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1.  INTRODUCTION

As apex predators, sharks play an important func-
tional role in the top-down control of oceanic and
coastal ecosystems all around the world (Stevens et
al. 2000, Ferretti et al. 2010). They are essential for
the structure and functioning of many marine food
webs (Baum & Worm 2009, Osgood & Baum 2015)
and can also generate important non-consumptive
economic value, e.g. dive tourism (Haas et al. 2017).
Globally, one-quarter of all elasmobranch species
face the risk of extinction (Dulvy et al. 2014), and al-

most 20% of the reef-associated sharks in coastal reef
ecosystems are considered functionally extinct (Mac-
Neil et al. 2020). The global decline of sharks has
been attributed to a combination of slow reproductive
life-history characteristics (Cortés 2000), high levels
of fishing pressure (Baum & Myers 2004, Myers et al.
2007, García et al. 2008), and habitat degradation
(Knip et al. 2010, Espinoza et al. 2014). As coastal reef
ecosystems become increasingly affected by anthro-
pogenic impacts and global warming (Bellwood et al.
2004, De’ath et al. 2012), understanding how reef-
 associated sharks utilise coastal reef habitats through -

© Inter-Research 2021 · www.int-res.com*Corresponding author: twan.stoffers@hotmail.com

Distribution and ontogenetic habitat shifts
of reef-associated shark species in the

northeastern Caribbean

Twan Stoffers1,*, Martin de Graaf2, Hendrik V. Winter1,2, Leopold A. J. Nagelkerke1

1Aquaculture and Fisheries Group, Wageningen University & Research, PO Box 338, 6700 AH Wageningen, The Netherlands
2Wageningen Marine Research, PO Box 68, 1970 AB IJmuiden, The Netherlands

ABSTRACT: Understanding how reef-associated sharks utilise coastal reef habitats throughout
their ontogeny is essential for their effective management. In this study, we assessed the distribu-
tion of sharks in the northern Caribbean Netherlands (Saba, Saba Bank and St Eustatius) and
onto genetic shifts in habitat and depth use of the 2 most observed species: Caribbean reef shark
Carcha rhinus perezi and nurse shark Ginglymostoma cirratum. We used stereo baited remote
underwater video (stereo-BRUV) surveys at 376 sites. A total of 126 shark sightings (6 species)
were recorded, with C. perezi (n = 72) and G. cirratum (n = 42) most frequently observed. The
probability of recording at least 1 shark per deployment ranged from 0.19 to 0.37 and is compara-
ble with shark occurrences in the small number of other stereo-BRUV studies in the Wider Carib-
bean Region. Habitat type was the most important factor driving reef-associated shark occur-
rences, with the highest probability of observing C. perezi and G. cirratum in soft-coral habitat.
Ad ditionally, occurrences of C. perezi were significantly influenced by the management zone,
with highest probabilities of occurrence in no-fishing zones. Almost all observed reef-associated
sharks (95.6%) were juveniles, indicating that the study area may be a nursery area. Overall, both
species were observed in deeper waters with increasing size, indicating ontogenetic shifts in
depth use. Our findings imply that protected areas should not be limited to a single habitat or
depth, but focus on protecting a large area with the range of habitats and depths necessary for
reef-associated sharks to complete their life cycle.

KEY WORDS: Elasmobranchs · Conservation · Carcharhinus perezi · Ginglymostoma cirratum ·
Marine reserve · Baseline study · Caribbean Netherlands · BRUV · Baited remote underwater video

Resale or republication not permitted without written consent of the publisher

https://crossmark.crossref.org/dialog/?doi=10.3354/meps13688&amp;domain=pdf&amp;date_stamp=2021-04-29


Mar Ecol Prog Ser 665: 145–158, 2021

out their ontogeny is increasingly important for the
effective management of these species and ecosys-
tems, both globally and locally (Papastamatiou et al.
2009, Heupel et al. 2019). Ontogenetic shifts in
habitat use occur in many shark species, caused by
changes in species-specific diet, foraging behaviour
and vulnerability to predation (Dahlgren & Eggleston
2000, Knip et al. 2011, Werry et al. 2011).

The Caribbean region has traditionally been an
area with small and localised fishing activities (Fitz-
patrick & Keegan 2007). However, regional non-
 sustainable fishing activities have steeply increased
since the 1950s (Jackson 1997), resulting in a col-
lapse of many coastal reef ecosystems (Hughes 1994,
Jackson et al. 2001, Gardner et al. 2003, Dulvy et al.
2014) and the continued absence of reef-associated
sharks (Ward-Paige et al. 2010, MacNeil et al. 2020).
In response to these localised extinctions (Stallings
2009), several Caribbean countries have established
shark sanctuaries and implemented fisheries legis -
lation to protect reef-associated sharks (Morgan et al.
2009, Kyne et al. 2012, Van Beek et al. 2014). For the
assessment of reef-associated sharks and their effec-
tive protection in coastal reef habitats, data on their
population status are essential. Such data are not
available for many Caribbean countries (Arocha et
al. 2002, Baum et al. 2003), despite the global in -
crease of research on reef-associated shark popula-
tions in recent decades. Therefore, baseline studies
to assess local shark distribution and population
structure for future reference and studying onto -
genetic habitat shifts help us to understand shark
population dynamics (Fokkema et al. 2020). This is
important for the assessment of the ecological effi-
cacy of the marine reserves and shark sanctuaries,
and hence the local conservation of reef-associated
sharks.

