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ABSTRACT: Establishing how threatened wildlife are distributed spatially and temporally is essential for
effective conservation and management planning. While many shark species are threatened globally, knowl-
edge on sex-specific differences in behaviour and fine-scale habitat use remains limited, hindering the
implementation of appropriate conservation actions. Here, acoustic telemetry was used to investigate sex-
specific space use in the Critically Endangered angelshark Squatina squatina in the Canary Islands (Atlantic
Ocean), a key stronghold for the species. We collected data on space use, residency and movement of adult
males (n = 32) and females (n = 72) in Spain's largest marine reserve (La Graciosa Marine Reserve) over 4 yr
(2018-2022). Presence in offshore sites (>80 m depth) indicated long-term utilisation of deep-water habitat,
not previously observed in this species. Males were more likely to be detected in deep water and displayed
significantly greater levels of activity and roaming behaviour than females. Patterns of behaviour in shallow
waters indicated both social and habitat sexual segregation. Diel variability was also recorded, with greater
activity occurring nocturnally. This study demonstrates the importance of considering the spatiotemporal dis-
tribution of both sexes, horizontally and vertically, when designing effective conservation measures.
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RESUMEN EN ESPANOL: Establecer cémo se distribuyen espacial y temporalmente las especies ame-
nazadas en estado salvaje es esencial para realizar una gestién y planificacién efectiva de su conservacioén.
Aunque muchas especies de tiburones estdn amenazadas a nivel mundial, el conocimiento sobre compor-
tamiento ecolégico y su uso de hébitats sigue siendo limitado, lo que dificulta la implementacién de acciones
de conservacién adecuadas. En este estudio, se ha utilizado la telemetria acustica para investigar el uso de
habitat del Angelote, Squatina squatina, especie catalogada en Peligro Critico a nivel global, y su segre-
gacién por sexos en las Islas Canarias (Océano Atlantico), lugar considerado como bastién clave para la
especie. Recopilamos datos sobre el uso de hébitat, tiempos de residencia y los movimientos de los machos
(n = 32) y las hembras (n = 72) adultos en la reserva marina mas grande de Espana, la Reserva Marina de La
Graciosa, durante 4 anos (2018-2022). La presencia en aguas externas (>80 m de profundidad) indicé la uti-
lizaciéon a largo plazo de héabitats de aguas profundas, no observados previamente en esta especie. Los
machos presentaron mayores probabilidades de ser detectados en aguas profundas y mostraban niveles sig-
nificativamente mayores de actividad y comportamiento de itinerancia que las hembras para dichas zonas.
Los patrones de comportamiento en aguas someras indicaban tanto la segregacién social como la segre-
gacion de habitat por sexo. También se registré variabilidad diaria, mostrdndose una mayor actividad
durante la noche. Este estudio demuestra la importancia de considerar la distribuciéon espaciotemporal de
ambos sexos, tanto horizontal como verticalmente, al diseiar medidas efectivas de conservacion.
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1. INTRODUCTION

Understanding how animals are distributed through-
out their habitat allows the development of effective
management and conservation measures, along with
the mitigation of anthropogenic threats across vary-
ing spatial and temporal scales (Wilson et al. 2004,
Speed et al. 2010, Runge et al. 2014). This process is
complicated when different sexes and age/size use
habitats differently in time and space, resulting in
variation in exposure to anthropogenic threats within
a population (Mucientes et al. 2009, Jacoby et al.
2012, Schofield et al. 2020). Over a third of chon-
drichthyan (sharks, rays and chimeras) species are
estimated to be threatened with extinction, primarily
as a result of overfishing and habitat loss (Dulvy et al.
2021). It is therefore important to address data gaps
and understand how space use varies between sexes
and over time for this group to implement appropri-
ate conservation actions and protective measures
(Holt et al. 2013, Hyde et al. 2022).

Sexual segregation occurs when sex differences in
space use, movement and both seasonal and diel dis-
tribution result in complete or partial segregation of
males and females outside of the breeding season.
This phenomenon has been documented throughout
the animal kingdom and is generally classified into 2
forms: habitat segregation and social segregation.
Habitat segregation is characterised by differing
responses, preferences and tolerances in relation to
physical and environmental characteristics, such that
males and females use different habitats (Ruckstuhl
& Neuhaus 2005). Social segregation occurs where
behavioural differences lead to aversion between
sexes and/or affinity within sexes (Wearmouth &
Sims 2008, Dell’Apa et al. 2016). This can occur in the
absence of habitat segregation, where both sexes use
the same areas but remain temporally segregated
(Ruckstuhl & Neuhaus 2005, Fury et al. 2013). How-
ever, sexual segregation can lead to differential
exposure to threats. For example, Simpfendorfer et
al. (2002) and Mucientes et al. (2009) suggested that
declines in male blue shark abundance may be
driven by sexual segregation, with greater male
overlap with fisheries exploitation. Consequently, to
avoid bias in future conservation and management
strategies, the space use and movement of both sexes
must be accounted for. This is particularly challeng-
ing in the marine environment, where the added
dimension of depth use contributes to the complexity
of this phenomenon (Wearmouth & Sims 2008). In
chondrichthyans, particularly sharks, sexual segre-
gation and differential space use outside the breed-

ing season have been widely documented (e.g.
Wearmouth & Sims 2008, Vandeperre et al. 2014).

