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ABSTRACT: No-take marine protected areas (MPAs) can provide spatial refuge for species
throughout all or part of their life cycles. Cabo Pulmo National Park (CPNP) is a no-take MPA
located on the south-east coast of the Baja California Peninsula, Mexico, where there has been an
increase in the abundance and diversity of elasmobranch species since its closure to fishing. An
unoccupied aerial vehicle was used to complete weekly aerial surveys over sandy habitat in CPNP
to determine the relative abundance of blacktip sharks Carcharhinus limbatus over a 1 yr period
in 2019. C. limbatus were only observed during winter months, and abundance per survey ranged
between 7 and 1086 sharks (289 + 59, mean * SE), yielding a maximum density of 4827 ind. km™2.
A generalized additive model determined that sea surface temperature (SST), time of day, pho-
toperiod and wind speed were significant influencers of C. limbatus abundance. According to this
model, higher abundance is expected when SST is lower than 25°C, during the afternoon, at low
wind speeds (<4 knots) and when photoperiod is between 12 and 13 h. The close proximity of C.
limbatus to the shoreline is likely a result of a refuging behaviour, with sharks utilising the shallow
sandy habitat to behaviourally thermoregulate and/or to avoid predators.
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1. INTRODUCTION
The blacktip shark Carcharhinus limbatus (Miller

& Henle, 1839) is distributed throughout tropical and
sub-tropical regions worldwide in waters associated

*Corresponding author: james@pelagioskakunja.org

with continental shelves, where it primarily feeds on
teleost fish, crustaceans and cephalopods (Com-
pagno 1984). It commonly reaches over 2 m in total
length (TL) in the eastern Pacific (Bizzarro et al.
2007, Estupindn-Montano et al. 2018, Ketchum et al.
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2020), where it is distributed from the coasts of Cali-
fornia (USA) to Peru (Compagno 1984). Large sea-
sonal aggregations of this species are formed along
the eastern coast of Florida (USA), which is a phe-
nomenon evident from aerial surveys completed with
occupied aircraft (Kajiura & Tellman 2016). It is cur-
rently assessed as ‘Vulnerable' on the IUCN Red list
(Rigby et al. 2021) due to its value to commercial
and recreational fisheries worldwide, particularly in
the Gulf of Mexico and south-east USA, where it is
frequently captured (NMFS 2003, Morgan & Burgess
2007).

In Mexico, artisanal fisheries dominate the elasmo-
branch fishing industry, and sharks are targeted for
meat, which is consumed locally, and for fins, which
are exported (Sosa-Nishizaki et al. 2020). In the Gulf
of California (GOC), C. limbatus shows signs of over-
fishing (Bizzarro et al. 2007), and little effort has been
made to establish protective areas in nursery and ag-
gregation sites, except for Cabo Pulmo National Park
(CPNP), which has become a de facto no-take area
for C. limbatus (Ketchum et al. 2020). CPNP is located
on the south-east coast of the Baja California Penin-
sula and was designated as a no-take national marine
park in 1995 (Reyes-Bonilla 1997). Within 10 yr of
the park's creation, fish biomass was reported to have
increased by 463% and biomass of top predators
increased 11-fold (Aburto-Oropeza et al. 2011). The
earliest record of C. limbatus in CPNP was in 1972
(Brusca & Thomson 1975), and observations of sea-
sonal aggregations close to the shoreline have been
reported by locals since 2008 (D. Castro pers. comm.)
and by divers since 2011 (Ketchum et al. 2020) and
confirmed from visual censuses carried out since
2013 (Astnsolo-Rivera 2016, E1-Saleh 2016).

Aggregating behaviour and group-living in sharks
can be driven by biotic factors such as reproduction,
prey availability, predator avoidance and social
interaction (Jacoby et al. 2012). Aggregations can
also be formed due to habitat selection, which is
influenced by abiotic factors such as temperature,
salinity, dissolved oxygen, tide and photoperiod, with
fluctuations in these factors also acting as cues for
movements and migrations (Schlaff et al. 2014).
Juvenile C. limbatus along the coast of Texas show a
preference for warm shallow waters, in close proxim-
ity to inlets and at salinities between 20 and 35 psu
(Froeschke et al. 2010). In Florida, adult C. limbatus
aggregate close to shore during winter, and their
northerly migration occurs around the vernal equi-
nox, when sea surface temperatures (SSTs) reach
over 25°C (Kajiura & Tellman 2016). The occurrence
of aggregations provides a unique opportunity to col-

lect data that have proven difficult to obtain for elas-
mobranch species, as they are usually dispersed and
wide-ranging (Musick et al. 2000).