We carried out a baseline study in the Yarari shark
sanctuary in the exclusive economic zone (EEZ)
waters of the northern Caribbean Netherlands,
established for Saba in 2015 and for St Eustatius in
2018. For these islands, limited information is avail-
able on shark species distribution and status, due to
little historical fisheries data and local fisheries not
targeting sharks (de Graaf et al. 2015, 2017). In our
study, we investigated shark distribution and length
structure in the northern Caribbean Netherlands, as
well as ontogenetic shifts in depth and habitat use
of the 2 commonly observed reef-associated shark
species: Caribbean reef shark Carcharhinus perezi
(Poey 1876) and nurse shark Ginglymostoma cirra-
tum (Bon naterre 1788). We used stereo baited remote
underwater video (stereo-BRUV) surveys, which is a

non-invasive alternative to fishing surveys (Cappo
et al. 2004, Brooks et al. 2011), and a globally
accepted technique for studying shark populations
(Bond et al. 2012, White et al. 2013, Goetze et al.
2018, MacNeil et al. 2020). Stereo-BRUV surveys also
allow for the estimation of shark length, enabling us
to study ontogenetic shifts in habitat use of the most
common reef-associated sharks in the waters of Saba
and St Eustatius.

2.  MATERIALS AND METHODS

2.1.  Study locations

Saba Bank and the islands of Saba and St Eusta-
tius are located in the northeastern Caribbean and
are part of the inner arc of the Lesser Antilles
(Fig. 1). Saba Bank National Park consists of a large
(roughly 2200 km2), shallow (<60 m) submerged
carbonate platform located approximately 5 km to
the southwest of the island of Saba. From the coral-
covered shallow ridge along the eastern and south-
eastern edges (13− 18 m), the bank gradually slopes
down towards the west, eventually dropping off to a
depth of over 1000 m. For the protection of its rich
biodiversity (Hoetjes & Carpenter 2010), Saba Bank
was designated as a Specially Protected Area and
Wildlife (SPAW) Protected Area and as an Ecologi-
cally or Biologically Significant Marine Area (EBSA)
by the Convention on Biological Diversity (CBD,
www. cbd.int) in 2012. The small island of Saba
(13 km2) is surrounded by Saba Marine Park, which
ex tends out from the high tide level to a depth of
60 m. The total surface area of the marine park is
13 km2. It was established in 1987 and includes a
marine reserve (4.3 km2), where no fishing or anchor-
ing is allowed. St Eustatius (21 km2) is surrounded
by Statia  National Marine Park, established in 1996,
which has a surface area of 27.5 km2 and extends to
a depth of 30 m and includes a northern (1.6 km2)
and southern (3.6 km2) marine reserve. Fishing or
anchoring is not allowed in the marine reserves. A
rich diversity of habitats can be found in the marine
parks, ranging from pristine coral reefs and large
seagrass beds in the shallow parts, to rocks and
rubble covered with encrusting coral, sandy areas
and pinnacles in the deeper parts. Recently, the
waters of Saba (in 2015), Saba Bank (2015) and St
Eustatius (2018) were declared Yarari Marine Mam-
mal and Shark Sanctuary, in which elasmobranchs
and marine mammals are protected under Dutch
law.
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2.2.  Stereo-BRUV sampling

We analysed underwater video recordings ob -
tained with 3 stereo-BRUV units. Each unit consisted
of 2 Canon Legria HFG10 digital cameras within
waterproof housings mounted 0.7 m apart on a base
bar. The cameras were inwardly converged at 8° to
gain an optimised field of view for length measure-
ments. A synchronising diode and plastic-coated
wire mesh bait bag were positioned in front of the
cameras. Prior to field use, the stereo-BRUV units
were calibrated using SeaGIS CAL V2.01 software
(www. seagis.com. au). More detailed information on
the stereo-BRUV system, the set-up and measure-
ment and calibration process is given by Harvey &
Shortis (1995) and Watson et al. (2005).

All stereo-BRUV units were deployed during day-
light hours between 09:00 and 17:00 h and were re-
trieved after a soaking time of 45−60 min. For each
deployment, we used ca. 1 kg of pilchards Sardinops
spp. as bait, and a minimum distance of 500 m was
maintained between simultaneous deployments. We
ob tained 376 video recordings from 2012 to 2014. For

Saba, 108 stereo-BRUV deployments were conducted
between July and December 2012. In the coastal wa-
ters of St Eustatius, we conducted 104 de ploy ments
between March and June 2013, and be tween March
2013 and February 2014 we conducted 164 deploy-
ments on Saba Bank.

In the coastal waters of Saba, we deployed stereo-
BRUV units at random, roughly every 500 m within a
15−100 m depth range, covering most of the marine
park (where fishing is mostly allowed) including the
marine reserve (which is assigned as a no-fishing
area) (see Table 1). A similar strategy was used on St
Eustatius, although the survey was limited to the
30 m depth boundary of Statia National Marine Park.
Due to its large area, the whole of Saba Bank could
not be covered. Instead, grids were used to subdivide
Saba Bank into sampling areas of roughly 100 km2,
and during a sampling day, up to 3 areas were visited
(depending on what was practically feasible). At
each of these locations, 3−6 deployments took place
up to a maximum depth of 68 m, always ensuring that
the distance between them was at least 500 m. Addi-
tionally, we deployed stereo-BRUV units at random
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Fig. 1. Saba, Saba Bank, St Eustatius, and the Yarari shark sanctuary (inset: Wider Caribbean Region)
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along the shallow eastern ridge of the Saba Bank,
where environmental heterogeneity was expected to
be greatest (Toller et al. 2010).