Sexual segregation and sex differences in distribu-
tion can operate over varying spatial and temporal
scales, characterised by fluctuations and variability
both seasonally and diurnally. Seasonal migration in
animals often occurs in response to environmental
conditions, reproductive requirements and resource
availability and can result in distribution shifts over
large areas (Schofield et al. 2010, Shaw 2016). In
many species, this shift can occur as part of an annual
cycle, before individuals return to smaller core areas
(Furey et al. 2018). Movement cycles can also occur
over diurnal timescales, whereby shorter-term changes
in space use and activity are driven by diel fluctua-
tion in foraging opportunities, predator/competitor
presence and abiotic factors such as light intensity
and temperature (Reebs 2002, Lowerre-Barbieri et
al. 2021). Such patterns can occur both horizontally
and vertically; therefore, depth use is an important
consideration when investigating distribution.

In chondrichthyans, coastal bottom-dwelling spe-
cies with limited depth distribution have consistently
been found to be disproportionately vulnerable to
extinction, due to proximity to human populations
and exposure to multiple overlapping threats includ-
ing coastal development, pollution and overfishing
(Dulvy et al. 2014, 2021). Indeed, catastrophic de-
clines have been observed in many species of saw-
fish (Pristidae), wedgefish (Rhinidae), guitarfishes
(Rhinobatidae) and giant guitarfishes (Glaucostegi-
dae) as well as angel sharks (Squatinidae). For exam-
ple, abundant in West African coastal waters as
recently as the 1960s, the African wedgefish Rhyn-
chobatus luebberti is now listed as Critically Endan-
gered (Kyne & Jabado 2019), and only 2 individuals
have been recorded in the last decade (Kyne et al.
2020). Thus, species distribution in all dimensions
(including time) not only affects how best to mitigate
threats but also determines inherent vulnerability to
these threats in the first instance.

The angelshark Squatina squatina is a large flat-
bodied shark listed as Critically Endangered on the
IUCN Red List of Threatened Species (Morey et al.
2019). Formerly widespread throughout the Northeast
Atlantic and Mediterranean Sea, overexploitation
and coastal habitat degradation have driven drastic
range declines in S. squatina, and remaining popula-
tions are generally small, isolated and fragmented
(Miller 2016, Gordon et al. 2019, Lawson et al. 2020).
The Canary Islands have been suggested as a key
stronghold for this speies, providing crucial habitat for
both juveniles and adults (Barker et al. 2016, Meyers
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et al. 2017, Jiménez Alvarado et al. 2020, Lawson et
al. 2020). Despite full protection under the Spanish
Catalogue of Threatened Species (https://www.boe.
es/eli/es/0/2019/04/08/tec596), S. squatina remains
threatened by fishing and habitat degradation across
the archipelago. Evidence of seasonality and sex dif-
ferences in presence, movement and depth distribu-
tion have been observed to varying degrees in parts
of S. squatina's range (Meyers et al. 2017, Bom et al.
2020, Ellis et al. 2021, Noviello et al. 2021, Barker et
al. 2022). Around the Canary Islands, it is hypothe-
sised that breeding occurs nearshore in autumn and
winter, with males then moving into deeper offshore
areas while females remain close to the coast year-
round (Meyers et al. 2017, Tuya et al. 2020, Noviello et
al. 2021). S. squatina primarily occupies shallow in-
shore coastal waters and has only been reported in up
to 150 m depth. However, other angel shark species
have been observed in over 600 m depth, providing
evidence that utilisation of deep water could occur in
S. squatina (Ebert & Stehmann 2013, Fortibuoni 2016,
Miller 2016, Ellis et al. 2021). Diel variation in adult
behaviour and space use has also been noted, with
angel sharks usually described as nocturnally active
and diurnally sedentary (Ebert & Stehmann 2013,
Miller 2016, G. G. Pittenger unpubl.). To date, infor-
mation on S. squatina ecology and behaviour has
come from underwater visual census, visual ID tag-
ging and citizen science, especially in the form of
diver observations and fisheries records. Although
such information remains crucial, the cryptic noctur-
nal nature of S. squatina may result in incomplete de-
scriptions of spatiotemporal presence and distribution
(Meyers et al. 2017, Noviello et al. 2021), potentially
limiting conservation outcomes.

Here, we used acoustic telemetry to investigate
spatial and temporal distribution in relation to sex
differences and to explore putative sexual segrega-
tion in adult S. squatina in the La Graciosa Marine
Reserve (LGMR) in the Canary Islands. The principal
objectives were to investigate population-level and
sex-specific variation with respect to (1) space use
and residency, (2) depth use, (3) seasonal activity and
(4) diel activity. We hypothesised that (1) females
would occupy shallower habitat compared to males,
based on local diver observation and on theorised
offshore movement in males; (2) male and female
space use would overlap more during winter
(November to January), because breeding is thought
to occur at this time; and (3) both sexes would be
more active at night, based on diver observations of
greater movement nocturnally. Our results provide
fundamental evidence-based information to inform

improved conservation and management of S.
squatina within LGMR, Spain's largest marine re-
serve and a critical habitat for this species.