Aerial surveys are commonly used to study large
elasmobranch species, such as whale sharks Rhin-
codon typus owing to their detectability as surface-
associated filter feeders (Cliff et al. 2007, Rowat et
al. 2009, Ketchum et al. 2013). These surveys are
traditionally carried out on board an aircraft by 2
observers who count animals from above (Pollock et
al. 2006). Aerial surveys can be subject to perception
bias, which occurs when animals are available for
detection but are missed due to human error, and
availability bias, which occurs when animals are
within a survey area yet are not available for detec-
tion, i.e. they are cryptic at the time of the survey
(Marsh & Sinclair 1989). In marine environments,
availability bias can be caused by water visibility,
water movement and sun glare, or by the depth of
the animal in the water column (Colefax et al. 2018).
These biases can be minimised with survey design,
and in shallow areas where there is contrast between
the target species and habitat substrate, it is possible
to complete accurate abundance surveys (Kessel et
al. 2013).

Unoccupied aerial vehicles (UAVs; 'drones’) are
emerging as invaluable tools for the aerial surveying
of marine fauna, as they can be flown at lower alti-
tudes than occupied aircraft and are relatively af-
fordable, lightweight and user-friendly (Anderson &
Gaston 2013). Multi-rotor UAVs are commonly used
for surveying small areas such as bays, beaches and
nearshore environments, owing to their small range
and flight endurance, rapid vertical take-off capa-
bility and general guidelines that require UAVs
to remain within line-of-sight (Raoult et al. 2020,
Butcher et al. 2021). The need for surveillance at
beaches has also driven the use of UAVs as a tool for
detecting large apex shark species that could be a
potential threat to swimmers (Butcher et al. 2019,
Kelaher et al. 2019, Colefax et al. 2020). Their use
to study smaller shark species is also increasing
in the literature, which has included blacktip reef
sharks C. melanopterus (Kiszka et al. 2016, Raoult
et al. 2018, Rieucau et al. 2018), sickle-fin lemon
sharks Negaprion acutidens (Raoult et al. 2018),
lemon sharks N. brevirostris (Ayres et al. 2021),
epaulette sharks Hemiscyllium ocellatum (Raoult et
al. 2018), Pacific nurse sharks Ginglymostoma unami
(Ayres et al. 2021) and C. limbatus (Doan & Kajiura
2020, Porter et al. 2020).

In the present study, a small quadcopter UAV was
used to carry out aerial surveys over shallow sandy
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habitat in CPNP with the aim to (1) quantify the rela-
tive abundance of C. limbatus over a 1 yr period, (2)
determine environmental factors that influence vari-
ations in abundance and (3) determine the effective-
ness of the use of a UAV as a long-term monitoring
tool at CPNP.

2. MATERIALS AND METHODS
2.1. Study area

CPNP is located at the entrance to the GOC, a
semi-enclosed sea that joins with the Mexican Pacific
(Fig. 1). This area is highly productive and biodiverse
due to its transitional location, and it is the most
northerly coral reef ecosystem in the Eastern Tropi-
cal Pacific (Alvarez-Filip et al. 2006). The marine
park covers 71 km? and its establishment was advo-
cated by the local community (Reyes-Bonilla 1997).
Prior to its creation, local inhabitants relied heavily
on fishing as a main source of income, but this
switched to providing tourism services, and the park
is now a popular destination for scuba-diving (Reyes-
Bonilla & Alvarez-Filip 2008).

The area selected for the UAV surveys was a re-
mote sandy beach located in the north of the park
(Fig. 1), situated approximately 5 km north of Cabo
Pulmo town, at a distance from frequent dive boat ac-
tivity and not easily accessible to the public. This lo-

23.55°

Mexican
- Pacific
N

A

Cabo Pulmo
National Park

=smmm Survey area

— — - MPA boundary
0 1 2 3 km R
T
109.5° 109.4° 109.3°

Fig. 1. (a) Location of study site in the Baja California Pen-

insula, Mexico; (b) no-take boundaries of Cabo Pulmo

National Park and survey area covered by the unoccupied
aerial vehicle flights. MPA: marine protected area

cation was also chosen due to previous sightings of
Carcharhinus limbatus established from local knowl-
edge and the shallow water bathymetry (<5 m
depths). Geographically, it is the longest stretch of
uniform sand substrate within CPNP, which facilitates
the detection of sharks from an aerial perspective.

