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indicated that blacktip and lemon sharks moved throughout 
each embayment, each species exhibited strong site fidel-
ity to core areas across all years of the study. Habitat par-
titioning was observed in both nurseries as blacktip sharks 
generally occurred in areas characterized by water depths 
of 1.5–6 m with seagrass and sand/mud substrate, while 
lemon sharks remained in close proximity to or within shal-
low (<1 m), mangrove-fringed seagrass habitat. Blacktip 
sharks were also observed to exhibit greater activity space 
during the nighttime hours (1900–0659 h) within Coral 
Bay. The results of this study indicate that Fish Bay and 
Coral Bay are nursery areas that warrant designation as 
essential fish habitat and exemplify the need for additional 
focused management measures.

Introduction

Sharks are important members of marine communities 
capable of exerting strong top-down forces over large 
spatial and temporal scales (Ferretti et al. 2010). Within 
tropical marine communities, they have been shown to 
be integral to ecosystem health (Stevenson et al. 2006) 
as their removal from coral reefs has been linked to reef 
degradation and shifts to an alternate algae-dominated 
state (Jackson et al. 2001; Pandolfi et al. 2005; Newman 
et al. 2006; Myers et al. 2007). In the greater Caribbean, 
the broad-scale absence of sharks on reefs has been attrib-
uted to fishing mortality, with contemporary shark aggre-
gations mostly occurring in areas with low human popu-
lations, strong fishing regulations, and/or well-enforced 
marine reserves (Ward-Paige et al. 2010). In the United 
States Virgin Islands (USVI), there is currently no territo-
rial management of sharks, and despite federal shark fish-
ing regulations, young sharks (i.e., sharks smaller than the 
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54″/137 cm minimum size limit; NMFS 2009) are often 
harvested in nearshore territorial waters for personal con-
sumption (DeAngelis et al. 2008). To complicate matters, 
little information exists on the relative abundance or essen-
tial fish habitat (EFH) of these young sharks around these 
islands (DeAngelis et al. 2008). Hence, the impact of such 
fishing practices on nearshore shark populations remains 
unknown.

The delineation of shark nursery areas/habitats is critical 
for proper species management (Casey and Taniuchi 1990; 
Pratt and Otake 1990; NMFS 2006; Heithaus 2007). Such 
areas are traditionally thought to foster the growth of juve-
niles to maturity and, therefore, play an important role in 
the maintenance of populations (Heithaus 2007). However, 
beyond the geographic delineation of these areas, effective 
management of shark nursery habitat is contingent upon a 
clear understanding of how individual species utilize such 
habitat both spatially and temporally (Heithaus 2007). 
Such information can be used to delineate EFH and, per-
haps, establish marine protected areas (MPAs; Heupel and 
Simpfendorfer 2005a, b), which ultimately protect shark 
populations from habitat destruction and overfishing (Heu-
pel et al. 2007). While nearshore/coastal shark nursery 
areas have been identified and characterized extensively 
throughout the US Atlantic Ocean and greater Caribbean 
(e.g., Gruber et al. 1988; Heupel et al. 2007; Murchie et al. 
2010; Kneebone et al. 2012), very limited information on 
such habitats exists in the USVI.

In recent years, efforts have been initiated to iden-
tify and delineate shark nursery habitat throughout St. 
Thomas and St. John, USVI (e.g., DeAngelis 2006, 
2008). Among the numerous areas in which juve-
nile sharks were captured during standardized bottom 
longline surveys, two areas of St. John (Fish Bay and 
Coral Bay) emerged as highly productive, multi-species 
habitats containing an abundance of young of the year 
(YOY) and juvenile blacktip (Carcharhinus limbatus) 
and lemon (Negaprion brevirostris) sharks. Based on 
the relative abundance and long-term (i.e., inter-annual) 
site fidelity of each species within Fish Bay (using tag 
recapture and catch rate analyses, and limited active 
acoustic tracking), there is compelling evidence that this 
embayment provides important nursery habitat for both 
species (DeAngelis et al. 2008). There is also some evi-
dence that portions of Coral Bay support nursery habi-
tat; however, additional data on spatial and temporal 
habitat use throughout the entire embayment are war-
ranted (DeAngelis 2006). Furthermore, given that each 
of these embayments is markedly smaller than nursery 
areas described for the species in other geographic loca-
tions throughout the US Atlantic and greater Caribbean 
(e.g., Morrissey and Gruber 1993; Chapman et al. 2009; 
Henderson et al. 2010; Heupel et al. 2007; Hueter and 

Tyminski 2007; Heithaus 2007; Abel et al. 2007; Parsons 
and Hoffmayer 2007; Steiner et al. 2007; Ulrich et al. 
2007), additional data are required to examine whether 
the spatiotemporal behaviors of each species are consist-
ent with other nursery areas.

The EFH amendment to the fishery management plan of 
the US Caribbean states that the waters and substrates that 
make up EFH in the USVI are readily susceptible to a num-
ber of human activities including overexploitation, sedi-
mentation, pollution, and commercial and industrial devel-
opment (Caribbean Fishery Management Council 1998a, 
b). Given the critical role sharks play in tropical marine 
communities and their susceptibility to these anthropo-
genic impacts (reviewed by Knip et al. 2010), information 
on the spatiotemporal dynamics of habitat use within such 
areas is pivotal for effective fisheries and habitat manage-
ment. The objectives of this study were to employ passive 
acoustic telemetry to document and compare the presence, 
habitat use, and site fidelity of YOY and juvenile blacktip 
and lemon sharks within Fish Bay and Coral Bay, St. John, 
USVI, and to assess their relative importance as shark nurs-
ery habitats.

Materials and methods

Study site

St. John (32 km2) is one of the three major islands con-
stituting the USVI (Fig. 1). It is surrounded by narrow 
shelves (<16 km wide) on all sides, with sharp drop-offs 
and deep water (>3,600 m at deepest points) beyond the 
shelf along its north and south shores. The coastline of St. 
John is characterized by numerous bays containing diverse 
habitat comprising coral reefs, sea grasses, and mangroves. 
Although more than 75 % of the coastline falls within the 
USVI National Park (Fig. 1), fishing is allowed by rod 
and reel, handlines, fish traps, and baitfish nets (United 
States Virgin Islands Department of Planning and Natural 
Resources 2012).

Fish Bay is a relatively small embayment (0.34 km2) 
located on the southern coast of St. John (Fig. 1). A 
small portion of its eastern shore occurs within the USVI 
National Park. It is a fairly shallow embayment (0.5–10 m, 
X = 1.5 m), with bottom substrate consisting of predomi-
nantly continuous (>70 % coverage) to patchy (50–70 % 
coverage) seagrass (Thalassia testidinum) and patchy 
(<30 %) macroalgae. The northeastern shore is lined with 
partially submerged red (Rhizophora mangle), black (Avi-
cennia germinans), and white (Laguncularia racemosa) 
mangroves (DeAngelis et al. 2008). The southern mouth 
of the bay is bordered by fringing reefs. Anthropogenic 
impacts to Fish Bay are relatively minor and include a 
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small number (<3) of live-aboard vessels, a developed 
shoreline (private homes), and large amounts of sediment 
run-off from the watershed (Ramos-Scharrón and MacDon-
ald 2005). Human activity (e.g., boat traffic and shoreline 
activity) within the embayment is relatively uncommon, 
although recreational fishing activity has been observed 
on several occasions (B. Legare and B. DeAngelis, pers 
observations).