2. MATERIALS AND METHODS
2.1. Study site

The Canary Islands are a Spanish archipelago situ-
ated in the North Atlantic (Fig. 1), approximately
100 km west of the Moroccan and Western Saharan
coastline. Stretching nearly 500km east to west, the
marine environment around the islands is charac-
terised by a strong longitudinal oceanographic gradi-
ent, driven by the proximity to the West African coast
and seasonal coastal upwelling. Consequently, tem-
perature, salinity, nutrient concentration and species
structure vary across the islands (Meyers et al. 2017,
Lawson et al. 2020), creating a highly biodiverse mar-
ine environment suitable for both temperate and trop-
ical species (Barker et al. 2016). For coastal species
such as Squatina squatina, the Canary Islands pro-
vide a huge variety of habitats and conditions as well
as a diversity of prey species (Lawson et al. 2020).

LGMR encompasses 70764 ha and includes a
series of islets to the north of Lanzarote (Fig. 1) char-
acterised by a coastal desert climate and particularly
fragile terrestrial and marine ecosystems (Baztan et
al. 2014). Whereas all other islands across the Canary
archipelago are separated by abyssal depths, Fuerte-
ventura, Lanzarote and the LGMR islands are con-
nected by shallow shelf waters (Barker et al. 2016),
which may have implications for S. squatina move-
ment and connectivity in the area (Meyers et al.
2017). LGMR was established in 1995 and has 3
zones: 60 % of the marine reserve is in interior waters
(under control of the Canary Islands Government),
40% of the marine reserve is in exterior waters
(under control of the Spanish Government), and
there is a small integral reserve which is a strict no-
take zone. SCUBA diving activities and some recre-
ational and commercial fishing activities are permit-
ted in the interior waters and exterior waters but are
closely regulated using permits given to a limited
number of fishers using traditional gears. Despite
being the largest marine reserve in Spain, regula-
tions in LGMR are effectively controlled and en-
forced and there is a detailed management plan.
However, this plan pre-dates the listing of S. squa-
tina on the Spanish Catalogue of Threatened Species
(https://www.boe.es/eli/es/0/2019/04/08/tec596) and
does not currently include S. squatina as a species of
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(Table 1; Fig. 2), chosen based on (1) areas iden-
tified during visual ID tagging surveys; (2) infor-
mation provided by the local dive centre, La Gra-
ciosa Divers; (3) habitat variation; and (4)
logistical limitations and accessibility for dive-
based retrieval and maintenance. Receivers
(models VR2Tx and VR2W) were placed in 10
shallow-water locations (10 to 24 m water depth),
and acoustic release receivers (model VR2AR)

were placed in 2 deep-water locations (86 and
120 m). Locations were broadly classified into

habitat types: shallow sheltered coast, shallow
open coast, shallow channel and deep offshore
(see Supplement 1 at www.int-res.com/articles/
suppl/n051p233_supp.pdf; for all supplements).
Originally, 7 receivers were originally deployed
in July 2018 and 5 receivers were deployed at
later dates as the study expanded (Table 1).

2.3. Animal capture and tagging

Tagging was carried out across various dive
sites around La Graciosa in November 2018 to
2021 and in July 2018 at the start of the study
(Fig. 2). November was chosen based on diver
observations of a peak in S. squatina sightings
and the presence of males at this time of year, en-
abling both sexes to be captured in the sample,
albeit in different frequencies. An in situ external
attachment methodology was developed to en-
able underwater tagging of adult S. squatina
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Fig. 1. Canary Islands study area, with La Graciosa Marine Re-

serve extent shown in green

interest or in any species-specific protective meas-
ures. Based on frequent diver observations and re-
search conducted by Angel Shark Project: Canary
Islands (https://angelsharknetwork.com/canaryis
lands/), the area has been identified as an important
hotspot for both male and female S. squatina (Meyers
et al. 2017). LGMR therefore presents a unique
opportunity for scientific research and conservation
as well as responsible dive tourism, with S. squatina
as a flagship species.

2.2. Telemetry array configuration
An acoustic telemetry array was configured to

quantify S. squatina presence within LGMR. Recei-
vers (Innovasea) were deployed in 12 locations

(>80 cm total length), removing the need for cap-
ture and surface procedures and thus reducing
stress and disturbance to these Critically Endan-

Table 1. Initial deployment date, location depth and esti-

mated detection range for each receiver location. In cases

where more than 1 range test was carried out, a mean
distance is provided. na: not available

Location Deployment Depth (m) Range (m)
L1 Apr 2021 18 361
L2 Feb 2020 120 564
L3 Jul 2018 19 150
L4 Apr 2021 15 na
L5 Jul 2018 22 218
L6 Jul 2018 10 na
L7 Jul 2018 14 139
L8 Jul 2018 20 369
L9 Jul 2018 24 205
L10 Jul 2018 18 125
LG11 Feb 2020 86 395
LG12 Apr 2021 30 175
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—— gered sharks. In short, resting sharks were

N A @ Shallow sheltered coast approached on SCUBA equipment and

% Shallow open coast . . .