2.2. Aerial surveys

The aerial surveys were conducted using a small
quadcopter (DJI Phantom 4™) with an inbuilt camera
and stabilising gimbal. The flights were piloted
through the application DJI Go 4 App™ on a tablet
connected to a remote controller. All surveys were
recorded in 4K (4096 x 2160) high-definition video
at 25 frames s™'. Surveys were completed approxi-
mately once a week between 11 January and 22
December 2019. For each survey, the UAV was flown
along a 1.5 km transect parallel to the shoreline until
the sandy habitat substrate became rocky-reef. Dur-
ing flights, the UAV camera was orientated facing
straight down with a polarising lens to reduce sun
glare. The edge of the shoreline remained in the field
of view of the camera as a reference (Video S1 in
the Supplement at www.int-res.com/articles/suppl/
m678p095_supp/) and to allow for the surveys to be
accurately repeated. The UAV was flown at an al-
titude of 100 m, which gave an offshore field of view
of 150 m, resulting in a total area surveyed of
0.225 km?. The field of view was calculated by taking
physical measurements with a tape measure using
reference points on the survey beach. The UAV was
flown at a speed of 5.5 m s7!, and the duration of each
survey lasted up to 4.5 min, depending on the wind
speed and direction at the time of flight. The pilot
was positioned on the beach approximately halfway
between the transect start and end point, and the
UAYV was kept within line of sight. Two survey flights
were conducted on each sampling day, between
09:00 and 10:00 h and between 15:00 and 16:00 h. It
was not possible to complete surveys outside of these
timeframes, as sun glare reflecting off the surface of
the water blocked out the view of the transect area.
Surveys were only completed when wind speed was
low to moderate (<15 knots) to allow for a relatively
calm sea state (<3 on the Beaufort scale). This
method takes a strip-transect approach, and all
sharks were assumed to be available for detection if
they were within the transect area during the survey.
Once each transect was completed, the UAV was
flown at a lower altitude (~20 m) over solitary or
groups of sharks that appeared close to the surface or


https://www.int-res.com/articles/suppl/m678p095_supp/
https://www.int-res.com/articles/suppl/m678p095_supp/

98 Mar Ecol Prog Ser 678: 95-107, 2021

at the shallowest areas at the wave break to confirm
the species. On one sampling day, a camera (GoPro)
was lowered from a kayak to identify C. limbatus
from an underwater perspective, and on days where
the water visibility was clear enough, it was possible
to identity the C. limbatus that were swimming adja-
cent to the shoreline.

For each flight, predictor variables were recorded,
including cloud cover (on a scale of 0-8, where 0 is no
cloud and 8 is 100 % cloudy), tidal height (water level
relative to mean lower low water), time of day, photo-
period (day length), moon phase, wind direction, wind
speed and SST. Wind speed was taken manually on
site with an anemometer prior to each flight. SST was
taken with a field thermometer from just below the
surface of the seawater in the middle of the transect
area, within the first few meters of the shoreline. Tidal
height was obtained from tide calendars (https://
predmar.cicese.mx) from the nearest tide station in
Cabo San Lucas (78 km south of CPNP), and time lag
differences between the 2 locations were considered
to be minor. Photoperiod and moon phase were deter-
mined for each survey day using the packages 'geo-
sphere’ (Hijmans 2019) and ‘lunar’ (Lazaridis 2014) in
R version 4.0.2 (R Core Team 2020). Water visibility
was also recorded using a rank between 1 (excellent),
when sand ripples on the seabed were visible, and 5
(poor), when they were not.

2.3. Data analysis

For each survey, frames from the video were ex-
tracted and imported into ImageJ (v. 1.52) in sequence
order. C. limbatus were counted manually from each
frame using the '‘multi-point’ tool which tallies the

number of times the user clicks the image and marks
each point with a number. A second reviewer also
counted from the frames, to ensure no individuals
were missed in the initial count. The average of the
2 counts was used for the data analysis. All C. Iimbatus
were assumed to be adults, based on estimations of a
kayak measuring 4 m in length as a reference within
the transect area on one of the sampling days.

