at lower abundances [53,93]. The longer times required to record similar proportions of
sharks in this study, compared to species in the Pacific might be due to the generally higher
abundances of sharks in the Pacific than in the Caribbean [4]. Another factor in this study
might be the local bathymetry. The Cayman Islands are surrounded by very deep (>2000 m)
water and sharks might be coming from deeper waters adjacent to the coastal shelf. This
would make their arrival time later in the recording compared to other areas that may
have relatively shallow waters near the BRUV units. While both MaxN and MaxIND give
an indication of species-specific density at a study area, it is difficult to compare optimal
recording times between these metrics.

In the present study, the 95% peak of species abundances was reached at around
110 min recording time which is likely due to lower densities present in this study than
elsewhere. Alternatively, the use of MaxIND might also explain the 95% peak later in the
recording compared to studies that suggested shorter recording times based on MaxN.
Unless multiple individuals are circling the BRUV unit with only one individual being seen
on the screen at any one time (MaxIND > MaxN)), it is likely that MaxN tends to peak earlier
in the recording than MaxIND. For example, if there are three individuals but only one is
seen at any time on the screen, MaxN will peak at the first arrival of the first individual,
while MaxIND will peak after the first arrival of the third individual. Hence, recording
times using different abundance metrics should be carefully compared.
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It is worth noting that prolonged recording times can benefit certain research objectives
by recording a greater percentage of individuals in the populations (e.g., population
estimates via photo-ID; [27]). However, these longer deployments also increase the time
required in the field and for analysis. Considering this trade-off, a recording time of a
minimum of 90 min (recording 75-85% of individuals) would be reasonable to study sharks
using BRUVs in the Cayman Islands.

4.2. Comparison of Abundance Metrics

While MaxN is commonly used, the results confirm the hypothesis that MaxN can un-
derestimate the true abundance of species, suggesting that MaxIND is more accurate [42—44]
for the identification of changes in abundance [24]. In this study, MaxIND gave abundances
for Caribbean reef and nurse shark that were 1.2 times greater than using MaxN. The
results are similar to findings in two species of bluespotted rays where abundances were
2.4 (Neotrygon orientalis) and 1.1 (Taeniura lymma) times greater using MaxIND [43].

The use of MaxIND, however, is not suitable for every shark species as the method
is limited to species and/or age classes showing distinctive individual features. In this
study, the identification of individuals was easier for nurse sharks than for Caribbean reef
sharks because nurse sharks tended to have more distinctive natural markings (e.g., birth
marks, skin discolorations, dorsal fin shape). While for some individuals the shape of the
first dorsal fin, birth marks on the body and the line pattern on the cheeks (where the grey
side and the white ventral side meet) could be used for identification as well, identification
relied more on markings gained from external forces such as scars and the remains of
hooks. This method may also be less suitable for very young sharks as they tend to have
less distinctive markings, making the identification of individuals more challenging [27,95].
Thus, MaxN likely remains the more appropriate abundance metric when individuals
cannot be identified.

Nevertheless, the present study demonstrated that MaxIND can be used to investigate
a wider range of research questions than MaxN alone. Kohler et al. [27] demonstrated
that the identification of individuals beyond single deployments is possible and that the
re-identification of individuals over multiple survey trips (and years) can be a useful tool to
obtain population estimates based on mark-recapture methods. The benefits of MaxIND to
a study need to be carefully evaluated as the time required for analysis is much greater than
when applying MaxN alone. Technology, such as software aiding in pattern recognition and
identification [95,96], may be able to reduce the time for analysis. The improved accuracy
of MaxIND over MaxN may be especially beneficial in studies that focus on populations of
rare species (e.g., endangered species), where the survival of known individuals may be
of concern, and small differences in abundance may have consequences for conservation
management [28,97].