% Shallow channel restrained by 2 divers using a purpose-
A Deep built cage to fit around the individual,
% Tagging locations leaving the dorsal fin and caudal section
exposed to tag and take genetic samples
3 (Fig. 3). A bespoke applicator was used to
attach the tag and harness to the shark
through the first dorsal fin. The process
was usually completed in under 2 min. To
increase our chances of encountering a
buried shark, a team of divers swam par-
allel to one another in a wide transect,
and individuals were opportunistically
selected for tagging. Individuals were de-
termined to be appropriate for tagging
based on visual estimation of size; only
mature sharks (>80 cm total length) were
tagged. After tag application and fin clip-
ping for genetic analysis, the shark was
sexed based on the presence or absence
of claspers and released.

Sharks were tagged with coded V9 (n =
84) and later with V13 (n = 20) acoustic
transmitters (high power output, 90-150's
delay), which continue to transmit for the
duration of their battery life (estimated by
the manufacturers as 346 and 522 d,
respectively). The tag weight did not
exceed 2% of the shark weight in any
case. Between July 2018 and November
Fig. 2. Acoustic array in La Graciosa Marine Reserve, with each receiver 2021, transmitters were attached to 104

labelled with its location name. Point colour and shape indicates the  adult S. squatina (72 females and 32
assigned habitat classification in each case. Bathymetry in meters males) during 5 tagging campaigns. This
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Fig. 3. (A) A shark being restrained during the tagging process; (B) a shark with an acoustic tag attached to the first dorsal fin.
Images by Michael J. Sealey
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female-biased tagging sample reflects the oppor-
tunistic nature of animal selection and likely sex ratio
of S. squatina presence in areas where and when
tagging was carried out.

2.4. Receiver range testing

Range testing of receivers was carried out to deter-
mine the approximate maximum distance at which
acoustic transmitters could be detected. Range esti-
mates can vary considerably between locations and
on a diel and seasonal temporal scale and therefore
provide important information on the probability of a
tagged shark being detected at different receivers
across the study area (Kessel et al. 2014). Three
methods of range testing were carried out, depend-
ing on receiver type, using a hydrophone, test tag or
sentinel tag. Estimates for each location are included
in Table 1. At location L5, sentinel tags were placed
over approximately 2 d to investigate diel variation in
detection range and efficiency at the range boundary
(as estimated with a hydrophone). Detection effi-
ciency approximately 30 m inside the range bound-
ary ranged from 33 to 92 %, with fluctuations occur-
ring across both diel periods. This indicates that diel
detection patterns observed in the present study
were unlikely to be driven by diel shifts in receiver
detection range. Further details on range testing are
included in Supplement 2.

2.5. Data analysis
2.5.1. Data cleaning and pre-processing

Acoustic detections were filtered to remove un-
recognised tag IDs, internal tags associated with
VR2Tx or VR2AR receivers, and range test tags. For
each individual, detections recorded 48 h post tag-
ging were removed before analysis to avoid any
potential impacts of the tagging procedure on behav-
iour. Although observations of sharks during tagging
and immediately afterwards suggested little impact,
removal of this period was judged to be a sensible
precaution.

2.5.2. Spatial analysis
All data processing, analysis and visualisation

were carried out in R Studio (Ver. 2021.09.1) and
QGIS (Ver. 3.16.1) environments. Spatial presence of

tagged S. squatina was plotted as detections and
number of individuals at each receiver location
throughout the entire study period. Overall male to
female ratios were also mapped for each location.
The following detection metrics were calculated for
each individual: detection count, days monitored
(number of days between tagging and last recorded
detection) and number of receivers visited.

In addition, for each individual shark, total detec-
tion count was reduced to days detected and days
detected per location, reflecting the number of days
an individual was present in the whole array and at
each receiver location, respectively (after Andrews et
al. 2010). These individual-level counts were summed
to investigate overall spatial and temporal patterns in
presence. Raw detections were grouped into individ-
ual residence events, quantified in terms of frequency
and duration (after Meyer et al. 2009, 2018) using the
VTrack RunResidenceExtraction (Campbell et al.
2012) function. An event started when 2 consecutive
detections were recorded at the same receiver and
ended when the individual either was not detected
for 60 min or was detected at a different receiver.
Residency to the study area was quantified by calcu-
lating a residency index (RI) for each individual. In
each case, the number of days detected across the
whole array was divided by the total number of days
the individual was monitored. Given that the acoustic
telemetry study is ongoing and that the transmitter
battery life estimated by manufacturers is conserva-
tive, days monitored was defined as the number of
days between tagging and last detection rather than
by the expected tag battery life. RI values ranged
from O to 1, where 1 indicates 100 % residency and
presence in the study area on all days monitored. A
roaming index was also calculated for each individ-
ual to quantify space use and movement, where the
number of receiver locations visited was divided
by the total number of locations in the study area at
the time a given individual was being monitored. In
this case, a value of 1 indicates that 100 % of avail-
able locations were visited. Due to the data being
continuous as well as non-normally distributed, sex
differences in all metrics were investigated using
non-parametric Mann-Whitney U-tests (Mann &
Whitney 1947). Alpha was set at 0.05 in all statistical
tests.