2.3.  Video analysis

We analysed the first 45 min of video recording
after the stereo-BRUV unit settled on the sea bed. For
each deployment, we identified sharks to species
level, recorded the maximum number of individual
sightings per species observed in a single frame
(MaxN), and measured body length (total length, TL)
in cm. Each video recording was analysed at normal
play speed by at least 2 trained and independent
 ob servers. Shark identifications were additionally
checked by an expert to ensure accuracy in species
identification. When images were ambiguous (6 of
132 shark sightings, 4.54%), identification was lim-
ited to genus level and omitted from further analysis
on species level, thus minimising the risk of misiden-
tification. We did not identify or measure the length
of sharks outside an 8 m range from the cameras, ac -
cording to protocols established by Harvey & Shortis
(1995) and Watson et al. (2005). For sharks ob served
on only one of 2 stereo-BRUV cameras, no length
estimate could be made.

We classified habitat types by dominance of (1)
sand, (2) encrusting coral and/or rubble, (3) macro-al-
gae, and (4) soft coral. Depth was categorised in
classes <25, 25−60, and >60 m, and fishing activity
was categorised as present (marine park) or absent.
Geographical locations were represented by our
study areas as Saba, Saba Bank and St Eustatius. An
overview of the environmental variables for each
stereo-BRUV video deployment can be found in
Table S1 in Supplement 1 at www. int-res. com/ articles/
suppl/  m665 p145 _ supp1. pdf.

2.4.  Data analysis

All analyses were performed in R version 3.6.2 (R
Core Team 2018). Data on reef-associated shark oc-
currences were first transformed into presence−
absence data, as only occasionally (4.3% of the de-
ployments) were 2 or 3 individual sharks recorded in
a single video frame of the BRUV deployment. We
used probability of occurrence to study habitat use
patterns of Caribbean reef shark Carcharhinus perezi
and nurse shark Ginglymostoma cirratum, defined as
the proportion (between 0 and 1) of video recordings
with a shark sighting, in a particular environmental

setting. To identify important environmental drivers
in explaining probability of occurrence patterns, lo-
gistic regression models (assuming a binomial data
distribution and a logit-link function) were applied
separately for each species. Explanatory variables
were: (1) management zone (fishing, no fishing); (2)
depth zone (<25, 25−60, >60 m); and (3) habitat type
(sand, encrusting coral and rubble, macro-algae, soft
coral). In addition, (4) geographical location (Saba,
Saba Bank, St Eustatius) was added as a fixed ex-
planatory factor, as the local circumstances differed
widely between the locations and it was expected
that this could have had significant effects on the oc-
currence of sharks. Season was not included as an ex-
planatory variable, as it was not ex pected to influence
the distribution of sharks in this part of the Caribbean
(Garla et al. 2006, Brooks et al. 2013). Also, the sam-
pling strategy was not designed to analyse this factor.

We used the StepAIC function from the R package
MASS (Ripley et al. 2013), which combines forward
and backward model selection. Starting from an in-
tercept-only model, the model was expanded with
explanatory variables, and their 2- and 3-way inter-
actions, until the model with the lowest Akaike infor-
mation criterion (AIC) was found, which was consid-
ered the best fit. When differences in AIC were <2
be tween models, they were considered equivalent,
and the simplest model was chosen. We calculated
95% confidence intervals with the ‘predicts’ function
from the R package glm.predict (Schlegel 2019).
Final models were checked for influential observa-
tions, by inspecting Cook’s distance and standardised
residuals, and for variance inflation with the vif func-
tion from the ‘car’ package (Fox & Weisberg 2019).

Distribution of body length (TL) was analysed
using the same model selection procedure as above,
but with the assumption of a Gaussian data distribu-
tion and an identity link function. In addition, final
models were tested for normality by inspecting Q-Q
plots and applying Shapiro-Wilk’s test. Homogeneity
of residuals was tested with Levene’s test.

3.  RESULTS

3.1.  Shark species composition

A total of 126 shark sightings of 6 species were
recorded during 376 stereo-BRUV deployments
 ( Tables 1 & 2). Caribbean reef shark Carcharhinus
perezi was most frequently observed (72 out of 126
shark sightings, 57%), followed by nurse shark Ging -
ly mo stoma cirratum (42 out of 126 shark sightings,

148

https://www.int-res.com/articles/suppl/m665p145_supp1.pdf
https://www.int-res.com/articles/suppl/m665p145_supp1.pdf


Stoffers et al.: Habitat use of reef-associated sharks

33%). Other observations were of
blacktip shark Car cha  rhinus lim-
batus (Quoy & Gai mard 1824), tiger
shark Galeocerdo cuvier (Péron &
Lesueur 1822), great hammerhead
shark Sphyr na mo kar ran (Rüppell
1837), and silky shark Carcharhinus
falciformis (Müller & Henle 1839).
The probability of recording at least
1 shark per deployment varied be-
tween geographical locations from
0.19 (Saba) and 0.30 (Saba Bank) to
0.37 (St Eustatius). In 16 video de-
ployments (4.3%), a maximum of 3
sharks were observed. The largest
re corded shark was a G. cuvier of
309 cm TL, whereas a 50 cm C. pe -
re zi was the smallest.