Coral Bay is a comparably larger bay (1.3 km2) located 
on the southeastern side of St. John outside of the USVI 
National Park (Fig. 1). It is a relatively shallow embay-
ment (0.5–10 m; X = 2 m) with bottom substrate in the 
center of the bay consisting of expansive soft bottom mud, 
macroalgae, sand, and patch reefs. Like Fish Bay, Coral 
Bay is partially bordered by submerged red, black, and 
white mangroves along the northern shoreline and sup-
ports a shallow (<1.5 m) seagrass bed (>70 % coverage; T. 
testudinum) that extends along most of the western shore. 
Anthropogenic impacts to Coral Bay include a large live-
aboard vessel community (>50 boats), extensive riparian 
development, and considerable road run-off and sedimen-
tation (Ramos-Scharrón and MacDonald 2005; Brooks 
et al. 2007; Smith et al. 2008). The large live-aboard 
community generates considerable human activity, with 
constant boat traffic and shoreline activity. Recreational 
fishing, particularly for small sharks, has been regularly 
observed in Coral Bay (B. Legare and B. DeAngelis, pers 
observations).

Shark tagging

Blacktip and lemon sharks were captured on benthic 
longlines in Fish Bay and Coral Bay during seven sam-
pling trips conducted from 2006 to 2011 (Table 1). All 
longline sampling was conducted as described in DeAnge-
lis et al. (2008), with the exception that hooks were baited 
with mackerel (Scomber scombrus), Atlantic bonito (Sarda 
sarda), little tunny (Euthynnus alleratus), and barracuda 
(Sphyraena barracuda). Soak times ranged from 0.5 to 
1.0 h. On one occasion, a custom seine, approximately 8 m 
long by 2 m high, was also used to corral lemon sharks in 
the shallow waters of Coral Bay during the 2011 sampling 
trip.

Once landed, each shark was brought onboard and placed 
ventral side up in a V-shaped table to induce tonic immobil-
ity (Watsky and Gruber 1990). A 1.9-cm-diameter flexible 
tube connected to a submersible bilge pump (Rule Indus-
tries Inc., Gloucester, Massachusetts) was inserted into the 
mouth to deliver fresh seawater to the gills during tagging. 
An individually coded transmitter (models V9-2L-R64 K: 
delay 60–180 s, battery life 738 days; or V13-1-R64 K: 
delay 60–180 s, battery life 1,140 days; Vemco Division, 
AMIRIX Systems Inc., Halifax, Nova Scotia) was surgi-
cally implanted into the body cavity through a small inci-
sion on the ventral side of the shark along the midline, 
anterior to the pelvic fin. The incision was closed with 3–4 
interrupted sutures (2–0 PDS II, Ethicon Inc., New Jersey). 

Fig. 1  Fish Bay and Coral Bay 
study sites in St John, United 
States Virgin Islands (USVI). 
Individual receiver stations 
(numbers), including location 
of temperature loggers used 
for analysis (red numbers), 
and zones (Coral Bay only) 
are presented. Seagrass (light 
gray area) and mangrove (red) 
habitat, along with the National 
Park (hatch) and Coral Monu-
ment boundary (crosshatch), are 
presented
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Transmitters, sutures, and surgical equipment were disin-
fected in 95 % ethanol between surgeries. All sharks were 
also fitted with NMFS conventional rototags (Kohler and 
Turner 2001) through the dorsal fin. Prior to release, sex 
and length (cm fork length, FL) were recorded. The entire 
procedure lasted approximately 5–10 min. All sharks were 
held in the water at the side of the vessel prior to release 
with some individuals being walked/swam briefly (in <1 m 
of water) to ensure full recovery. Sharks were designated 
as either YOY (age 0) or juveniles (age 1+) based on the 
size at capture, the published growth curves for each spe-
cies (lemon: Freitas et al. 2009; blacktip: Passerotti and 
Baremore 2012) and the presence of fresh (open) umbilical 
scars (Merson 1998).

Acoustic monitoring

Movements of tagged individuals within Fish Bay and 
Coral Bay were monitored using a fixed array of acous-
tic receivers (Models VR2 and VR2 W, Vemco Division, 
AMIRIX Systems Inc., Halifax, Nova Scotia) deployed in 
each embayment (Fig. 1). All receivers were attached to 
sand screws and anchored directly to the seabed; receivers 
were generally positioned vertically 0–0.25 m off the sub-
strate. Receivers were deployed in Fish Bay and Coral Bay 
from August 2006 to May 2012 and August 2008 to May 
2012, respectively. However, the total number and specific 

locations of receiver stations within each embayment var-
ied throughout the study period (Table 2). Receivers were 
downloaded and cleaned every 6 months. Movements 
of tagged individuals outside of Fish Bay and Coral Bay 
were monitored by a series of acoustic receivers deployed 
throughout the USVI (see Pittman et al. 2014 for informa-
tion on receiver deployment locations). Data from these 
receivers were obtained opportunistically and incorporated 
into the analysis. Prior to analysis, all transmitter data were 
examined individually, and false detections rejected using 
criteria established by the manufacturer (Pincock 2012).

Ambient water temperature was monitored using tem-
perature loggers (Model UA-001-64 Hobo Pendant and 
Hobo Pro, Onset Computer Corporation, Onset, Massachu-
setts) affixed to several receivers throughout each bay. Log-
gers recorded temperature every 30 min with an accuracy 
of ±0.7 °C (range 20–70 °C) and were maintained on the 
same schedule as the acoustic receivers. To examine the 
effect of temperature on shark presence within each embay-
ment, average daily temperature was calculated only from 
loggers positioned in the areas of greatest blacktip and 
lemon shark activity (Fig. 1).

Detection range testing was performed on all receiv-
ers within each bay. A transmitter (Model V13-1-R64 K: 
delay 60–180 s, battery life 1,140 days, Vemco Division, 
AMIRIX Systems Inc., Halifax, Nova Scotia) was sub-
merged 1 m below the surface, or at approximately half the 

Table 1  Summary of information from acoustically tagged sharks during each year of the study

Number of sharks monitored (n), ratio of young-of-the-year (YOY) to juvenile (Juv) individuals, sex (M = male; F = female), size (range 
X ± SD), and acoustic transmitter type are presented

FL Fork length

Blacktip Lemon

Sampling date n YOY/Juv F/M Size (FL cm) n YOY/Juv F/M Size (FL cm) Tag type

Fish Bay

 August 10–13, 2006 3 3/0 2/1 46–51 (49 ± 2) 3 3/0 2/1 52–56 (55 ± 2) V9

 August 25–26, 2007 6 6/0 2/4 46–52 (48 ± 2) 1 1/0 1/0 57 V9

 July 6–9, 2008 8 8/0 4/4 50–60 (53 ± 3) 3 2/1 2/1 52–81 (62 ± 16) V9 and V13

 July 10–13, 2009 4 4/0 2/2 49–55 (52 ± 6) 2 2/0 1/1 58–59 (58 ± 0.5) V13

 June 8–11, 2010 6 6/0 0/6 42–51 (47 ± 3) 3 2/1 2/1 52–74 (60 ± 12) V13

 January 14–16, 2011 1 1/0 0/1 62 V13

 May 30–June 2, 2011 3 2/1 1/2 47–69 (55 ± 11) 5 4/1 2/3 56–103 (68 ± 20) V13

 Total 31 30/1 11/20 42–69 (51 ± 6) 17 14/3 10/7 52–103 (61 ± 13)