To examine levels of residence to specific areas
within the array, a spatially explicit RT (Rlgatq) Was
calculated (after Hussey et al. 2017, Cochran et al.
2019). For each individual and each receiver, the
number of days detected was divided by the days
monitored in the whole array. Variation in receiver
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deployment dates was accounted for in calculations.
Rlg a1 values for each receiver were compared
across the array using a non-parametric Kruskal-
Wallis test (Kruskal & Wallis 1952) for comparing
unequal independent samples and post hoc pairwise
Wilcoxon tests (Wilcoxon 1945).

2.5.3. Temporal analysis

Spatiotemporal patterns and sex ratios were exam-
ined by comparing monthly male and female pres-
ence. Patterns of male and female overlap and sepa-
ration and possible sexual segregation were then
identified. For diel analysis, time was divided into 12
h diel periods, where 07:00 to 19:00 h was classified
as diurnal and 19:00 to 07:00 h as nocturnal, based on
average nautical sunrise and sunset times through-
out the year. To make diel and sex comparisons,
detection frequency was calculated as mean detec-
tion count per diel period for each individual,
whereby total diurnal and nocturnal detection counts
were divided by each individual's number of days
monitored. A diel-specific roaming index was also
calculated for each individual, where the number of
receiver locations visited during both diurnal and
nocturnal periods was divided by the total number of
locations in the study area at the time a given indi-
vidual was being monitored. For both metrics, differ-
ences between diurnal and nocturnal periods were
investigated using non-parametric Wilcoxon signed
rank tests to compare paired samples for males and
females separately (Wilcoxon 1945).

3. RESULTS

After data cleaning and filtering, 145 290 detections
were recorded between July 2018 and April 2022. Of
the 104 tagged individuals, 88% (n = 92) were de-

tected, comprising 88 % (n = 28) of tagged males and
89% (n = 64) of tagged females (Table 2). A further 8
individuals were only detected within 48 h of tagging
and therefore excluded from analysis. Four tagged
individuals were never detected. Days monitored
ranged from 4 to 364 d (185.72 + 136.93 [mean + SD])
and days detected from 1 to 145 d (19.82 + 22.08).
Broadly, shallow open coast receivers recorded the
fewest detections across the array, with presence
concentrated in shallow sheltered coast (L5) and shal-
low channel (L7, L8, L9) habitat locations as well as a
deep offshore receiver location (L11).

3.1. Spatial distribution and sex differences

Males had a significantly greater roaming index
(U =609, p = 0.007) and receiver visits were signifi-
cantly shorter in duration (U = 864283, p < 0.001)
compared to females (Table 2). No significant sex dif-
ference was observed in RI (U = 1031.5, p = 0.252),
days monitored (U = 767, p = 0.276) or days detected
(U=862.5, p =0.779) (Table 2).

Qualitatively, females were more likely to be
recorded at shallow locations (<30 m bathymetry)
across the study site, while males were more likely
recorded in deep locations (>80 m bathymetry), with
44 % of tagged males and 17 % of tagged females
detected in deep habitat. In particular, 52% of
detected individuals were male at 1 deep offshore
location (L11, 86 m; n = 25 ind.), while the only indi-
viduals detected at the other deep offshore site (L2,
120 m; n = 1) and at a shallow open coast site requir-
ing movement through deep water to access (L1; n =
1) were male.

The duration of residency events at deep offshore
sites averaged 2.42 h (range: 0.02-33.45 h), showing
that adult Squatina squatina of both sexes utilise this
habitat rather than transiting through. Across shal-
low sites, variability in detections and number of

Table 2. Summary statistics for individual metrics by sex. Results of Mann-Whitney U-tests are shown in the last column.
Bold: statistically significant (<0.05) difference between sexes

Female Male ——— P
Mean + SD Min. Max. Mean + SD  Min. Max.
No. of locations visited 2.27 £1.00 1 5 3.07 £ 1.00 1 5 0.004
Roaming index 0.26 +0.14 0.10 0.57 0.35+0.16 0.10 0.71 0.007
Receiver visit duration (min) 247 + 459 1 4891 142 + 260 2007 <0.001
Residency index 0.19 +0.21 0.01 0.96 0.15+0.18 0.01 0.75 0.252
Days monitored 177 + 139 4 363 205 + 132 8 364 0.276
Days detected 20 £ 24 1 145 18 £ 16 3 68 0.779
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individuals were recorded as well as significant vari-
ation in Rl by location (H(8) = 52.612, p =
<0.001). Overall, presence was concentrated in shal-
low waters (between Lanzarote and La Graciosa,
Fig. 4), with 51 and 20 % of all days detected occur-
ring in the shallow sheltered coast (L5) and shallow
channel (L8) receivers, respectively (Fig. 5). No
detections were recorded on shallow open coast
receiver L12, although this receiver was only de-
ployed in April 2021.

3.2. Monthly distribution and sex differences

As hypothesised, presence of both sexes peaked in
November and December, with 36% of all female
days detected and 48% of all male days detected
occurring in these 2 mo alone. Both female and male
individuals were detected in every month of the year,
suggesting year-round presence in the study area.
Although females outnumbered males in every
month of the year in the whole study area, this was
not true of all locations, and high levels of spatiotem-

poral variation in sex ratios were observed. Three
notably different temporal sex ratio patterns were
identified, each associated with a distinct habitat
type, described below (Table 3). The proportion of
males and females was plotted for every month of the
study at locations where these distinct sex ratio pat-
terns were identified (Fig. 6).