All statistical analyses were completed using R
version 4.0.2 (R Core Team 2020). A generalized ad-
ditive model (GAM) was used to determine the ef-
fects of the predictor variables on C. limbatus abun-
dance, as this type of regression model can evaluate
non-linear relationships by using smoothing func-
tions (Chambers & Hastie 1992). A negative bino-
mial distribution with a log link function was used
to account for over-dispersion (due to the large
number of zero observations), as it independently
models the mean and variance by including an
additional parameter known as theta (Hilbe 2007).
The degree of smoothing was restricted to avoid
overfitting; thus, the number of basis functions was
limited to 4. The GAMSs were built using the pack-
age 'mgcv’' (Wood 2017). Before models were built,
Pearson's coefficient of correlation was used to in-
vestigate correlation between the predictor vari-
ables. SST and month were positively correlated, so
these variables were not included together in the
models. A backwards-stepwise approach was used
to determine the final model by first creating a full
model and then removing each predictor variable
and assessing the score of Akaike's information cri-
terion (AIC) and adjusted R? (Table 1). The best-
fitted GAM with the lowest AIC score included 4
predictor variables: the smoothing functions for
wind speed, photoperiod, SST and the categorical

Table 1. Selection of final generalized additive model using Akaike's information criterion (AIC) score and adjusted R? to predict

blacktip shark Carcharhinus limbatus abundance in Cabo Pulmo National Park, Mexico, considering the following variables:

sea surface temperature (SST, °C), wind speed (knots), time of day (morning 09:00-10:00 h, afternoon 15:00-16:00 h), tidal

height (m), photoperiod (h), cloud cover (0-8), moon phase and wind direction. Model in bold represents final model selected
and significant predictors: ***p < 0.001

Model

Wind Direction

SST** + Time of day*** + Wind Speed*** + Photoperiod***
SST + Time of day + Wind Speed

SST + Time of day

SST

SST + Time of day + Wind Speed + Photoperiod + Cloud Cover + Moon Phase + Tidal Height +

SST + Time of day + Wind Speed + Photoperiod + Cloud Cover + Moon Phase + Tidal Height
SST + Time of day + Wind Speed + Photoperiod + Cloud Cover + Moon Phase
SST + Time of day + Wind Speed + Photoperiod + Cloud Cover

AIC  Adjusted R
330.393 0.959
325.731 0.917
322.789 0.920
318.763 0.917
317.406 0.892
337.323  -0.063
357.754 0.573
368.485 0.323
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variable time of day. All remaining variables were
not included and the final model can be expressed
as follows:

log (M) = a+ f; (SST) + £, (Wind speed) +

f3 (Photoperiod) + Time of day )

where 1 is C. limbatus abundance, « is the intercept,
and f, is the smoothing function (thin plate regres-
sion splines).

3. RESULTS

A total of 60 flights (n = 29 in the morning, 31 in the
afternoon) were conducted over 34 sampling days.
Results from 1 flight survey were excluded from the
analysis due to water visibility being classified as 5
(seabed not visible); all remaining flights were classi-
fied as 1 or 2 (seabed visible). Seven flights (10.3 %)
were not completed at the survey site due to wind
speeds increasing to over 15 knots, to ensure all Car-
charhinus limbatus were available for detection. For
some days, it was not possible to travel to the field
site due to weather conditions and the remoteness of
the location; hence sampling did not occur every
week in some months.

From reviewing the video footage, sharks were ob-
served swimming alone or in small, dispersed groups
that were distributed across the entire transect area.
On other occasions they were found in large, dense

Fig. 2. Dense aggregation of blacktip sharks Carcharhinus limbatus adjacent
to the shoreline in Cabo Pulmo National Park, Mexico, during an unoccupied
aerial vehicle survey

aggregations (Fig. 2) that often extended outside of
the field of view of the UAV. Sharks were frequently
observed within the first few metres of the shoreline,
just behind the wave break from both UAV footage
and in the field. Within dense aggregations, some C.
limbatus were near the surface of the water whilst
others were underneath, closer to the seabed (Fig. 3).
Sharks were often observed swimming somewhat in
alignment with each other and on other occasions
with a random orientation, that is, non-schooling.