Coral Bay

 July 6–9, 2008 3 3/0 3/0 48–49 (48 ± 0.5) 6 5/1 3/3 48–68 (58 ± 7) V9 and V13

 July 10–13, 2009 4 3/1 2/2 50–63 (54 ± 6) 5 5/0 2/3 53–64 (57 ± 5) V13

 June 8–11, 2010 15 15/0 9/6 45–57 (51 ± 4) 4 3/1 3/1 57–70 (64 ± 6) V13

 January 14–16, 2011 2 2/0 1/1 56–57 (56 ± 0.5) 1 0/1 0/1 70 V13

 May 30–June 2, 2011 9 9/0 5/4 47–62 (51 ± 4) 9 8/1 5/4 52–68 (57 ± 6) V13

 Total 33 32/1 20/13 45–63 (51 ± 4) 25 21/4 13/12 48–70 (59 ± 6)
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water depth in waters <1 m, along transects in at least three 
cardinal directions at distances of 0, 25, 50, 100, 150, 200, 
250, 300, 350, 400, and 450 m (or until land was reached) 
from the receiver for 15 min. The maximum detection 
range for each receiver was measured as the maximum dis-
tance from the receiver at which multiple transmitter detec-
tions were obtained during the 15-min deployment period. 
A handheld global positioning system unit (Model Garmin 
76, Olathe, Kansas, USA) was utilized to plot coordi-
nates near the periphery of a receiver’s detection radius; 
coordinates were subsequently utilized to approximate 
the total coverage area for each receiver (Supplementary 

Fig. 1). Receiver detection radius ranged from 25 to 400 m, 
depending on depth and bottom type. Shallow, soft bottoms 
tended to have smaller detection ranges (25–100 m) when 
compared to deeper, harder bottom areas (75–400 m).

Presence and residency

To examine temporal trends in blacktip and lemon shark 
presence within Fish and Coral bays, the number of sharks 
detected within each bay during each month of the year 
(January–December) was calculated annually and over the 
entire study period. To quantify residency within each bay, 

Table 2  Summary of receiver 
deployment periods, water 
depth, total detections, and 
detections per 10 days of 
deployment (D/10d), for all 
receivers within Fish Bay and 
Coral Bay from 2006 to 2012

NA Not applicable

Station Deployment period Depth (m) Total detections Zone Blacktip D/10d Lemon D/10d

Start End

Fish Bay

1 11-Aug-06 21-May-12 1.2 139,127 NA 877.5 73.7

2 15-Aug-06 21-May-12 0.6 2,909 NA 18.8 0.1

3 11-Aug-06 27-May-07 0.9 167 NA 9.2 1.5

4 11-Aug-06 21-May-12 3.0 28,604 NA 182.9 6.7

5 15-Aug-06 21-May-12 0.9 54,442 NA 321.7 108.0

6 10-Aug-06 21-May-12 1.8 86,715 NA 554.9 18.4

7 13-Aug-06 29-Mar-08 3.0 2,128 NA 70.1 0.5

8 14-Aug-06 27-May-07 3.7 1 NA 0.1 0.0

9 25-Apr-07 21-May-12 3.7 1,433 NA 9.7 0.3

10 14-Aug-06 21-May-12 3.7 895 NA 5.7 0.3

11 28-Aug-07 21-May-12 4.6 245 NA 1.6 0.4

12 28-Aug-07 21-May-12 4.6 107 NA 0.7 0.1

Coral Bay

1 7-Jul-08 22-May-12 1.5 133,408 1 1,396.0 165.0

2 7-Jul-08 22-May-12 1.7 107,928 1 1,248.3 44.7

3 10-May-11 22-May-12 1.5 11,539 1 327.3 2.4

4 10-May-11 22-May-12 2.7 66,167 1 1,889.4 1.1

5 7-Jul-08 22-May-12 2.4 76,320 1 858.3 49.8

6 8-Jul-08 22-May-12 3.0 22,124 1 178.8 66.9

7 8-Jun-10 22-May-12 2.4 9,545 2 139.4 0.1

8 10-May-11 22-May-12 2.1 23,852 2 681.3 0.1

9 10-May-11 22-May-12 1.8 4,016 2 112.9 1.8

10 10-May-11 22-May-12 5.8 4,461 2 127.4 0.1

11 10-May-11 22-May-12 4.9 2,327 2 66.3 0.2

12 10-May-11 22-May-12 6.1 460 2 13.1 0.0

13 8-Jun-10 22-May-12 9.1 163 2 2.4 0.0

14 8-Jun-10 22-May-12 3.7 472 2 6.3 0.3

15 10-May-11 22-May-12 4.0 474 2 13.3 0.2

16 8-Jun-10 22-May-12 7.6 34 2 0.3 0.2

17 8-Jun-10 22-May-12 2.7 178 2 2.1 0.5

18 10-May-11 22-May-12 2.7 10 2 0.2 0.1

19 8-Jun-10 22-May-12 2.7 234 3 1.2 2.3

20 9-Jul-08 22-May-12 0.9 27,787 3 4.7 248.4

21 10-May-11 22-May-12 0.9 124,137 3 0.0 3,564.0
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the presence of each tagged individual (within the bay in 
which it was tagged) was examined daily. Individuals were 
considered present if two or more detections occurred on 
at least one receiver within an embayment on a given day. 
Daily detection histories were then plotted for each indi-
vidual, and the total number of days monitored (i.e., the 
number of days from the first to last detection in an embay-
ment), number of days present, number of consecutive days 
present, and number of consecutive days absent (prior to a 
return) were calculated. To examine the relative amount of 
time spent within each embayment, a residency index was 
calculated for each individual as the ratio between the num-
bers of days present to the total number of days monitored 
(Knip et al. 2012); residency indices ranged from 0 (low 
residence) to 1 (high residence).

Habitat use and site fidelity

To elucidate patterns in habitat use by each species within 
Fish Bay and Coral Bay, a detection index was calculated 
for each receiver station as total number of detections 
logged divided by the total number of days deployed dur-
ing which at least one tagged individual (of that species) 
was present in the array. Due to the low number of detec-
tions logged by some receivers throughout the study period, 
to enhance comparison, all receiver detection indices were 
multiplied by ten (detections 10 days−1). In addition, to 
examine the relative amount of time that sharks were moni-
tored within each bay, a detection index was calculated for 
each tagged individual as the total number of detections 
logged divided by the number of days detected (detections 
day−1).

The preliminary analysis of individual receiver detection 
ranges, receiver detection indices, and individual detection 
indices provided strong evidence that the receiver array in 
Fish Bay was not efficient at monitoring the habitat use of 
lemon, and to a lesser extent blacktip, sharks throughout 
the entire embayment (i.e., limited spatial coverage). Con-
sequently, site fidelity and activity space were not assessed 
for Fish Bay (see Discussion section, for justification).

To assess habitat use within Coral Bay, the center of 
activity (COA) of each tagged individual was calculated 
every 30 min using the mean position algorithm originally 
described in Simpfendorfer et al. (2002). The COA posi-
tion represents the average geographic position of an indi-
vidual within the 30-min period and provides a more real-
istic depiction of the habitat used by an individual than raw 
receiver locations. All COA positions were utilized to cal-
culate the activity space of tagged sharks within Coral Bay.

Given the irregular boundary of Coral Bay, as well as 
the deployment pattern of the acoustic receivers therein, 
a lattice-based density estimator (Barry and McIntyre 
2011) was utilized to generate estimates of 50 and 95 % 

total activity spaces (TAS) for all tagged fish while in the 
bay. To examine diel patterns in activity space, 50 and 
95 % day (defined as 0,700–1,859 h) and night (defined as 
1,900–0659 h) activity spaces were also estimated. Only 
sharks monitored for at least five total days were included 
in the activity space analyses. The empirical estimation of 
the optimal smoothing parameter (k) using unbiased cross-
validation was problematic due to the dispersion of COA 
positions (i.e., many positions in the same location and/or 
in very close proximity). Instead, a fixed k value, obtained 
by visual inspection of resulting density estimates gener-
ated by varying k values, was utilized for all lattice-based 
density analyses (Kneebone et al. 2012). All lattice-based 
activity space estimates were obtained using the ‘lat-
ticeDensity’ package in R (Barry and McIntyre 2011). To 
investigate the effects of shark sex and size (FL) on TAS, 
linear models were applied to log-transformed total activity 
space estimates in the ‘lme4’ (Bates et al. 2011) library in 
R (R Development Team 2012). Diel differences in 50 and 
95 % activity spaces were examined using a paired t test in 
R; statistical significance was accepted at P < 0.05.