The length-distribution of C. pe -
rezi did not differ between geo-
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Habitat   <25 m             25−60 m           >60 m
                        Fishing  No fishing     Fishing  No fishing    Fishing    No fishing

Saba (n = 108)
Sand                      8                5                  8                4                 9                 –
Encr./rubble         8                2                 10              2                15                –
Macro-algae         3                –                  –                –                 –                 –
Soft coral             24              5                  1                2                 2                 –

Saba Bank (n = 164)
Sand                      1                –                 27               –                 –                 –
Encr./rubble         6                –                 24               –                 –                 –
Macro-algae        42               –                  6                –                 –                 –
Soft coral             48               –                 10               –                 –                 –

St Eustatius (n = 104)
Sand                      5               11                 –                –                 –                 –
Encr./rubble        19              3                  –                –                 –                 –
Macro-algae         6                3                  –                –                 –                 –
Soft coral             27             30                 –                –                 –                 –

Table 1. Number of stereo baited remote underwater video recordings per sam-
pling category: geographical location, depth zone, management zone and habitat 

type. Encr.: encrusting coral; (−) not sampled

Common name           Species                                 Total no.    MaxN        Frequency of occurrence           TL 
(… shark)                                                               of recordings               Saba       Saba Bank   St Eustatius     Mean ± SD     Range 
                                                                                 (% of total)               (n = 108)     (n = 164)        (n = 104)             (cm)             (cm)

Caribbean reef            Carcharhinus perezi             72 (57)           2         0.11             0.16               0.27              98 ± 40      50−259
Nurse                           Ginglymostoma cirratum      42 (33)           2         0.06             0.13               0.11              133 ± 48      55−218
Blacktip                       C. limbatus                               6 (5)             1         0.01             0.02               0.02              132 ± 19      82−178
Tiger                            Galeocerdo cuvier                   4 (3)             1            −               0.02                  −                235 ± 71      139−309
Great hammerhead    Sphyrna mokarran                  1 (1)             1         0.01               −                    −                    190                −
Silky                             C. falciformis                            1 (1)             1            −                  −                  0.01                    −                  −

Table 2. Shark species composition recorded in stereo baited remote underwater video surveys between December 2012 and Febru-
ary 2014. MaxN: maximum number of individual sightings per species observed in a single frame; TL: total length; (−) no observations

Fig. 2. Total length of Carcharhinus perezi and Ginglymostoma cirratum for Saba, Saba Bank and St Eustatius. Solid line: me-
dian; box: 25th and 75th percentiles; whiskers: 10th and 90th percentiles. Shaded areas with dashed lines indicate upper and
lower bounds of (combined male and female) length at maturity for C. perezi (152−168 cm; Compagno 1984) and G. cirratum

(214−231 cm; Castro 2000)
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graphical locations (Fig. 2), while for G. cirratum, the
largest specimens were recorded at Saba Bank, fol-
lowed by St Eustatius. In the waters surrounding
Saba, only small individuals of G. cirratum (<140 cm)
were observed (Fig. 2). All of the ob served G. cirra-
tum (with the possible exception of one) and 57 of the
61 measured C. pe re zi were juveniles, based on their
length (Compagno 1984, Bonfil 1997, Castro 2000,
Tavares 2009).

Shark sightings were unevenly distributed for
Saba Bank and St Eustatius (Fig. 3). On Saba Bank,
sharks were most frequently re corded along the
shallow eastern and southeastern edges of the bank
(45 out of 62 shark sightings, 73%), whereas in the
deeper (>50 m) western and northern parts, only 4
(6%) of the shark sightings on the bank were re -
corded. For Saba and St Eustatius, sharks were more
even ly distributed around the is land, except for
most of the west coast of St Eustatius, where only 2

out of 43 shark sightings (5%) were re corded. C.
perezi and G. cirratum were observed at each geo-
graphical location, whereas G. cuvier was exclusively
recorded on Saba Bank, and S. mokarran and C.
falciformis only in Saban waters. Only for C. perezi
and G. cirratum, for which sufficient numbers of
sightings were available, was a detailed analysis
on probability of occurrence and length performed.

3.2.  Probability of occurrence

The final logistic regression model of the proba-
bility of occurrence of C. perezi showed statistically
significant influences of habitat type and manage-
ment zone, with the highest probabilities found in
soft-coral habitats and in no-fishing zones (Table 3,
Fig. 4). In addition, there was a significant inter -
action between the 2 factors, with the effect of fish-
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Fig. 3. Distribution of stereo baited remote underwater video deployments and sightings of Carcharhinus perezi, Gingly-
mostoma cirratum and other shark species in the waters surrounding Saba, St Eustatius, and the submerged carbonate platform 

of the Saba Bank
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ing being smallest in the soft-coral habitat. There
was no significant effect of either depth zone or geo-
graphical location.