The GAM explained 98% of the total deviance,
and all 4 variables in the model, namely SST, time of
day, wind speed and photoperiod, were influential
and significant (p < 0.001) predictors of C. limbatus
abundance (Table 1). According to this model, higher
abundance is expected when SST is lower than 25°C,
during the afternoon, in calm wind conditions
(<4 knots) and when the photoperiod is between 12
and 13 h (Fig. 4). SST ranged between 22 and 31°C
throughout the year at the survey site, and C. lim-
batus were absent in the warmest months between
May and November, demonstrating strong seasonal-
ity (Fig. 5). In winter months, abundance ranged be-
tween 7 and 1086 individuals (289 + 59, mean + SE).
The highest abundance recorded was on an after-
noon survey on 29 January 2019, which yielded a
density of 4827 sharks km™2. Afternoon surveys had
significantly higher abundances of C. Iimbatus (501 +
90 individuals) than morning surveys (107 + 30) and
on each sampling day, SST was on average half a
degree Celsius higher (0.52 + 0.04°C)
in the afternoon than in the morning.
Wind speed ranged between 1 and
15 knots across all surveys, and a
higher abundance of C. limbatus was
predicted by the model at low wind
speeds (Fig. 4).

4. DISCUSSION

The aims of the present study were
to quantify the relative abundance
of Carcharhinus limbatus, to deter-
mine the factors that influence abun-
dance and to evaluate the effective-
ness of the UAV as a tool to survey the
beach at CPNP long-term. The UAV
successfully recorded and allowed the
quantification of mass seasonal C. lim-
batus aggregations in CPNP previ-
ously unknown to the wider scientific
community and determined SST, wind
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Fig. 3. Close-up of a dense aggregation of blacktip sharks Carcharhinus lim-
batus with clear water visibility at Cabo Pulmo National Park, Mexico. Some
sharks are near the surface of the water, whereas others are deeper in the

water column, closer to the seabed

speed, time of day and photoperiod to be significant
predictors of abundance. The UAV surveys have
since been implemented as part of a long-term mon-
itoring programme which was due to the repeatable
nature of the surveys, the uniform shallow habitat
and the fact that at this location, water clarity was
rarely too low to prevent the detection of sharks from
the air.

The higher abundance of C. limbatus during after-
noon surveys corresponded with a peak in SST, with
sharks moving into shallow warmer waters, poten-
tially to behaviourally thermoregulate (Hight & Lowe
2007, DiGirolamo et al. 2012, Speed et al. 2012). Pre-
vious acoustically tagged C. limbatus were detected
by an array of underwater receivers along the reef
edge in CPNP between October and June (Ketchum
et al. 2020). In winter, there is a steeper SST gradient
between the shallow coastal waters and the reef
further offshore, which could explain why C. limbatus
were only present close to shore during the coldest
months (December to April). Elevated water tempera-
tures are thought to aid digestion in elasmobranchs
(Di Santo & Bennett 2011, Papastamatiou et al. 2015)
and can also facilitate gestation (Harris 1952, Econo-
makis & Lobel 1998, Wallman & Bennett 2006, Hight
& Lowe 2007, Mull et al. 2010, Jirik & Lowe 2012). The
aggregations could therefore be formed by females
using the warm water habitat to accelerate the growth
of their embryos, before they migrate to give birth. A
gravid female C. limbatus of 235 cm in TL was caught
by poachers on the UAV survey beach in March 2013

(J. T. Ketchum pers. comm.). The shark
contained 8 embryos, each measuring
between 53 and 59 cm TL, which is be-
low the birth size of C. limbatus in the
upper and central GOC, where nursery
areas have been described between
May and August (Salomoén-Aguilar et
al. 2009), the timing of which corre-
sponds with the absence of adult C.
limbatus at CPNP. Alternatively, the
aggregations of C. limbatus at CPNP
could be of mixed-sex groups to facili-
tate mating, and although not observed
from the UAV footage, this could occur
offshore in deeper water or outside of
the times of the aerial surveys.