To examine site fidelity, three zones were created in 
Coral Bay (Fig. 1) based on preliminary 95 % activity 
space estimates for each species. Site fidelity to each zone 
was assessed using a site fidelity index (SFI) (March et al. 
2010), which was calculated by dividing the total number 
of days an individual was detected on any receiver within 
that zone by the total number of days an individual was 
detected in the entire array. SFI values ranged from 0 (no 
fidelity) to 1 (high fidelity) with SFI = 0.5 set as the lower 
limit for ‘strong’ site fidelity. Only sharks tracked for at 
least 5 days were included in the analysis. A Bray–Cur-
tis similarity matrix of SFI values by bay was computed 
between individual sharks as samples for comparison 
between species, and non-metric multidimensional scaling 
(nMDS) ordinations were performed to graphically depict 
differences in site fidelity of individual sharks of each 
species. An analysis of similarity (ANOSIM) was used to 
identify whether SFI varied by zone between species. All 
nMDS and ANOSIM analyses were performed using the 
software package Primer-e (Primer-e 6, Primer-E ltd, Plym-
outh, England).

Results

Shark tagging

Fish Bay

From 2006 to 2011, 30 YOY and one juvenile blacktip 
sharks (11 females and 20 males) ranging in size from 42 
to 69 cm (X ± SD = 51 ± 6 cm, n = 31) and 14 YOY 
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and three juvenile lemon sharks (10 females and 7 males) 
ranging in size from 52 to 103 cm (X ± SD = 61 ± 13 cm, 
n = 17) were acoustically tagged in Fish Bay during 
six annual tagging trips (Table 1). Individual blacktip 
sharks logged 8–172,358 (X ± SD = 9,920 ± 31,318, 
n = 31) detections (total = 307,534 detections) and 
3–471 (X ± SD = 114 ± 122, n = 31) detections 
day−1. Tagged lemon sharks were detected 3–3,194 
(X ± SD = 614 ± 863, n = 14) times (total = 10,430 
detections) logging 1–200 (X ± SD = 29 ± 47, n = 14) 
detections day−1. No individuals of either species tagged in 
Fish Bay experienced immediate post-release mortality.

Coral Bay

From 2008 to 2011, 32 YOY and one juvenile blacktip 
sharks (20 females and 13 males) ranging in size from 45 
to 63 cm (X ± SD = 51 ± 4, n = 33) and 21 YOY and 
four juvenile lemon sharks (13 females and 12 males) 
ranging in size from 48 to 70 cm (X ± SD = 59 ± 6, 
n = 25) were tagged within Coral Bay during four annual 
tagging trips (Table 1). Tagged blacktip sharks logged 
from 12 to 94,844 (X ± SD = 15,184 ± 21,303, n = 33) 
detections (total = 485,910 detections) and 2–2,107 
(X ± SD = 255 ± 389, n = 33) detections day−1. Tagged 
lemon sharks logged a total of 187,240 detections with 
individuals logging 1–49,032 (X ± SD = 7,801 ± 12,325, 
n = 25) detections and 1–449 (X ± SD = 65 ± 95, n = 25) 
detections day−1. Based on continuous detections at a single 
receiver (i.e., lack of movement), two blacktip sharks were 
believed to have died within a day of being released; data 
from these fish were not included in any analysis. No imme-
diate post-release mortality was observed in lemon sharks.

Presence and residency

Fish Bay

Blacktip sharks were monitored within Fish Bay dur-
ing all months of the year with the greatest number of 
tagged individuals detected between June and October 
(Figs. 2 and 3). Monitoring periods ranged from 1 to 1,052 
(X ± SD = 80 ± 189, n = 31) days, with individuals pre-
sent within the bay for 1–1,043 (X ± SD = 74 ± 189, 
n = 31) days. Blacktip residency indices were generally 
high for each year of the study (X ± SD = 0.90 ± 0.22, 
n = 31), and sharks were present for periods of 1–431 
(X ± SD = 22 ± 33, n = 31) consecutive days; some peri-
odic movement in and out of the bay was evident during 
each year of the study, although individuals were absent for 
no more than 35 consecutive days (Table 3).

Lemon sharks were monitored within Fish Bay dur-
ing all months of the year with the greatest number of 

individuals detected from May to August (Figs. 2 and 3). A 
relatively sharp drop in presence was observed in Septem-
ber. Individual monitoring periods ranged from 1 to 340 
(X ± SD = 66 ± 95, n = 17) days during which individu-
als were present for 1–243 (X ± SD = 32 ± 58, n = 17) 
days (Table 3). Residency indices were broad, ranging 
from 0.01 to 1.00 (X ± SD = 0.73 ± 0.33, n = 17) and the 
number of consecutive days present varied from 1 to 42 
(X ± SD = 5 ± 4, n = 17) throughout each year of the study. 
Some periodic movement outside of the bay was apparent, 
although sharks were absent for no more than 32 days.

Coral Bay

Blacktip sharks were detected within Coral Bay through-
out all months of the year (Figs. 3 and 4) with the greatest 
number of sharks observed from May to September. Peak 
abundance appeared to occur in June and July, with grad-
ual decreases in presence from July to October. Through-
out the study, individuals were monitored for periods of 
2–261 (X ± SD = 61 ± 62, n = 32) days and were pre-
sent within the bay for 2–193 (X ± SD = 54 ± 51, n = 32) 
days (Table 3). Residency index values were generally 
high for each year of the study (X ± SD = 0.95 ± 0.17, 
n = 32). Some periodic movement in and out of Coral 
Bay was evident during each year of the study; the num-
ber of consecutive days present and absent ranged from 
1 to 193 (X ± SD = 29 ± 28, n = 32) and from 0 to 48 
(X ± SD = 4 ± 6, n = 32) days, respectively.

Lemon sharks were detected within Coral Bay during 
all months of the year with the greatest number of sharks 
observed during the summer months (June to Septem-
ber) (Figs. 3 and 4). A gradual reduction in shark pres-
ence was observed from July to October. Individuals were 
monitored for periods of 1–429 (X ± SD = 143 ± 122, 
n = 24) days and observed to be present within the bay 
for 1–326 (X ± SD = 116 ± 108, n = 24) days (Table 3). 
Residency indices were generally high for each year 
of the study (X ± SD = 0.86 ± 0.20, n = 24), although 
five individuals exhibited weak residency in the bay. The 
number of consecutive days present varied from 1 to 165 
(X ± SD = 15 ± 10, n = 24) days throughout each year 
of the study. Some periodic movement outside of the study 
site was apparent, although sharks were absent for no more 
than 40 consecutive days.

Habitat use and site fidelity

Fish Bay

Juvenile blacktip and lemon sharks were detected on nearly 
all of the receivers deployed within Fish Bay, although 
individual receiver detection indices varied considerably 
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within and between species (Table 2). Blacktip sharks 
were detected more frequently than lemon sharks and were 
observed most often by the northernmost receiver (Sta-
tion 1), and a group of three receivers (Stations 4, 5, and 
6) deployed in (relatively) deeper water (0.9–3.0 m) near 
the center of the bay. Lemon sharks were detected most 
frequently by two receivers deployed in shallow water 

(0.9–1.2 m) on an extensive seagrass bed that occurs at the 
northern and eastern extent of the bay (Table 2; Fig. 1).