At shallow open coastline locations (L4, L6 and
L10), monthly presence was almost entirely sexually
segregated. While these areas were used by both
sexes, males and females were never present during
the same month. At the shallow sheltered coastline
location (L5), sex ratio patterns appeared strongly
seasonal, with consistent arrival of males in late
autumn and co-occurrence of sexes throughout win-
ter. Male and female co-occurrence was rarely
observed outside of autumn and winter, suggesting
seasonal sexual segregation. At the easterly deep off-
shore site (L11), both sexes were present and
someimes co-occurred, although no clear temporal
pattern could be identified. Females were rarely
present without 1 or more males, strengthening the
evidence for male-biased use of deep habitat.
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Fig. 4. Squatina squatina presence across the acoustic array area. (A) Days detected, summed across all individuals for each
location, indicated by point size; (B) number of individuals indicated by point size (where greater point size indicates greater
number of individuals) and male and female proportions at each location for the duration of the study. Bathymetry in meters
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Table 3. Patterns of sex differences and sexual segregation identified across the different receiver locations and habitat types

Habitat grouping

Sex ratio pattern

Possible sexual segregation type

Shallow open coast

Shallow sheltered
coastline

Deep offshore

Other (shallow channel and
shallow open coastline L3)

Strong sexual segregation at all times, with no

temporal pattern of male—female presence

Seasonal sexual segregation, with co-occurrence of
sexes in winter and strong female-only presence

outside of winter

Male bias, with frequent co-occurrence of sexes and
rare female-only presence; no clear temporal pattern

Instances of both female-only and male-only presence
and co-occurrence of sexes; no clear temporal pattern

Social segregation

Habitat segregation (outside of
mating season)

Sex-based habitat preference
rather than habitat segregation

No sexual segregation evident
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3.3. Diel variation and sex differences

Overall, detection frequency was greater during
the day than at night in both sexes, with 59 % of all
female detections and 61 % of all male detections
occurring diurnally. However, while this diel differ-
ence was significant in females (V= 1034, p = 0.027),
in males it was not (V = 220, p = 0.125) (Table 4;
Fig. 7). These results suggest that while female activ-
ity is nocturnally and diurnally variable, male activity
remains more consistent across diel periods. In fe-
males, diel results indicate diurnal stationary behav-
iour and greater activity levels nocturnally. In males,
results indicate less diel variability in activity levels
and an apparent lack of stationary behaviour regard-
less of diel period. The diel roaming index was sig-

nificantly greater nocturnally than diurnally for both
females (V = 34.5, p < 0.001) and males (V=19, p =
0.002) (Table 4; Fig. 7).

4. DISCUSSION

This study used acoustic telemetry to investigate
seasonal and sex-based patterns of space use and
residency in adult Squatina squatina in LGMR in the
Canary Islands. Significant sex differences in space
use were found, and a male bias in presence and util-
isation of deep habitat was observed, indicative of
different types of segregation strategy. Spatiotempo-
ral variation in sex ratios of S. squatina presence was
evident, with some indication of both social and habi-
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Table 4. Summary statistics for (a) average individual diel
detection frequency and (b) individual diel roaming index.
Results of Wilcoxon signed rank tests are shown at the
bottom of each table; bold: statistically significant (<0.05)
difference between diurnal and nocturnal periods

Female Male

(@)

Diurnal Mean = SD 13.45+22.76 598 +11.22
Min. 0.01 0.05
Max. 95.23 38.75

Nocturnal Mean + SD 10.22 +19.09 3.76 = 6.30
Min. 0.06 0.02
Max. 99.65 26.88

P 0.03 0.13

(b)

Diurnal Mean += SD 0.19 +£0.13 0.25 +0.15
Min. 0 0
Max. 0.57 0.70

Nocturnal ~Mean + SD 0.26 £0.15 0.33£0.15
Min. 0.10 0.10
Max. 0.70 0.71

p <0.001 <0.001

tat segregation within the study area. Results also
indicated variation in space use and activity between
diel periods and between sexes. The present study
has provided the first ever long-term tracking data
on this species, beginning to address key knowledge
gaps relating to adult S. squatina ecology and behav-
iour, especially in the context of sex differences and
putative sexual segregation.
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4.1. Spatial distribution and depth use