Wind speed had a negative linear
relationship with C. limbatus abun-
dance, with the calm waters resulting
from low wind speeds providing opti-
mal conditions for reduced energy ex-
penditure. C. limbatus exhibited mini-
mal activity and were usually observed swimming
slowly and leisurely nearshore; previous studies have
indicated that this species is more active outside of
daylight hours (Grace & Henwood 1997, Driggers
et al. 2012, Legare et al. 2018, Lear et al. 2021). At
moderate wind speeds (~10 knots), wave action
against the beach was noticeably stronger. The lower
abundance of C. limbatus predicted by the model
could therefore be a result of sharks using deeper
waters that are less impacted by wind disturbance at
the surface. This was also demonstrated in North
Carolina, USA, where low wind speeds resulted in
higher densities of coastal shark species, including
C. limbatus, in nearshore estuarine environments
(DiGiacomo et al. 2020). The north end of the tran-
sect area in CPNP frequently displayed dense aggre-
gations of C. limbatus. This area provides the highest
level of protection from wind due to the presence of
higher ground adjacent to the coast; hence, C. Iim-
batus seem to select the most sheltered area of the
beach to use as a refuge. Additionally, calmer water
would likely incur less mixing and therefore be
warmer for C. limbatus to utilise for thermoregula-
tion. During high wind speeds (>15 knots), sampling
did not take place to ensure that shark sightings
were not distorted by high water movement and so
that individuals were not missed in the counts (Cole-
fax et al. 2019).

A refuge can refer to an area of safety, and in this
regard, adult C. limbatus have been observed using
shallow-water habitat in Florida to avoid predation
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Fig. 4. Effect plots of the generalized additive model used to evaluate relationships between blacktip shark Carcharhinus lim-
batus abundance and sea surface temperature (SST), time of day, wind speed and photoperiod in Cabo Pulmo National Park,
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by great hammerhead sharks Sphyrna mokarran
(Doan & Kajiura 2020). The last records of S. mokar-
ran in the GOC were from the 1960s and they are
now likely to have been extirpated from the region
(Pérez-Jiménez 2014). However, other large shark
species such as bull sharks Carcharhinus leucas and
tiger sharks Galeocerdo cuvier inhabit the waters of
CPNP (Reyes-Bonilla et al. 2016). The presence of
these predators could drive the dense aggregations
of C. limbatus adjacent to the shoreline. Similar
behaviours are recorded in Shark Bay, Australia,
where the presence of G. cuvier influences the habi-
tat selection of herbivores and meso-predators (Hei-
thaus et al. 2012). The aggregations could also be a
result of sexual segregation with female C. Iimbatus
refuging from males to avoid harassment (Sims et al.
2001, Wearmouth et al. 2012). Sexual segregation of
this species on both spatial and temporal scales has
been demonstrated along the coastline of Florida
(Dodrill 1977) and South Africa (Dudley & Cliff 2010),

but was not evident in the Gulf of Mexico (Bethea et
al. 2015). The installation of stationary underwater
cameras along the survey area would allow us to test
this hypothesis, as we cannot determine the sex of
the sharks present from the UAV alone.

The large aggregations of C. limbatus were only
observed on surveys in CPNP during winter months,
which corresponded to the presence of large schools
of bait fish, such as Pacific sardines Sardinops sagax.
Local fishermen refer to C. limbatus as ‘Sardineros’
as they are known to prey on sardines. C. limbatus
were usually observed swimming slowly and unper-
turbed by the fish schools; however, there was an
attempted predation on one occasion. The UAV
filmed a shark chasing a small fish in the wave break,
making sharp turns to prevent itself from beaching. It
was not clear if the predation was successful as the
UAV was returned to the pilot due to low battery.
Locals in CPNP have also reported observations of
sharks chasing fish adjacent to the shoreline, usually
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Month

Fig. 5. Average sea surface temperature (SST) in relation to average monthly
blacktip shark Carcharhinus limbatus abundance determined by unoccupied
aerial vehicle surveys completed over a 1 yr period in 2019 in Cabo Pulmo Na-
tional Park, Mexico (n = number of sampling days in each month). SST was

taken in the field prior to survey flights

when water visibility is low enough for sharks to
ambush them. C. limbatus could be opportunistically
hunting the baitfish when conditions allow but are
primarily of a crepuscular nature, resting in the shal-
lows during the day before moving offshore to forage
at night (Driggers et al. 2012). Similarly, juvenile C.
limbatus only use shallow bays during daylight hours
and disperse at night in Terra Ceia Bay, Florida, USA
(Heupel & Simpfendorfer 2005), and in the United
States Virgin Islands (Legare et al. 2015, 2018). C.
limbatus in CPNP could also be feeding on species of
higher trophic levels, such as yellowfin tuna Thun-
nus albacares, which was the most common prey
item in the stomachs of C. limbatus caught off the
Pacific coast of Ecuador (Estupindn-Montano et al.
2018).