For G. cirratum, only habitat type significantly in -
fluenced probability of occurrence (Table 3, Fig. 4),
with the lowest probabilities recorded over sand. In
contrast to C. perezi, no influence of fishing was
found. Similarly, no effect of depth zone, or geo-
graphical location was observed. An over view of the
stepwise procedures in our analysis, including fitted
models and AIC values for both species, can be found
in Tables S2–S5 in Supplement 2 at www. int-res.
com/ articles/ suppl/  m665 p145_ supp2. pdf

3.3.  Body length

TL of C. perezi was significantly in fluenced by
depth zone only (Table 4, Fig. 5). The mean length
was almost 50 cm larger in waters between 25 and
60 m deep, than in shallow waters of <25 m. We did
not detect any statistically significant effect of habitat
type, management zone, or geographical location on
body length for this species. For G. cirratum, the
mean length was also significantly larger in waters
be tween 25 and 60 m deep, as compared to shallower
waters (on average, >60 cm larger). In addition, in
contrast to C. perezi, significantly larger individuals

Species          Parameter                                                                                                      p              Estimate        SE             z

C. perezi       Intercept (Habitat type = Sand + Management zone = Fishing)         <0.0001           −4.04          1.01       −4.01
                      Habitat type = Encr./Rubble                                                                     0.123               1.67          1.08          1.54
                      Habitat type = Macro-algae                                                                     0.083               1.90          1.10          1.74
                      Habitat type = Soft coral                                                                           0.003               3.08          1.03          2.99
                      Management zone = No fishing                                                               0.002               3.42          1.11          3.08
                      Habitat type = Encr./Rubble × Management zone = No fishing           0.075             −2.84          1.60       −1.78
                      Habitat type = Macro-algae × Management zone = No fishing            0.730             −0.59          1.71       −0.35
                      Habitat type = Soft coral × Management zone = No fishing                  0.005             −3.32          1.19       −2.80

G. cirratum   Intercept (Habitat type = Sand)                                                             <0.0001           −4.34          1.01       −4.32
                      Habitat type = Encr./Rubble                                                                     0.042               2.16          1.07          2.03
                      Habitat type = Macro-algae                                                                     0.022               2.47          1.08          2.30
                      Habitat type = Soft coral                                                                           0.012               2.59          1.03          2.51

Table 3. Best-fitting (based on lowest Akaike information criterion) logistic regression models of probability of occurrence of 
Carcharhinus perezi and Ginglymostoma cirratum. Encr.: encrusting coral; bold: significant (p < 0.05)

Fig. 4. Probability of occurrence for Carcharhinus perezi and Ginglymo stoma cirratum by management zone and habitat type. 
Encr.: encrusting coral. Error bars: 95% confidence intervals
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of G. cirratum were found in macro-algal habitats, as
compared to other habitat types (Table 4, Fig. 5). No
statistically significant effect of management zone, or
geographical location on body length of G. cirratum
was detected.

4.  DISCUSSION

This study is the first comprehensive assessment of
shark occurrence and distribution in the northern
Caribbean Netherlands using stereo-BRUV. In total,
6 shark species were observed, and ontogenetic shifts
in habitat and depth use were indicated for the 2
most commonly observed reef-associated species.
We found that, independent of habitat or manage-
ment zone, significantly larger individuals of both
Caribbean reef shark Carcharhinus perezi and nurse
shark Ginglymostoma cirratum were observed in

deeper waters (Fig. 5, Table 4), indicating ontogenetic
shifts in depth use. For G. cirratum, an ontogenetic
shift in physical habitat use was also observed, since
significantly larger individuals were found in a macro-
algal habitat. Habitat was important in explaining
reef- associated shark occurrences too, with the high-
est probability of observing C. perezi and G. cirratum
in soft-coral habitats (Fig. 4, Table 3). Additionally,
occurrences of C. perezi were significantly influenced
by the management zone, with the highest probabili-
ties of occurrence in no-fishing zones, highlighting
the importance of marine protected areas.

A limitation of our study is the unbalanced sampling
design (Table 1), caused by the differences between
the geographical locations and by limited sampling
time. This resulted in different locations being sam-
pled at different times of the year, which meant that
proper analysis of the effects of seasonality on the oc-
currence of different shark species was not possible.

152

Fig. 5. Mean total length for Carcharhinus perezi (left) and Ginglymostoma cirratum (right) by depth zone and habitat type. 
Encr.: encrusting coral. Error bars: 95% confidence intervals

Species                Parameter                                                                                                p              Estimate        SE             z

C. perezi             Intercept (Depth zone = <25 m)                                                      <0.0005           89.7              5.0        17.90
                            Depth zone = 25−60 m                                                                     <0.0005           48.8            11.8          4.14

G. cirratum         Intercept (Depth zone = <25 m + Habitat type = Sand)                   0.002             91.26          28.00        3.26
                            Depth zone = 25−60 m                                                                     <0.0001           62.37          14.95        4.17
                            Habitat type = Encr./Rubble                                                               0.626             14.41          29.44        0.49
                            Habitat type = Macro-algae                                                               0.021             69.93          29.33        2.38
                            Habitat type = Soft coral                                                                     0.459             21.42          28.66        0.75