Male S. squatina were found to visit a greater num-
ber and proportion of receivers but for shorter dura-
tions than females. In combination, these findings
may indicate greater levels of activity and mobility in
males. Observations by local divers and the research
dive team support this finding, reporting that males
are often swimming when sighted and are rarely
found buried. Greater male activity has been
observed in several terrestrial and marine species,
ranging from small-spotted catsharks Scyliorhinus
canicula (Wearmouth et al. 2012) and European min-
nows Phoxinus phoxinus (Griffiths et al. 2014) to grey
seals Halichoerus grypus (Lidgard et al. 2020) and
mountain lions Puma concolor (Beier et al. 1995). In
Port Jackson sharks Heterodontus portusjacksoni
(Kadar et al. 2019), lemon sharks Negaprion brevi-
rostris (Pillans et al. 2021) and common stingrays
Dasyatis pastinaca (Chaikin et al. 2020), greater male
activity has been explained by differences in repro-
ductive strategy, whereby males actively search for
females, covering greater areas and distances to
maximise female encounters and mating opportuni-
ties, promoting enhanced reproductive success
through anisogamy. With S. squatina detections
recorded most frequently in winter—hypothesised
to be the mating season (Meyers et al. 2017) —active
mate searching by males may therefore explain
these activity and space use patterns, and future
research addressing this will be important.
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Fig. 7. Diel detection counts for (A) females and (B) males. Each bar represents the total detection count for each hour during
the study, with pale blue indicating diurnal detections and dark blue indicating nocturnal detections
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Both male and female S. squatina were present in
deep water, with residency data suggesting pro-
longed utilisation of deep habitat, not previously
observed in this species. The male bias in presence at
deep locations potentially indicates depth-based
habitat preference by sex, with males more likely to
utilise these than females. Sims et al. (2006) found
that male S. canicula only moved into warm water to
feed before returning to cooler water for rest and
digestion. Sex-based depth preference may there-
fore relate to associated temperatures, with male
preference for cooler deep water. It should be noted
that monitoring only occurred in 2 deep locations;
therefore, conclusions relating to depth use may not
be representative of other deep areas and should be
considered with caution. Given the relationship be-
tween depth distribution of coastal bottom-dwelling
elasmobranchs and exposure to anthropogenic pres-
sures as hypothesised by Dulvy et al. (2014), further
research into depth use by adult S. squatina is a
priority.

4.2. Seasonal sex ratios and sexual segregation

When examined over monthly and seasonal
timescales, sex ratios of S. squatina presence were
variable throughout the study area, and patterns at
some locations indicated sexual segregation. Shallow
open coastal locations tended to be used by both
sexes but over different monthly periods, such that
males and females remained entirely separate. As
habitat segregation can be ruled out in this case,
social segregation may explain this pattern. In mar-
ine species, this segregation is often related to the
social aversion hypothesis. Males and females tend
to have divergent reproductive strategies, with males
generally maximising reproductive success by mat-
ing frequently (Darden & Croft 2008). Resultant
aggressive mating behaviour is costly for females
due to injury and energetic expenditure (Sims et al.
2001, Jacoby et al. 2012). In particular, S. squatina
mating behaviour involves males biting onto the
female pectoral fin and moving upwards into the
water column. Although not quantified, this activity,
alongside the need to re-bury in sediments following
mating, is likely to involve significant energy expen-
diture. Aggression avoidance can ultimately lead to
sex-separated space use outside of the mating sea-
son, as observed in several aquatic species including
blue sharks Prionace glauca (Vandeperre et al.
2014), S. canicula (Wearmouth et al. 2012), Trinida-
dian guppies Poecilia reticulata (Darden & Croft

2008) and bottlenose dolphins Tursiops truncatus
(Fury et al. 2013).

A seasonal pattern of sexual segregation was ob-
served in the shallow sheltered bay area (L5), with
males consistently arriving in October or November
and predominantly female-only presence occurring
outside of winter, supporting hypothesised winter
ating (Meyers et al. 2017, Noviello et al. 2021).
Female-dominated use of this shallow sheltered
environment could indicate habitat segregation
relating to the thermal niche hypothesis: use of
warmer —and often shallower—waters by females
during gestation to aid reproductive processes such
as egg production and embryonic development
(Speed et al. 2012, Holt et al. 2013, Schlaff et al.
2014). Sexual segregation can be difficult to measure
and quantify, and sex differences can sometimes be
misinterpreted as sexual segregation (Bowyer 2004).
However, the findings in the present study certainly
provide further evidence for sexual segregation in S.
squatina, although somewhat cryptic and likely oper-
ating over small spatial scales. Data on environmen-
tal variation across the study site are required to fur-
ther investigate hypotheses relating to habitat
segregation and possible sex differences in habitat
use.

4.3. Diel variation and sex differences

Sex differences in diel activity patterns, measured
via detection counts and the roaming index, were
also recorded. Interpretation of diel acoustic detec-
tion profiles requires particular consideration of S.
squatina behaviour and ecology. S. squatina is an
ambush predator, and foraging behaviour is charac-
terised by extended periods of burial in benthic sedi-
ments while waiting for prey to swim overhead (Stel-
brink et al. 2010, Miller 2016, Ellis et al. 2021). As
such, S. squatina remain largely stationary while oth
resting and feeding. In an acoustic telemetry system
where a tagged animal forages or rests within range
of a receiver, this behaviour is likely to present as
continuous detection and high detection frequency.
In contrast, non-stationary behaviour and height-
ened activity levels likely present as lower detection
frequency. Lower detection rate combined with
greater roaming index nocturnally indicates that
greater activity and spatial coverage occurred at
night. These findings somewhat reflect existing diver
observations and literature, whereby angel sharks
are described as being sedentary and mostly buried
during the day and more active and mobile at night



Mead et al.: Angelshark distribution and sexual segregation 245

(Ebert & Stehmann 2013, Miller 2016, G. G. Pittenger
unpubl.). Similar diel activity patterns have been
observed in other species including Port Jackson
sharks H. portusjacksoni (Kadar et al. 2019), blacktip
reef sharks Carcharhinus melanopterus and grey
reef sharks C. amblyrhynchos (Papastamatiou et al.
2018). In ambush predators, increased activity levels
usually indicate searching for foraging locations
(Beier et al. 1995), and studies on Pacific angelshark
(Squatina californica) hunting behaviour suggest
active selection of foraging sites (Fouts & Nelson
1999). The activity recorded in the present study
could therefore represent nocturnal searches for for-
aging areas, following diurnal inactivity and ambush
predation. Searching behaviour could also relate to
finding mates.