The C. Iimbatus migration along the south-east
coast of the USA has been well documented (Castro
1996), and aggregations have been quantified at the
most southerly point of their migration route in Palm
Beach, Florida (Kajiura & Tellman 2016). In late
spring, abundance decreases as they embark on
a northward migration, following cooler, more pro-
ductive waters. A similar pattern was observed in
CPNP as C. limbatus were absent from aerial surveys
between May and November when SST was over
25°C. Acoustically tagged C. limbatus were also
subsequently detected at seamounts north of CPNP
in summer (Ketchum et al. 2020). Average SST
decreases from the mouth to the upper island region
of the GOC and increases slightly at the head (Soto-
Mardones et al. 1999). C. limbatus overwinter in
CPNP and start to migrate north when SST starts to
increase in the lower GOC. Many marine predators
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has implications in the GOC as it is a
marginal sea that has already dis-
played signs of gradual warming, an
overall trend of decreasing productiv-
ity and declines in predators such as
the California sea lion Zalophus cali-
fornianus (Adame et al. 2020). A satel-
lite-tagged C. limbatus made an ex-
tensive 900 km migration from CPNP in April 2019 to
the most northern region of the GOC by July
(Ketchum et al. 2020). SST in the north of the GOC
can be as high as 32°C in summer (Soto-Mardones et
al. 1999), so the increase in SST above 25°C in CPNP
could be acting as a cue for migration, rather than
reflecting the temperature preference of C. limbatus.
Results from acoustically tagged juvenile C. limbatus
in Terra Ceia Bay, Florida, also suggest that migra-
tions occur in response to sudden changes in temper-
ature and not a threshold limit (Heupel 2007). The
northern migration from CPNP could also be influ-
enced by the increase in day length, as photoperiod
was a significant predictor of C. Iimbatusin the GAM
and has been linked to cue migrations in other elas-
mobranch species (Grubbs et al. 2007, Heupel 2007,
Kneebone et al. 2012, Nosal et al. 2014).

The use of UAVs in marine environments is limited
as surveys are affected by wind, rain, sun glare and
water turbidity. Furthermore, surveys are constrained
to daylight hours and are more applicable over shal-
low water for non-surface-associated species. Some
of these limitations can be addressed, such as by the
addition of advanced sensors on UAVs. Colefax et al.
(2021) tested the use of a hyperspectral sensor for de-
tecting submerged marine fauna and found wave-
lengths between 514 and 554 nm to be more effective
than a standard camera. The use of a polarising filter
and altering the direction of the UAV in relation to
the sun can also reduce glare (Joyce et al. 2018). Ad-
ditionally, aerial surveys can be combined alongside
other methods to fill in data gaps (Kiszka & Heithaus
2018). For monitoring elasmobranchs in coastal areas,
these can include terrestrial censuses (Hight & Lowe
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2007, Speed et al. 2011), gill-net surveys (Froeschke
et al. 2010), long-line surveys (Lear et al. 2021),
baited-remote-underwater-video systems (Acufa-
Marrero et al. 2018) and acoustic telemetry that can
passively monitor elasmobranchs over long time peri-
ods (Heupel & Hueter 2001). In deeper-water envi-
ronments, abundance estimates from aerial surveys
can also be corrected for by incorporating movement
data from tagged animals, such as the proportion of
time sharks spend at the surface and would therefore
be available for detection from the air (Westgate et al.
2014, Nykéanen et al. 2018). Nevertheless, UAVs do
overcome some of the disadvantages of traditional
methods, as they are much less invasive and do not
require the physical capture of the target species
(Schofield et al. 2019).

Differentiating carcharhinid species from an aerial
perspective can be challenging, and it is often not
possible to identify sharks down to the species level,
particularly if areas are inhabited by multiple species
that share similar characteristics (Kelaher et al. 2019,
DiGiacomo et al. 2020). Lemon sharks Negaprion
brevirostris and bull sharks C. leucas are common
carcharhinid species in the waters of CPNP. C. leucas
can be distinguished from C. limbatus by a broader
head shape and stout body and N. brevirostris by
pectoral fin shape and the presence of a large second
dorsal fin (Ayres et al. 2021). N. brevirostris were
occasionally observed along the transect area, and
counts of these sharks were excluded from the analy-
sis. On most survey days, water visibility was suffi-
cient to establish that the large aggregations were
formed of a single species, C. limbatus, due to their
homologous slender body shapes and long-pointed
snouts (Fig. 3). The presence of N. brevirostris was
more apparent when the UAV altitude was lowered;
however, the limitation of the UAV battery life
(~28 min) prevented the filming of all groups of
sharks at lower altitudes. Further advances in battery
technology will likely extend flight times and over-
come this limitation in the near future.