4.3. Observed Behaviour of Sharks

This study also demonstrated that the detailed tracking of individual behaviour
patterns (activity level, visit duration and time of first arrival) can be a useful tool for
assessing species-specific behaviour on BRUVs. Shorter arrival times may indicate higher
population densities of species [24,63,67,68,98], social behaviour [99] and/or a stronger
olfactory capability of species [66,100]. Although caution must be taken when using arrival
times as an index for abundance, since individual size and speed are positively related,
especially for highly mobile species as such sharks [101], it nevertheless seems reasonable
to compare arrival times between different reef shark species.

Compared to the only known report of mean arrival times for reef sharks, the results
suggest that the overall shark abundance in Cayman is much lower than those of reefs
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sharks at Palmyra Atoll [98,102], known for its very high shark abundances, as individuals
were four times slower to arrive in this study. Interestingly, in the present study, species had
no effect on mean arrival time on BRUVs indicating that species were similarly attracted to
the bait and/or that olfactory abilities did not differ significantly between species sighted
on BRUVs. However, as abundance estimates using MaxN differed significantly between
species [103], arrival time may not be an appropriate measure of the relative abundance for
species at low densities like in Cayman.

At the time of writing, the visit duration and the activity level of sharks on BRUVs
had not been quantified by previous studies elsewhere. The results demonstrated that even
though the analysis is time-consuming, the quantification of visit duration and activity
level of sharks on BRUVs can provide new insights to species and demographic specific
behaviour. In general, species that are strongly reef associated such as lemon, Caribbean
reef and nurse shark were more active and stayed longer at the unit than those species less
reef attached (i.e., blacktip, great hammerhead and tiger shark). Blacktip and tiger sharks
generally moved on relatively shortly after arriving which might be due to species-specific
nature (e.g., more cautious) and/or larger home ranges (e.g., Caribbean reef shark [104],
tiger shark [105]). Great hammerhead sharks showed greatest interest in the bait itself,
with some individuals even attempting to remove the bait bag; however, they moved on
relatively quickly either with the bait (only one case) or after the attempt failed.

Lemon sharks were most active as indicated by frequent entries and exits which
likely reflects behaviour associated with the habitat in which they were recorded. Lemon
sharks were mostly recorded near mangroves inside lagoons where immature sharks swam
repeatedly between the mangroves and shallow sand flats. The relative activity of nurse
sharks (less active) and Caribbean reef sharks (highly active) confirmed previously reported
species-specific activity of nurse sharks [72,84,90,106] and of closely related reef sharks [107],
respectively. The metabolism and lifestyle of species depend on their method of respiration.
For example, less active species such as nurse sharks mostly oxygenate their gills via
buccal pumping (ventilating gills by active pumping of water while resting [108]) while
more active species such as Caribbean reef sharks utilise predominantly ram ventilation.
Therefore, it was not surprising that while both species showed great interest in the bait,
nurse sharks were often observed to lie under and/or suck on the bait bag (some attempted
to remove the bag) and to rest under a reef ledge in close proximity to the unit, with
occasional trips outside of the camera’s field of view (FOV), while Caribbean reef sharks
were never observed resting and instead swam continuously, often leaving and re-entering
the camera’s FOV many times during the recording.

Female Caribbean reef sharks (immature and mature) in this study arrived earlier in
the recording than males (immature and mature), indicating that males had to swim greater
distances to the BRUV unit. In one area (S of Grand Cayman), even though males were
more abundant than females, the arrival time of male Caribbean reef sharks was double of
that observed for females. This supports the hypothesis that male reef sharks have larger
home ranges than females [82,104]. Furthermore, it could also be evidence for potential
sexual segregation in this species. Female areas might have been closer to the BRUV unit
than the male areas.

Larger sharks in this study appeared to be more cautious and more hesitant to ap-
proach the unit while immature sharks arrived earlier in the recording, stayed for longer
and were more active. The earlier arrival of immature sharks in the recording is likely
due to a combination of their home range size [36,40,41,104], attraction to the bait [109]
and habitat use [104,110,111]. Smaller individuals tend to occupy the upper coastal shelf,
including shallow reef and mangroves, where there is more cover to avoid larger preda-
tors [104,110,111]. Therefore, this finding likely reflected repeated return trips between the
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BRUYV unit and a nearby refuge. It is also likely that the bait presents a more attractive
feeding opportunity to immature than to mature sharks due to their inexperience in forag-
ing during the early life stages and because larger sharks consume bigger prey [112-114].
Furthermore, larger sharks have greater home ranges and generally occupy deeper depths
than immature sharks [104,115,116], making it more likely that larger individuals had to
swim a greater distance to reach the BRUV unit.