Table 4. Best-fitting (based on lowest Akaike information criterion) Gaussian regression models of body length (measured in
total length) of Carcharhinus perezi and Ginglymostoma cirratum. Encr.: encrusting coral; bold: significant (p < 0.05)
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Previous studies have shown  either an absence of
seasonal movements by C. perezi (e.g. in Brazil: Garla
et al. 2006), or clear seasonality (e.g. in the Bahamas:
Brooks et al. 2013, Shipley et al. 2017). These latter
authors explain the discrepancy between geographic
locations in terms of water temperature seasonality,
which is strongest in northerly latitudes. As our study
area does not show strong temperature dynamics
(https://seatemperature.info), it is not expected that
seasonal movement patterns will play a significant
role in the occurrence of C. perezi. The limited infor-
mation on movement behaviour of G. cirratum (e.g.
Garla et al. 2017) does not indicate clear seasonality
either. Given the probably limited role of seasonal
movement patterns, our results on the effects of habi-
tat type, depth zone, and management zone appear
robust, especially since they are consistent in 3
diverse geographical locations.

4.1.  Stereo-BRUV limitations

Stereo-BRUV surveys may result in an underesti-
mation of elasmobranch abundance and species rich-
ness, especially when MaxN is used in the video
analysis process (Schobernd et al. 2014). MaxN is a
conservative method for estimating abundances,
since it eliminates the effect of double counting and
does not distinguish between individuals of the same
species occurring in the same video deployment. Its
use may lead to an underestimation of elasmobranch
abundance with a factor ranging from 1.1 to 2.4, for
common to more rare species respectively (Sherman
et al. 2018). Furthermore, suboptimal soaking time of
the deployments can also lead to shark population un-
derestimation (Currey-Randall et al. 2020). Optimal
soaking time for MaxN and species richness analysis
with (stereo-)BRUV is between 63 and 77 min and, es-
pecially for rare species and in areas with generally
low abundance, suboptimal soaking times may result
in underestimation of shark abundance and species
richness (Currey-Randall et al. 2020).

Since we used a more conservative approach than
MaxN (presence− absence) for the analysis of shark
abundances,andwemanuallycutoffvideorecordings
after 45 min soaking time to ensure consistency in the
data (St Eustatius recordings were limited to 45 min
soaking time), we anticipate to have underestimated
shark abundance and species richness in our study.
However, we expect the outcomes of our models
regarding habitat associations of C. perezi and G. cir-
ratum to be robust, since underestimation mainly
becomes an issue when studying rare species (Sher-

man et al. 2018, Currey-Randall et al. 2020), and these
2 species were abundant throughout the study area.
Furthermore, we expect that we found similar habitat
associationsaswewouldhave ifMaxNwasused, since
in only 4.3% of the deployments were 2 or 3 sharks,
instead of 1 individual shark, observed in a single
frame.Forthesereasonswedecidedtousethesimplest
modelling approach and use presence− absence data.
Despite the limitations of our study, we believe that
stereo-BRUV was suitable for studying habitat associ-
ations of reef-associated sharks, and for providing a
baseline assessment of shark diversity, occurrence,
distribution and length structure in the waters of Saba,
Saba Bank and St Eustatius, due to its capacity to esti-
mate shark body length, its non-invasive nature, and
its ability to sample a variety of habitats and depths.

4.2.  Reef-associated shark occurrence 
and distribution

In the Wider Caribbean Region, G. cirratum is the
most commonly observed shark species, in longline
(Pikitch et al. 2005, Brooks et al. 2011), SCUBA
(Ward-Paige et al. 2010) and stereo-BRUV surveys
(Brooks et al. 2011, Bond et al. 2012, Bruns & Hen-
derson 2020). Carcharhinid sharks, such as C.
perezi, are less frequently ob served in the Carib-
bean, although this species can be very abundant
locally (Dwyer et al. 2020). In Caribbean countries
with high human population densities, such as
Jamaica, Dominican Republic, Cuba and Puerto
Rico, carcharhinid sharks are largely absent (Ward-
Paige et al. 2010, MacNeil et al. 2020). In our study,
both C. perezi and G. cirratum were frequently ob -
served, with re lative abundances (sharks per 45 min
of stereo-BRUV deployment) varying between 0.14
and 0.27 and between 0.08 and 0.14 respectively
(Table 5). These abundances were comparable to
BRUV studies in other Caribbean regions with low
human population densities, such as Turks and
Caicos (Bruns & Henderson 2020) and the Cayman
Islands (Ormond et al. 2016), and regions with strict
fishing regulations and conservation measures in
place, such as the Bahamas (Brooks et al. 2011) and
Belize (Bond et al. 2012). These studies expressed
relative abundances of sharks per hour and are
therefore less conservative than our study. Accord-
ing to the global study by Currey- Randall et al.
(2020), we expect that we recorded over 75% of the
total reef-associated shark occurrences with 45 min
stereo-BRUV de ploy ments, compared to approxi-
mately 90% of the shark occurrences if we would
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have used stereo-BRUV re cordings with optimised
soaking times. Highest relative abundances of reef-
associated sharks in the Wider Caribbean Region
were reported for remote islands, such as Cayo Ser-
ranilla and Old Province Island (Colombia), with
relative abundances twice as high (0.24−0.57 sharks
h−1) for G. cirratum and C. perezi (0.36−1.05 sharks
h−1) (Dwyer et al. 2020). Unlike most of the afore-
mentioned stereo-BRUV studies, our study also in -
cluded the sampling of deep-water habitats (>50 m
depth) and large sand flats, which is generally not
the preferred habitat for C. perezi (Pikitch et al.
2005, Chapman et al. 2007, Shipley et al. 2017, Cas-
selberry et al. 2020) and G. cirratum (Garla et al.
2017), leading to overall lower relative abundances
in our study, compared to other studies. For these
reasons, we postulate that C. perezi and G. cirratum
populations on Saba, Saba Bank and St Eustatius
appear to be relatively healthy, when compared to
their current status in the Wider Caribbean Region
(but see Dwyer et al. 2020), although historical ref-
erences on population abundance of these sharks
are not available (Ward-Paige et al. 2010).