Coral Bay

Juvenile blacktip and lemon sharks were detected on 
nearly all receivers deployed within Coral Bay with each 
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Fig. 2  Detection histories for all blacktip (black) and lemon (gray) sharks monitored within Fish Bay throughout the study period. Detections 
outside of Fish Bay (red) and average daily temperature (black line) measured within Fish Bay at receiver station 2 are also presented
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species being detected most frequently by different receiv-
ers (Table 2). In general, lemon shark activity spaces were 
located within Zone 3 at the southern extent of Coral Bay, 
while blacktip activity space was generally distributed 
throughout Zone 1, and to a lesser extent Zone 2, near 
the northern reaches of the bay (Figs. 1 and 5). Blacktip 
activity spaces were generally slightly larger than those of 
lemon sharks (Table 4); there was no effect of sex or FL 
on 50 % (GLM-sex: t = −1.14, P = 0.27; FL: t = −0.31, 
P = 0.27) and 95 % (GLM-sex: t = –1.14, P = 0.76; FL: 
t = −0.32, P = 0.75) TAS estimates for either species. 
There was no evidence of diel patterns in lemon shark 50 % 
(t Test: t21 = −1.04, P = 0.31) or 95 % (t Test: t21 = −0.35, 
P = 0.73) activity spaces; however, blacktip sharks exhib-
ited greater nighttime 50 % (t Test: t26 = −5.40, P < 0.05) 
and 95 % (t Test: t26 = −4.93, P < 0.05) activity spaces 
(Table 4).

Tagged YOY and juvenile blacktip and lemon sharks 
exhibited strong site fidelity to areas/zones of Coral Bay 
that were consistent with locations of 50 % activity space 

and tagging locations for each species All blacktip sharks 
were tagged in Zone 1 (n = 33) and exhibited strong site 
fidelity to that zone, while 92 % (23/25) of lemon sharks 
tagged in zones 1 (n = 4) and 3 (n = 21) exhibited strong 
fidelity to their tagging zone. Non-metric multidimen-
sional scaling plots generated using all SFI data from 
each year revealed distinct patterns of site fidelity, with 
blacktip sharks displaying strong site fidelity to Zones 
1 and 2 and lemons sharks to Zone 3 (Fig. 6). Results of 
an ANOSIM indicated that blacktip and lemon sharks 
exhibited significantly different site fidelity to the desig-
nated zones of Coral Bay (ANOSIM, r = 0.90, N = 39, 
P = 0.1 %), thereby providing evidence for habitat par-
titioning between these two species in this embayment. 
For blacktip sharks, SFI values ranged from 0.50 to 1.00 
(X ± SD = 0.97 ± 0.02, n = 26) within Zone 1, from 
0.00 to 1.00 (X ± SD = 0.59 ± 0.02, n = 26) within 
Zone 2, and from 0.00 to 0.66 (X ± SD = 0.07 ± 0.03, 
n = 26) within Zone 3, resulting in 100 % (n = 26), 
58 % (n = 15), and 4 % (n = 1) of individuals exhibiting 
strong site fidelity (i.e., SFI ≥ 0.5) to these zones, respec-
tively. Lemon shark SFI values ranged from 0.00 to 1.00 
(X ± SD = 0.14 ± 0.08, n = 13) within Zone 1, from 0.00 
to 0.14 (X ± SD = 0.02 ± 0.0.1, n = 13) within Zone 2, 
and from 0.00 to 1.00 (X ± SD = 0.85 ± 0.08, n = 13) 
within Zone 3, resulting in 15 % (n = 2), 0 % (n = 0), and 
85 % (n = 11) of individuals exhibiting strong site fidelity 
to these zones, respectively.

Discussion

This manuscript presents the results of a complex 6-year 
study that examined the spatial and temporal dynamics 
of habitat use by YOY and juvenile blacktip and lemon 
sharks within two coastal embayments, Fish Bay and 
Coral Bay, in St John, USVI. Collectively, our findings 
suggest that each area supports nursery habitat for young 
individuals and, therefore, plays an integral role in the 
health of both blacktip and lemon shark populations in 
the USVI. We first provide a separate discussion of our 
results relative to each embayment, followed by a broader 
discussion of general trends that were observed within 
both embayments, and finally a discussion of potential 
management implications.

Fish Bay

Both blacktip and lemon sharks exhibited relatively high 
residency within Fish Bay, although some periodic move-
ment in and out of the nursery was evident. In general, 
periods of absence were relatively brief (2–3 days); how-
ever, some individuals spent extended periods (weeks) 
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outside of the nursery during which they were detected in 
adjacent bays (Pittman et al. 2014) along the south shore 
of St. John (Fig. 2) before returning to Fish Bay. Inter-
estingly, YOY sharks generally did not commence these 
excursions until the mid- to late summer (July to Septem-
ber), suggesting that newborn individuals do not regu-
larly leave core habitats during the first weeks/months of 
life (Heupel et al. 2007; Chapman et al. 2009). It should 
be noted, however, that our inability to monitor individu-
als throughout the entirety of Fish Bay (discussed below) 
likely resulted in an underestimation of the number of 
days individuals were present within the embayment and 
may have precluded our ability to determine whether the 

lack of detections during a given time period was indica-
tive of absence (from Fish Bay) or simply the movement 
to areas devoid of receiver coverage (e.g., shallow seagrass 
habitat at the northern and eastern edge of the bay). Close 
examination of individual shark detection histories revealed 
that receiver detections immediately preceding and follow-
ing short periods of absence (i.e., hours to days) occurred 
almost exclusively within the interior of the bay in close 
proximity to these shallow, unmonitored areas. Given the 
lack of detection on receivers in the deeper water near the 
mouth of Fish Bay during these periods, it is likely that 
individuals remained within the bay during brief periods 
of absence/lack of detection. Interestingly, during the latter 

Table 3  Presence of blacktip and lemon sharks in Fish Bay and Coral Bay throughout each year of the study

All summary data are presented as the range (X ± SD)

Sampling date n Total days monitored Residency index Consecutive days present Consecutive days absent

Fish Bay

Blacktip

 August 10–13, 2006 3 4–84 (50 ± 42) 1.00 (1.00 ± 0.00) 4–84 (50 ± 42) 0 (0 ± 0)

 August 25–26, 2007 6 6–244 (77 ± 93) 0.94–1.00 (0.99 ± 0.02) 1–244 (46 ± 61) 0–1 (0.5 ± 0.5)

 July 6–9, 2008 8 3–243 (53 ± 79) 0.29–1.00 (0.79 ± 0.25) 1–26 (5 ± 3) 0–35 (2 ± 3)

 July 10–13, 2009 4 1–1,052 (268 ± 522) 0.99–1.00 (1.00 ± 0.01) 1–431 (130 ± 104) 0–3 (1 ± 0.8)

 June 8–11, 2010 6 2–48 (18 ± 20) 0.58–1.00 (0.92 ± 0.17) 1–31 (11 ± 10) 0–20 (4 ± 7)

 January 14–16, 2011 1 183 0.97 2–108 (30 ± 16) 1 (1 ± 0)

 May 30–June 2, 2011 3 1–60 (32 ± 29) 0.28–1.00 (0.76 ± 0.42) 1–60 (12 ± 17) 0–19 (4 ± 5)

 Total 31 1–1,052 (80 ± 189) 0.28–1.00 (0.90 ± 0.22) 1–431 (22 ± 33) 0–35 (2 ± 3)

Lemon

 August 10–13, 2006 3 1–73 (30 ± 38) 0.97–1.00 (0.99 ± 0.02) 1–42 (18 ± 12) 0–1 (0.5 ± 0.5)