The tracking of individual behaviour patterns can be useful to collect species-specific
or individual information to answer particular shark conservation concerns such as (1) so-
lutions to human-shark conflicts (e.g., levels of attraction of sharks to different bait that
people might use in an area with high human-in-water activity, such as Cayman’s popular
tourist attraction “Stingray City”) and (2) the specific behaviour within demographics
(male vs. female, immature vs. mature) in the presence of bait scent (e.g., risk assessment of
demographics in areas where fish are cleaned and sharks might encounter fishing activities).
These valuable insights can help shark conservation management develop evidence-based
solutions to local conservation issues.

Finally, the use of current, high resolution underwater cameras could improve identi-
fication of individuals through increased resolution of footage, and environmental data
loggers (e.g., https:/ /www.star-oddi.com/products/data-loggers, accessed on 27 July
2025) could collect additional in situ data (e.g., water temperature). If sufficient resources
are available, the time required for analysis could possibly be reduced through the use
of commercially or freely available face recognition software (e.g., by Bolger et al. [117],
Hiby and Lovell [118], and Wild Book https://wildme.org/#/wildbook, accessed on 27
July 2025).

5. Conclusions

The findings in this study demonstrated that (1) it took longer than 60 min to record
85% of recorded individuals on BRUVs, (2) MaxIND abundance estimates were signifi-
cantly greater than MaxN for the two locally dominant species (Caribbean reef shark and
nurse shark) and (3) detailed tracking of individual behaviour patterns (activity level, visit
duration and time of first arrival) can be a useful tool for assessing species-specific be-
haviour on BRUVs. Based on these findings, it is recommended to use (1) BRUVs recording
times of preferably 120 min but minimum 90 min and (2) MaxIND abundance metric for at
least the most abundant species, if not all recorded species, for the adequate monitoring of
near-coastal shark species in the Caribbean. Optionally, depending on local research priori-
ties, the assessment of individual behaviours can inform human-shark conflict resolutions
and species-specific management such as sexual segregation, demographics and repro-
ductive behaviour [9]. Prolonged recording times (>90 min) were implemented in more
recent BRUV studies and have proven successful in recording new local records of deep-
water sharks [73,74] and detecting small increases in critically endangered hammerhead
species [28]. MaxIND can improve the abundance estimates for the most abundant species,
if species have distinct markings, but MaxIN will likely be sufficient for less common species
because it is more unlikely that two different individuals will be present simultaneously
around the BRUV unit. Recently, the implementation of MaxIND for Caribbean reef shark
and nurse shark enabled the tracking of individuals around the Cayman Islands and indi-
vidual sighting histories were modelled to estimate local population parameters for each
species [27].

These findings from the Cayman Islands can be applied to BRUV studies across
the Caribbean. Previous studies used recording times of either 45-60 min [50,60] or
90 min [9,10,18,39,57] and only one reported species-specific behaviour patterns [39]. The
results in the present study for the accumulative abundance of species over time provide
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support for the use of a minimum of 90 min deployment times. The more common use of
longer deployment times than 60 min in the Caribbean could be linked to generally lower
shark populations across the Caribbean. While a recent global sharks assessment initiative
(Global FinPrint https://globalfinprint.org/, accessed on 27 July 2025) used 60 min BRUV
recording times, it did highlight that species in the Caribbean are less abundant than species
in the Pacific and Indian Ocean [6,12]. This makes the monitoring of shark populations
across the Caribbean more challenging and the recommendations in this study could help
shark conservation management in other Caribbean nations with the collection of useful
information from minimally invasive BRUVs.
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