The relatively high reef-associated shark presence
in our study area may be explained by the lack of
de structive industrial-scale fishery practices (directed
shark fisheries, shark finning, longlining and gill-
netting) and low human population densities (Mac-
Neil et al. 2020). In 2019, roughly 5100 people in -
habited the islands of Saba and St Eustatius
combined, so they are among the least densely pop-
ulated islands of the Caribbean region. The only
commercial fisheries on these islands are the deep-
water snapper trap fishery and a small-scale lobster
trap fishery, which do not target sharks (Van Beek

et al. 2014). For G. cirratum, it
was estimated that 0.013 individ-
uals were caught per trap lift in
the lobster trap fishery in 2015,
with an estimated 2000 individu-
als caught and released alive (de
Graaf et al. 2017). For C. perezi,
an estimated 45 individuals were
landed per year (2011−  2016) on
Saba and St Eustatius combined
(de Graaf et al. 2017). Historical
observations by Toller & Lundvall
(2008) and Dilrosun (2000) report
similar (low) catch and landing
rates for sharks on Saba and St
Eustatius.

4.3.  Life stage and habitat use

We used the upper ends of the maturation length
ranges to estimate that in our study, only 6% of the
recorded C. perezi (4 out of 72) and 1 individual of
G. cirratum were sexually mature (Compagno 1984,
Bonfil 1997, Castro 2000, Tavares 2009) (our Fig. 2).
For other Caribbean regions, higher percentages of
mature C. perezi were reported. For example, in Be-
lize, using both stereo-BRUV (Bond et al. 2012) and
longline surveys (Bond et al. 2017), ca. 25% of the
encountered C. perezi were of adult length, whereas
in the Bahamas, Brooks et al. (2013) found that over
35% of C. perezi caught with longlines were sexually
mature. No length data on G. cirratum for the Carib-
bean were available for comparison. Off the east
coast of Brazil, Ferreira et al. (2013) and Garla et al.
(2017) found the proportion of mature G. cirratum
caught with longlines to range between 6 and 36%.
Since mature reef-associated sharks were not fre-
quently observed, we were not able to identify
 specific habitats for this life stage, and with current
fishing pressure (de Graaf et al. 2017), it is highly un -
likely that adult sharks are overfished in our study
area. We suggest that the high numbers of juvenile
shark sightings in our study imply that the reefs sur-
rounding Saba and St Eustatius and Saba Bank are
mainly used as a nursery area by reef-associated
sharks from a wider area. Therefore, we propose that
future research focusses on the identification, the
distribution of and linkages between local nursery
areas, as well as how habitats within these nursery
areas are used by reef-associated sharks during dif-
ferent life stages. This concept was introduced by
Nagelkerken et al. (2015) as ‘seascape nurseries’, in
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Study area                        Sharks per hour                   Reference
                            C. perezi   G. cirratum   Combined

Saba                        0.14a          0.08a             0.22a       Present study
Saba Bank               0.20a          0.14a             0.34a       Present study
St Eustatius             0.27a          0.11a             0.38a       Present study
Belize                       0.24               −                0.25         Bond et al. (2012)
The Bahamas          0.08            0.21              0.34         Brooks et al. (2011)
Cayman Islands      0.15               −                   −          Ormond et al. (2016)
Turks and Caicos    0.27            0.32              0.59         Bruns & Henderson (2020)
Wider Caribbean     −              0.07b             0.10b       Ward-Paige et al. (2010)

Region
aSharks per 45 min deployment
bObtained via diver surveys

Table 5. Overview of relative abundances (sharks per hour) of Carcharhinus perezi
and Ginglymostoma cirratum obtained by stereo baited remote underwater video 

surveys in the Caribbean region. (−) not studied
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which nurseries are conceptualised as a spatially ex-
plicit seascape consisting of multiple mosaics of habi-
tat patches that are functionally connected.