 August 25–26, 2007 1 6 0.50 3 0

 July 6–9, 2008 3 28–109 (57 ± 45) 0.41–1.00 (0.80 ± 0.35) 1–35 (4 ± 3) 0–10 (3 ± 0.9)

 July 10–13, 2009 2 9–15 (12 ± 4) 0.93–1.00 (0.97 ± 0.04) 3–11 (8 ± 3) 0–1 (0.5 ± 0.7)

 June 8–11, 2010 3 8–340 (155 ± 170) 0.17–0.71 (0.46 ± 0.28) 1–21 (4 ± 2) 1–32 (3 ± 1)

 May 30–June 2, 2011 5 7–252 (72 ± 105) 0.01–1.00 (0.63 ± 0.47) 1–12 (3 ± 2) 0–15 (4 ± 2)

 Total 17 1–340 (66 ± 95) 0.01–1.00 (0.73 ± 0.33) 1–42 (5 ± 4) 0–32 (3 ± 2)

Coral Bay

Blacktip

 July 6–9, 2008 3 8–18 (12 ± 5) 1.00 (1.00 ± 0.00) 8–18 (12 ± 5) 0

 July 10–13, 2009 4 2–121 (56 ± 62) 0.99–1.00 (1.00 ± 0.02) 1–121 (44 ± 52) 0–1 (0.3 ± 0.6)

 June 8–11, 2010 13 4–101 (41 ± 29) 0.15–1.00 (0.91 ± 0.25) 1–65 (19 ± 18) 0–48 (5 ± 11)

 January 14–16, 2011 2 36–193 (115 ± 112) 1.00 (1.00 ± 0.00) 36–193 (115 ± 112) 0

 May 30–June 2, 2011 10 19–261 (92 ± 76) 0.56–1.00 (0.96 ± 0.13) 1–150 (30 ± 25) 0–46 (4 ± 6)

 Total 32 2–261 (61 ± 62) 0.15–1.00 (0.95 ± 0.17) 1–193 (29 ± 28) 0–48 (4 ± 6)

Lemon

 July 6–9, 2008 6 20–429 (190 ± 147) 0.58–1.00 (0.80 ± 0.15) 1–82 (11 ± 5) 0–40 (3 ± 2)

 July 10–13, 2009 5 4–78 (38 ± 31) 0.35–1.00 (0.84 ± 0.27) 1–25 (6 ± 2) 0–21 (3 ± 2)

 June 8–11, 2010 3 1–310 (105 ± 177) 0.98–1.00 (0.99 ± 0.02) 1–149 (52 ± 45) 0–3 (1 ± 0.9)

 January 14–16, 2011 1 182 0.69 1–38 (7 ± 2) 1–17 (3 ± 1)

 May 30–June 2, 2011 9 1–351 (178 ± 108) 0.24–1.00 (0.88 ± 0.24) 1–165 (25 ± 18) 0–3 (1 ± 0.3)

 Total 24 1–429 (143 ± 122) 0.24–1.00 (0.86 ± 0.20) 1–165 (15 ± 10) 0–40 (3 ± 2)



709Mar Biol (2015) 162:699–716 

1 3

stages of an individual’s residency within Fish Bay, the last 
detections prior to a prolonged (i.e., days) absence occurred 
more frequently on receivers closer to the mouth of the bay, 
suggesting that sharks may have undergone forays outside 
of Fish Bay more frequently during the latter stages of their 

residency. Regardless, we are confident that the receiver 
array within Fish Bay was sufficient to monitor the gen-
eral presence/absence of both species throughout the study 
period and confirm the results of DeAngelis et al. (2008) 
that Fish Bay serves as an important nursery area.
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Fig. 4  Detection histories for all blacktip (black) and lemon sharks 
(gray) monitored within Coral Bay throughout the study period. 
Detections outside of Coral Bay (red) and average daily temperature 

measured at station 2 (black line) and station 20 (gray line) measured 
within Coral Bay are also presented
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The analysis of receiver detection ranges within Fish 
Bay provided strong evidence that the array was insuffi-
cient to capture the fine-scale habitat use of blacktip and 
lemon sharks throughout all available habitats. Originally 
designed to monitor movements of queen conch (Strombus 

gigas), the receivers within Fish Bay were generally 
deployed in deeper waters near the center of the embay-
ment (Doerr and Hill 2010), resulting in incomplete cover-
age in the shallower (<1 m) areas of the bay (Supplemen-
tary Fig. 1) that are utilized by both species, particularly 
lemon sharks (DeAngelis 2006; DeAngelis et al. 2008; 
Legare 2011). For example, lemon sharks that were present 
in Fish Bay for at least five total days logged an average 
of 33 (range 3–200) detections day−1 and were observed 
nearly four times less often (on average) than blacktips 
[mean (range) 130 (36–471) detections day−1]. By com-
parison, both species were detected twice as often (on 
average) within the more extensive receiver array in Coral 
Bay [blacktip 255 (2–2,107) detections day−1; lemon 69 
(8–449) detections day−1]. Thus, although approximately 
56 % of the available habitat in Fish Bay was within the 
detection range of the receiver array, the lack of coverage 
in the shallow seagrass habitat at the periphery of bay pre-
cluded the detailed comprehensive assessment of fine-scale 
habitat use and site fidelity of blacktip and lemon sharks 
throughout the entirety of the bay.

Fig. 5  Map of activity spaces 
for all blacktip and lemon 
sharks monitored within Coral 
Bay for at least 5 days. Top 
panels compare 95 and 50 % 
activity space and core blacktip 
shark activity space a was 
located within inner Coral Har-
bor and core lemon shark activ-
ity space b within Johnson’s 
Bay. Panel c is 95 % Day and 
95 % Night activity space for 
blacktip sharks. Night activity 
space was significantly larger 
than day activity space for 
Blacktip sharks. Panel d is 95 % 
Day and 95 % Night activity 
space for lemon sharks with 
no difference between Day and 
Night activity spaces. Seagrass 
(light gray area) and mangrove 
(red) habitat, along with the 
National Park (hatch)

Table 4  Summary of total, day, and night 50 and 95 % activity space 
estimates for blacktip and lemon sharks monitored within Coral Bay

Only sharks monitored for at least 5 days were included in the analy-
sis

Data are presented as the range (X ± SD)

 Activity space (km2)

Level Blacktip (n = 28) Lemon (n = 23)

Total 50 0.02–0.10 (0.06 ± 0.02) 0.01–0.07 (0.03 ± 0.02)

95 0.10–0.42 (0.22 ± 0.06) 0.04–0.28 (0.11 ± 0.07)

Day 50 0.02–0.08 (0.05 ± 0.01) 0.01–0.06 (0.03 ± 0.01)

95 0.10–0.29 (0.19 ± 0.04) 0.04–0.28 (0.10 ± 0.06)

Night 50 0.02–0.14 (0.06 ± 0.02) 0.01–0.07 (0.03 ± 0.02)

95 0.10–0.50 (0.24 ± 0.08) 0.04–0.28 (0.11 ± 0.07)
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Despite limited receiver coverage in Fish Bay, the avail-
able data provided additional evidence of habitat partition-
ing between blacktip and lemon sharks within this nursery 
area as originally suggested by DeAngelis et al. (2008). In 
their study, longline catch data and limited active acous-
tic tracking indicated that young blacktip sharks utilized 
a wide range of depths (0.5–13 m) and substrates (e.g., 
seagrass, macroalgae, reef, and sand) over a broad area of 
Fish Bay, while YOY and juvenile lemon sharks remained 
almost exclusively within shallow (<1 m) mangrove-
fringed seagrass habitat along the shoreline of the bay. In 
this study, we did not monitor these shallow seagrass areas, 
but the paucity of overall detections from the majority of 
lemon sharks suggests that these sharks occurred primarily 
in areas devoid of receiver coverage. In contrast, the detec-
tion of blacktip sharks nearly four times more frequently at 
numerous receiver stations (Table 2) suggests that blacktip 
sharks occupied deeper habitat near the center of the bay 
considerably more often than lemon sharks. Taken together, 
these observations suggest that tagged individuals exhibited 
patterns of habitat use similar to that described by DeAnge-
lis et al. (2008).