The UAV altitude of 100 m was effective for detect-
ing C. limbatus due to the sandy uniform habitat, the
size of the sharks (~2 m TL) and the extent of the
aggregations. A pilot study in the south of CPNP over
sand and rocky-reef habitat demonstrated 100 m to
be too high for reliably observing small N. brevi-
rostris and for resting Pacific nurse sharks and
although there have been previous sightings of C.
limbatus at this location, they were not observed dur-
ing the survey time frame (Ayres et al. 2021). The
most suitable survey altitude is site- and species-
specific, and pilot studies using replicas of target

species can be tested to determine applicable alti-
tudes (Butcher et al. 2019). When designing a UAV
study, researchers need to consider the disturbance
to wildlife, which correlates with altitude height.
UAVs are known to disturb bird and pinniped spe-
cies which can flee in response to their presence
(Smith et al. 2016), and at low altitudes (<30 m) they
can alter the behaviour of air-breathing marine spe-
cies, such as dolphins (Ramos et al. 2018, Fettermann
et al. 2019, Giles et al. 2021). There is little evidence
to show that UAV noise disturbs elasmobranchs and
other fully aquatic species (Mulero-Pdzmaény et al.
2017), as the underwater impact of UAV noise is
minor (Christiansen et al. 2016). However, if sensitive
non-target species are within survey areas, then they
also need to be accounted for (Raoult et al. 2020). In
terms of altitude limits, researchers must be aware of
general regulations that prohibit UAVs to be flown
above a 120 m altitude, to minimise the overlap with
airspaces occupied by aircrafts (Raoult et al. 2020).

In some countries, like the USA, laws prohibit the
use of UAVs in national parks, due to their distur-
bance to wildlife and visitors (Sandbrook 2015). As a
general rule, UAVs are also prohibited from being
flown over groups of people (Johnston 2019), and this
needs to be considered for surveying in non-remote
areas. Negative public perception and the misuse of
UAVs has led to bans in several countries, which pre-
vents important monitoring studies from being con-
ducted (Linchant et al. 2015). In Mexico, and in the
present study, UAV government registration and
permission was required from the Comision Nacional
de Areas Naturales Protegidas (CONANP) for the
aerial surveys to be conducted for scientific investi-
gation in the park. With ever-changing legislation, in
this relatively new field, it is important that UAV reg-
ulations are followed so as to not impede the contin-
uation of their use (Oleksyn et al. 2021). The UAV
monitoring of vulnerable species and habitats will be
particularly essential over the next few decades in
the face of a changing climate and increasing anthro-
pogenic impact.

Overall, the UAV was invaluable for monitoring
the survey site, specifically due to the absence of a
vantage point for visual censuses, a method previ-
ously used to monitor sharks in the south of CPNP
(Ayres et al. 2021). Moreover, on a few occasions the
UAYV filmed people attempting to illegally fish within
the park boundaries, and the authorities were noti-
fied. This highlights the potential use of UAVs as a
tool for vigilance and surveillance of the park for
poachers, which is very much needed (Anderson
2019), and particularly important for C. limbatus due
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to their proximity to the park boundaries. Further-
more, the current and future development of the sur-
rounding area of CPNP and increases in tourism and
boat activity within the park itself will likely nega-
tively impact marine life, owing to factors such as
pollution and noise disturbance (Calderon-Aguilera
et al. 2021). The absence of C. limbatus during sum-
mer months, records of regular captures by fishers
and evidence of a northward migration also highlight
the vulnerability of this species to fishing pressures
when outside the protection of CPNP. This study
is the first to quantify in the scientific literature the
large C. limbatus aggregations that are well known
by the local community and adds to the growing
body of knowledge that CPNP, a small no-take MPA,
has shown increases of species abundance and diver-
sity on an unprecedented scale.
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