We found no significant effect of geographical
location on the probability of occurrence of reef-
associated sharks, indicating that the observed habi-
tat associations of C. perezi and G. cirratum were not
location-specific. Habitat type was the most impor-
tant factor driving reef-associated shark occurrences,
with the highest probability of observing C. perezi
and G. cirratum in soft-coral habitat (Fig. 4, Table 3).
Generally, habitats with lower structural complexity
(sand and encrusting coral/rubble) resulted in a
lower probability of occurrences for both species.
These shark−habitat associations were reflected in
the distribution patterns of C. perezi and G. cirratum
on Saba Bank. Especially for C. perezi, occurrences
were highest along the eastern and southeastern reef
shelf (Fig. 3), which was characterised by a small and
shallow ridge of highly complex reef (Toller et al.
2010). Within the Caribbean region, similar habitat
associations for C. perezi were reported (Bond et al.
2017, Bruns & Henderson 2020, Casselberry et al.
2020). High levels of site fidelity are commonly ob -
served in C. perezi (Garla et al. 2006, Bond et al.
2012, Shipley et al. 2018, Casselberry et al. 2020,
Dwyer et al. 2020), which is primarily associated with
shallow coral-reef habitats and reef edges near drop-
offs (Pikitch et al. 2005, Brooks et al. 2013, Bond et al.
2017, Bruns & Henderson 2020). From these reef
edges, frequent deep dives over 50 m were made,
especially by larger individuals (Shipley et al. 2018,
Casselberry et al. 2020). G. cirratum is a more wide-
ranging shark species (Garla et al. 2017, Dwyer et al.
2020), probably due to wider habitat preference
throughout its development, varying from sand flats,
seagrass beds and (coral) reef habitats (Castro 2000,
Pratt et al. 2018, Bruns & Henderson 2020, Cassel-
berry et al. 2020).

Drivers for ontogenetic habitat shifts generally re -
sult from changing trade-offs between different for-
age needs and opportunities, competition for food,
and predator avoidance or perceived predation risk,
in relation to increasing body size (Dahlgren &
Eggleston 2000, Snover 2008). Independent of habi -
tat type, significantly larger individuals of both C.
perezi and G. cirratum were observed in deeper
waters (Fig. 5, Table 4), indicating ontogenetic shifts
in depth use, also for juveniles. Adult C. perezi are
known to frequently use deeper water habitats on
the reef (Pikitch et al. 2005, Chapman et al. 2007) and
along the reef shelf (Shipley et al. 2018, Casselberry
et al. 2020). Since C. perezi probably does not act as

the sole apex predator in many Caribbean coral reef
ecosystems (Bond et al. 2018), such ontogenetic
changes in habitat use allow for avoidance of compe-
tition for food with large-bodied teleosts (Heithaus et
al. 2008, Casselberry et al. 2020) and for exploitation
of a diverse array of prey items (Bond et al. 2018,
Shipley et al. 2018). Similar ontogenetic habitat shifts
were reported for G. cirratum in Florida (Castro
2000), where smaller individuals were frequently
found in shallow reefs, under rocks or ledges,
whereas larger juveniles and adults were found in
deeper reef habitats and rocky areas at depths up to
75 m. However, ontogenetic habitat shifts in G. cirra-
tum are poorly studied, with some evidence to sup-
port that individuals occupy deeper parts of the reef
with increasing age (Castro 2000, Casselberry et al.
2020). Similar to C. perezi, the ontogenetic habitat
shift in G. cirratum may also be related to a shift in
prey type consumption. Significantly more sharks,
and of larger size, were found in (deeper) macro-
algal habitats on Saba Bank (Tables 3 & 4), where
large numbers of Caribbean spiny lobster Panulirus
argus (Latreille 1804) and other invertebrates can be
found (Smith & Herrkind 1992, de Graaf et al. 2017).
Panulirus argus is known to be an important food
source for G. cirratum (Cruz et al. 1986, Castro 2000),
which is supported by the frequent capture of G.
cirratum in lobster traps on Saba Bank (de Graaf et
al. 2017). Especially larger, more mobile sharks may
travel large distances and inhabit areas with high
densities of this food source (Cruz et al. 1986). These
larger individuals are also less vulnerable to preda-
tion by other large sharks, such as Galeocerdo cuvier,
which is known to prey on small G. cirratum (Lowe et
al. 1996, Castro 2000, Heithaus 2001, Simpfendorfer
et al. 2001), leading to ontogenetic shifts in the habi-
tat use of their prey species (Heithaus et al. 2002).

4.4.  Implications for management

In recent years, it has become apparent that marine
reserves can be effective in the conservation of reef-
associated shark species (Heupel et al. 2009, McCook
et al. 2010, Speed et al. 2018, MacNeil et al. 2020).
However, not all shark species benefit equally from
these local safe havens (Dwyer et al. 2020). This is
also apparent from our study, as we observed a posi-
tive effect of the rather small marine reserves on
Saba and St Eustatius (9.5 km2 in total) on C. perezi
occurrences, with significantly more sharks observed
in the reserve (Table 3). However, no such effect was
observed for G. cirratum, probably due to a wider
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habitat preference compared to C. perezi (Garla et
al. 2017, Dwyer et al. 2020). This implies that C. pe -
rezi benefits more from local (small-scale) protection
than G. cirratum in Saba and St Eustatius, and that
larger marine reserves are required to effectively
protect both species (Dwyer et al. 2020, MacNeil et
al. 2020). Furthermore, protected areas should not be
limited to a single habitat or depth, but focus on pro-
tecting a large area with the range of habitats and
depths necessary for reef-associated sharks to com-
plete their life history.

Our study also implies that regional migrations of
adult sharks for mating and pupping might be impor-
tant for sustaining the health of local shark popula-
tions in the waters of Saba, St Eustatius and Saba
Bank. For the effective protection of sharks on a
regional scale, further studies are needed, in terms
of both wider-scale dispersal and individual shark
movement patterns between the waters of the Carib-
bean Netherlands and neighbouring areas.
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