Coral Bay

Our acoustic detection data in conjunction with catch data 
reported by DeAngelis (2006) provide strong evidence that 
Coral Bay serves as a nursery area for both YOY and juve-
nile blacktip and lemon sharks. Heupel et al. (2007) pro-
posed three criteria for an area to be considered a shark 
nursery: (1) sharks are more commonly encountered in the 
area when compared to other areas; (2) sharks have a ten-
dency to remain or return for extended periods; and (3) the 

area or habitat is repeatedly used across years. In this study, 
YOY individuals of both species were observed in Coral 
Bay during each year of sampling, indicating that new 
cohorts recruit into the bay annually. In addition, tagged 
individuals were also observed to remain within the embay-
ment for extended periods (days to months) and to return 
to Coral Bay (for extended periods) after being absent for 
several weeks/months. Capture data from this study and 
longline survey records from DeAngelis (2006) also sug-
gest that both blacktip and lemon sharks were observed 
more frequently within Coral Bay than adjacent areas of St. 
John. Taken together, these findings suggest that Coral Bay 
meets the proposed criteria of Heupel et al. (2007) for a 
shark nursery. Clearly, this embayment provides secondary 
nursery habitat (as defined by Bass 1978) for both species, 
but the extent to which Coral Bay serves as a primary nurs-
ery remains unknown because gravid sharks and/or parturi-
tion has yet to be observed (DeAngelis 2006, 2008; Legare 
2011).

Various metrics provided evidence of habitat partition-
ing between blacktip and lemon sharks within Coral Bay. 
Despite being detected throughout the majority of the bay, 
each species’ core habitat (i.e., 50 % TAS) occurred in 
markedly different areas with individuals displaying rela-
tively high site fidelity to those areas. For example, YOY 
and juvenile blacktip core habitat occurred primarily in the 
northern portion of Coral Bay (i.e., Zones 1 and 2), which 
is characterized by water depths of 1.5–6 m, seagrass, and 
sand/mud substrate. In contrast, the majority (76 %) of 
lemon sharks were monitored almost exclusively in close 
proximity to or within shallow (<1 m), mangrove-fringed 
seagrass habitat in Zone 3 at the southern extent of Coral 
Bay. Although numerous blacktip sharks were also detected 

Fig. 6  Non-metric multidimen-
sional scaling plot generated 
using site fidelity index (SFI) 
data from blacktip sharks 
(n = 26) and lemon sharks 
(n = 13) monitored greater than 
5 days. Distinct clusters are 
visible, comprising groups of 
blacktip sharks that displayed 
strong site fidelity to Zones 1 
and Zone 2 and lemon sharks 
that displayed strong site 
fidelity to Zone 3. Dispersal of 
points around these clusters is 
indicative of sharks that dis-
played varying degrees of site 
fidelity to multiple zones (i.e., 
SFI ≈ 0.1–0.4)
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in Zone 3, only one individual spent more than three 
consecutive days in this Zone, and no individuals were 
detected in the area with the greatest lemon shark presence 
(Station 21). This pattern of habitat use and space partition-
ing is very similar to that observed in Fish Bay. The habitat 
selection observed in Fish Bay and Coral Bay is consistent 
with those previously described for both species (Morrissey 
and Gruber 1993; Ward-Paige et al. 2014).

Blacktip and lemon sharks were detected relatively 
infrequently by receiver stations 12–18 within Zone 2 of 
Coral Bay (Table 2). While there are several factors that 
may contribute to the limited use of this area, this behav-
ior is likely linked to predator avoidance. These receiver 
stations, which are positioned in the center of Coral Bay, 
occurred in deeper water (mean 5.1 m; range 2.7–9.1 m) 
than those receivers that detected individuals of both spe-
cies more regularly (i.e., stations 1–5, 8, 20, 21; X = 1.7 m; 
range 0.9–2.7 m). Several studies have suggested that depth 
is a major factor influencing the distribution of YOY and 
juvenile blacktip and lemon sharks with individuals avoid-
ing deeper water as a means of predator avoidance (e.g., 
Morrissey and Gruber 1993; Heupel and Hueter 2001; 
DeAngelis et al. 2008; Ward-Paige et al. 2014). In addi-
tion, stations 11, 13, and 16 were located in close proximity 
to the mouth of Coral Bay where larger sharks have been 
observed (e.g., Carcharhinus acronotus, Carcharhinus 
perezi, Galeocerdo cuvier; DeAngelis 2006, B. DeAnge-
lis pers observation). Regardless of the factors, both spe-
cies did not spend large amounts of time within this area 
of Coral Bay, with the observed detections likely occur-
ring during movement between more favorable habitats in 
Zones 1 and 3 or emigration from the embayment.

General trends in habitat use

Despite variability in the timing of annual tagging trips, 
peak blacktip and lemon shark presence within each bay 
occurred during the period from May to August, immedi-
ately following the purported timing of parturition in both 
species (i.e., May–early June; DeAngelis 2006, 2008). 
This observation, coupled with the fact that the majority of 
blacktip (97 %) and lemon (83 %) sharks tagged during this 
study were YOY, suggests that the apparent peak in shark 
abundance was driven by the annual recruitment of new 
YOY cohorts into each embayment during the late spring. 
However, despite the apparent reduction in shark abun-
dance during the fall months, tagged sharks were present in 
both bays year round, with some individuals remaining for 
several years following tagging.

The small tropical bays investigated in this study, which 
represent habitats common throughout the Caribbean, dif-
fer from other blacktip and lemon shark nurseries previ-
ously studied. For example, lemon sharks tagged in Bimini 

(The Bahamas) occupy much larger nursery areas for mul-
tiple years (Morrissey and Gruber 1993; Chapman et al. 
2009), while YOY lemon sharks in subtropical southwest 
Florida utilize expansive estuarine nursery habitat only in 
the summer and fall (Hueter and Tyminski 2007; Steiner 
et al. 2007). Based on catch data, Henderson et al. (2010) 
also reported short-term residency of juvenile lemon sharks 
over broader spatial scales in the nearshore nurseries of 
the Turks and Caicos Islands (Henderson et al. 2010). In 
addition, blacktip shark nursery areas in the subtropical 
continental USA from North Carolina to Texas are orders 
of magnitude larger than those in the current study (i.e., 
10–900 km2; Heupel et al. 2007; Hueter and Tyminski 
2007; Heithaus 2007; Abel et al. 2007; Parsons and Hoff-
mayer 2007; Steiner et al. 2007; Ulrich et al. 2007), with 
individuals exhibiting seasonal residency. The size of the 
embayments may play a large role in the presence of both 
blacktip and lemon sharks, and the limited availability of 
similar habitat emphasizes the importance of protecting 
these areas.