Interestingly, diel detection rates varied signifi-
cantly for females but not for males, suggesting more
consistent male activity over diel timescales. Similar
sex differences were observed in S. canicula, with
males more active at all times and females only
active nocturnally, seeking refuge from males during
the day and only moving under the cover of darkness
(Wearmouth et al. 2012). It is difficult to draw conclu-
sions regarding the differences in male and female
diel activity described in this study, although the
apparent link between activity and foraging ecology
in S. squatina would suggest that sex differences in
diel foraging behaviour are present. Further, diel
activity patterns are generally spatiotemporally
dynamic and plastic in response to external variables
including environmental conditions (Kadar et al.
2019, Reebs 2002). More complex, changeable pat-
terns in diel presence and activity therefore may not
have been identified in this analysis and warrant fur-
ther investigation.

4.4. Limitations

A number of limitations must be considered when
interpreting the findings presented here. Firstly, tag-
ging location and timing produces spatial and tem-
poral biases in acoustic detection. While most tag-
ging in the present study was carried out in
November to capture both sexes and increase tag-
ging success, this could bias the sample towards a
subset of the population which uses the area during
winter. Tagging effort was restricted to the limits of
recreational diving and therefore concentrated in
shallow water close to the island of La Graciosa, par-
ticularly in the area of L5. The high proportion of
detections recorded at this location may partly reflect

this, as well as frequent use of this location by fe-
males particularly. Secondly, the tagged sample was
heavily biased towards female S. squatina as a result
of the opportunistic nature of animal selection. This
sample could reflect both the sex ratio of the S.
squatina population present at the time and highly
active male behaviour, which may reduce the likeli-
hood of males being found resting during surveys.

4.5. Conservation implications

In mobile marine species, spatiotemporal patterns
of habitat use, depth utilisation and sex-based vari-
ability can have considerable influence on vulnera-
bility to anthropogenic threats such as accidental
capture in fisheries, habitat loss through coastal
development processes and human disturbance via
in-water activities. As a coastal benthic species, S.
squatina is inherently susceptible to mortality and
disturbance from these threats (Barker et al. 2016,
Gordon et al. 2019, Dulvy et al. 2014), and identifying
ecological and behavioural factors which may exac-
erbate this is crucial. This study demonstrated sex
differences in space use in terms of activity and
mobility, depth utilisation and seasonal presence in
adult S. squatina, which could result in differential
exposure to fisheries, habitat loss and human distur-
bance. Although this study described S. squatina dis-
tribution within a marine reserve, the higher levels of
activity and mobility observed in males may enable
movement across a broad range of habitats and likely
outside of the protected area, increasing exposure to
areas where fishing is not restricted. In addition, the
occupation of shallower locations for longer dura-
tions observed in females may lead to greater risk of
habitat loss or human disturbance due to proximity to
the coast. This is particularly pertinent if such behav-
iours are confirmed to be indicative of S. squatina
gestation, pupping or nursery areas as hypothesised.
In turn, such differential threats can compound exist-
ing sex ratio imbalances (Bennett et al. 2019).

Based on our findings, it is important that conser-
vation measures consider the spatiotemporal distri-
bution and depth utilisation of both male and female
adult S. squatina across the study area and more
widely. The Angelshark Recovery Plan for the
Canary Islands is to be launched by the Canary
Islands and Spanish governments in 2023, and the
findings presented here should be considered in the
implementation of this. For example, updates to
information on key S. squatina habitats within LGMR
and how these can be effectively monitored will be
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required in the respective management plan for the
reserve. Furthermore, an assessment of the impact of
human activities should be completed to evaluate the
possible impact on S. squatina and identify ways to
minimise negative impacts. Our findings also align
with the Important Shark and Ray Areas (ISRAs)
(Hyde et al. 2022) approach, which aims to support
the design of area-based protection for chondrich-
thyans based on species-specific information on be-
haviour, movement and habitat use, such as that pre-
sented in this study. Finally, we recommend that the
use of LGMR by both adult and juvenile S. squatina
be further explored by searching for potential nurs-
ery and breeding sites within this key area.

5. CONCLUSION

The present study identified significant sex differ-
ences in Squatina squatina distribution and space
use across both seasonal and diurnal timescales.
While there remains a distinct lack of data on most
aspects of S. squatina ecology, this study begins to
address key knowledge gaps, providing baseline
data on which to build further research. Crucially,
the conclusions drawn here may have implications
for S. squatina conservation, especially in relation to
sexual segregation and depth use. This research also
further highlights the complexity of S. squatina ecol-
ogy and behaviour as well as the difficulty of identi-
fying and quantifying types of behaviour in time and
space.
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