The decrease in the number of both species of sharks 
detected in both bays during the late summer and early 
fall (August–October) may be associated with emigration, 
mortality, or both. Emigration may be driven by a variety 
of biotic and abiotic factors including temperature (e.g., 
Castro 1993; Hopkins and Cech 2003; Heupel et al. 2007; 
Hueter and Tyminski 2007; Carlisle and Starr 2009; Knee-
bone et al. 2012), photoperiod (Grubbs et al. 2007; Knee-
bone et al. 2012), and seasonal prey abundance (Simpfend-
orfer and Milward 1993; Heupel et al. 2007). In this study, 
no direct statistical analyses were performed to examine 
the effect of these factors, yet the limited seasonal fluctua-
tions in day length (11–13 h) and ambient water tempera-
ture (25–32 °C) observed in these bays suggest that neither 
of these environmental factors greatly influenced the sea-
sonal reduction in abundance. Although we did not assess 
prey abundance within Fish Bay and Coral Bay, teleosts, 
which comprise the majority of young blacktip and lemon 
sharks’ diets (Cortes and Gruber 1990; Bethea et al. 2004; 
Newman et al. 2011), exhibit seasonal shifts in abundance 
within mangrove and seagrass habitats on neighboring St. 
Thomas (Boulon 1992) and Puerto Rico (Rooker and Den-
nis 1991). Should similar trends in teleost abundance occur 
in Fish Bay and Coral Bay, it is possible that decreases 
in prey abundance during the late summer and early fall 
increase both intra- and inter-species competition and elicit 
the movement of individuals out of nursery habitat. The 
additional investigation of factors that influence the emi-
gration of sharks from these nurseries is warranted.

Mortality is another major factor that may influence the 
decrease in shark abundance in these bays. In this study, 24 
and 28 % of the tagged sharks emigrated from Fish Bay 
and Coral Bay (based on detection by receivers outside the 
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bays), respectively, while the balance of the tagged sharks 
was last detected within each bay, suggesting that they may 
have died within the nurseries. While it is difficult to dis-
tinguish the relative contribution of emigration vs. mortal-
ity on the observed trends in shark abundance, high rates of 
natural mortality observed in YOY blacktip (e.g., 61–92 %, 
Heupel and Simpfendorfer 2002) and lemon sharks (35–
76 %, Gruber et al. 2001; Freitas et al. 2009) while occupy-
ing nursery habitat suggest that mortality is likely a factor.

The patterns of YOY and juvenile blacktip and lemon 
shark habitat use and site fidelity observed in this study 
suggest that sharks inhabit core areas of these St. John 
nurseries to seek refuge from predators. It has been demon-
strated that both species exhibit strong site fidelity to shal-
low habitats and make infrequent excursions beyond core 
habitats as a means of predator avoidance (e.g., Gruber 
et al. 1988; Morrissey and Gruber 1993; Heupel et al. 2004; 
Heupel and Simpfendorfer 2005b; Wetherbee et al. 2007; 
Yeiser et al. 2008; Murchie et al. 2010). In addition, we 
observed conspecific groups of young blacktip and lemon 
sharks swimming in shallow water, a behavior associated 
with predator avoidance (Heupel and Simpfendorfer 2005b; 
Guttridge et al. 2009). Collectively, these observations sug-
gest that predatory avoidance may also dictate habitat use 
in these nurseries.

In Fish Bay, we hypothesize that the limited avail-
ability of suitable habitat (i.e., the bay is relatively small) 
also likely exacerbates competition for both space and 
prey resources and drives the apparent habitat partition-
ing between adjacent and seemingly connected habitats. 
In contrast, due to the greater spatial extent of Coral Bay, 
blacktip and lemon sharks are not forced to partition habi-
tats on a fine scale, but instead appear to minimize compe-
tition by occupying two separate areas of the nursery. How-
ever, it is important to note that habitat partitioning may 
not be solely driven by competition. For example, inherent 
morphological (e.g., coloration) and physiological (e.g., 
respiratory needs) adaptations may dictate the habitat use 
of a species more so than any external factor. It has also 
been shown that the presence of dominant individuals of 
the same or different species can cause shifts in habitat use 
(Romey 1995; Morrell and Romey 2008).

Management implications

The results of this study hold important implications for 
the management and conservation of blacktip and lemon 
sharks in Fish and Coral bays as well as the habitat on 
which they depend. Clearly, both Fish Bay and Coral Bay 
warrant designation as EFH under the Fishery Manage-
ment Plan of the US Caribbean. However, additional man-
agement measures focused at minimizing adverse anthro-
pogenic impacts on these sensitive ecosystems (reviewed 

by Knip et al. 2010) are warranted. For example, these 
results indicate the importance of the transitional land-sea 
habitats (e.g., shallow sea grass flats and mangrove flats) 
as being the most critical areas where clear habitat depend-
encies exist for both species. Degradation and/or destruc-
tion of shallow seagrass and mangrove habitat may result 
in localized reduction in the abundance of fish and inver-
tebrate species that serve as the main prey items of young 
blacktip and lemon sharks in these nearshore areas (Cor-
tes and Gruber 1990; Heupel and Hueter 2002; Hoffmayer 
and Parsons 2003) and, ultimately, lead to the displacement 
of sharks from their core habitats or the embayments as a 
whole. Such displacement would be especially problematic 
for these species given the general lack of suitable nursery 
habitat (i.e., extensive shallow, protected bays) through-
out St. John and other parts of the Caribbean (DeAngelis 
et al. 2008). Similar declines in the quantity and quality 
of seagrass and mangrove habitats have already adversely 
affected blacktip and lemon shark habitat in several geo-
graphic areas (Ellison and Farnsworth 1996; Nagelkerken 
et al. 2000; Feldheim and Edren 2002; Jennings et al. 2008; 
Dibattista et al. 2011) and accentuate the importance of 
protecting these habitats within Fish Bay and Coral Bay.

The finding that both blacktip and lemon sharks exhib-
ited high site fidelity to core habitats within Fish Bay and 
Coral Bay suggests that enhanced protection of these areas 
may be achieved in part through the implementation of 
marine protected areas (MPAs). MPAs, which function by 
prohibiting or restricting any or all anthropogenic activity 
within a defined area, may be effective for the management 
and conservation of shark nursery habitat (Bonfil 1997; 
Heupel and Simpfendorfer 2005a; Kinney and Simpfendor-
fer 2009), particularly for site-attached species (Garla et al. 
2006). The creation of small MPAs that prohibit or highly 
restrict coastal development within the northern and eastern 
portions of Fish Bay and within Inner Coral Harbor (Zone 
1) and Johnson’s Bay (Zone 3) of Coral Bay would seem-
ingly be highly effective at minimizing negative anthropo-
genic impacts on core shark habitat. However, beyond the 
protection of these critical habitats, increased public aware-
ness and enforcement of shark fishing regulations is criti-
cal for the conservation of these shark nurseries given the 
extent to which illegal fishing for these undersized sharks 
(i.e., <54″/137 cm FL; NMFS 2009) occurs within each 
embayment (DeAngelis et al. 2008) and the broader sur-
rounding region.

Given the consistent coastal geology throughout the Car-
ibbean islands, it is likely that blacktip and lemon shark 
populations rely heavily on nursery habitat similar to that 
in Fish Bay and Coral Bay throughout the greater Carib-
bean. Consequently, the health of these species’ popula-
tions in the Caribbean may be linked to a limited number 
of small nurseries, many of which have yet to be identified 
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and studied. Given the relative importance of shark nurs-
ery areas to the maintenance of populations (Heithaus et al. 
2007; Heithaus et al. 2007), the threat of continual habi-
tat alteration and/or destruction within the USVI (Ramos-
Scharrón and MacDonald 2005; Brooks et al. 2007; Smith 
et al. 2008) and greater Caribbean (Ellison and Farns-
worth 1996; Causey et al. 2002), and the lack of regulation 
enforcement, future efforts should focus on the identifica-
tion and characterization of potential shark nursery areas 
and the implementation of focused management and con-
servation plans to ensure the long-term productivity of the 
shark nurseries in this broad region.
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