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Abstract
Bull Sharks Carcharhinus leucas in the Indian River Lagoon,

Florida, have been documented to frequently occur in human-
altered habitats, including dredged creeks and channels, boat
marinas, and power plant outfalls. The purpose of this study
was to examine the short-term movements of age-0 and juve-
nile Bull Sharks to quantify the extent to which those move-
ments occur in altered habitats. A total of 16 short-term active
acoustic tracks (2–26 h) were carried out with 9 individuals, and
a 10th individual was fitted with a long-term coded transmitter
for passive monitoring by fixed listening stations. Movement and
activity space statistics indicated high levels of area reuse over
the span of tracking (hours to days). All but one shark used
altered habitat at some point during tracking, such that 51% of
all tracking positions occurred in some type of altered habitat. Of
the sharks that used altered habitat, the mean ( ± 1 SD) percent
of positions within altered habitat was 66 ( ± 40)%. Furthermore,
tracks for 3 individuals indicated selection for altered habitats.
The single passively monitored Bull Shark was detected in power
plant outfalls almost daily over a 5-month period, providing the
first indication of longer-term fidelity to thermal effluents. Use of
one dredged creek was influenced by local salinity, the tracked
sharks dispersing from the altered habitat when salinity declined.
The affinity of young Bull Sharks to altered habitats in this sys-
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tem could help explain their reported accumulation of a variety of
harmful contaminants, which could negatively affect their health
and survival.

A variety of coastal marine species use shallow, intracoastal,
estuarine waters as nursery habitats. These habitats are thought
to confer selective benefits to these species by increasing the
survival and recruitment of juveniles to adult populations (Beck
et al. 2001; Heupel et al. 2007). Survival may be increased
through reduced predation or competition and greater availabil-
ity of prey resources (Branstetter 1990; Heupel et al. 2007;
Heupel and Simpfendorfer 2011). However, in recent decades,
estuarine environments have undergone dramatic habitat alter-
ation, destruction, and pollution through human development
and water use activities (e.g., Kennish 2002; Lotze et al. 2006).
Such developments could reduce the beneficial functions of es-
tuarine nursery areas, reduce productivity of fish populations,
and exacerbate other pressures already facing adult populations
(e.g., fishing, climate change).

Estuarine regions, in the broad sense, have been degraded
in recent decades (Lotze et al. 2006), but discrete areas within
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any given estuary have been altered more than others. Dredg-
ing, seagrass scarring, shoreline construction, thermal effluents,
and point-source pollution are site-specific alterations that could
affect estuarine species (Kennish 2002). However, the distribu-
tion and movements of elasmobranchs relative to such areas
have been poorly studied (Vaudo and Lowe 2006; Carlisle and
Starr 2009). Sharks and rays are important high-level consumers
in many estuarine communities. If certain species demonstrate
preferences for altered habitats, or for natural habitats that have
been degraded, their populations could be negatively affected.
For example, use of areas warmed by effluent of power plants
in winter could result in unnatural and potentially maladaptive
fidelity to these areas (Cooke et al. 2004; Laist and Reynolds
2005). Additionally, habitat specificity by fishes to altered areas
has been tied to increased levels of mercury bioaccumulation
and a variety of toxic effects (Adams et al. 2003; Adams and
Paperno 2012; Mull et al. 2012). Loss of natural habitats such as
seagrass or mangroves could reduce the diversity and abundance
of lower trophic-level species populations, causing a “bottom-
up” disruption of community structure (Kennish 2002; Lotze
et al. 2006), and thus reduce the survival rates of predators that
rely on those habitats for prey and refuge (Jennings et al. 2008).

The Bull Shark Carcharhinus leucas uses tropical and sub-
tropical estuarine bays, lagoons, and rivers as nursery habitat
(e.g., Snelson et al. 1984; Simpfendorfer et al. 2005; Blackburn
et al. 2007; Heithaus et al. 2009; Werry et al. 2011). It is one of
the few completely euryhaline elasmobranchs, having a reported
tolerance range for salinity of 0 to >50‰ (Compagno 1984).
Due to these unique physiological adaptations, Bull Sharks have
been able to successfully expand their niche beyond that of most
other sharks, moving into low-salinity riverine and lacustrine
systems (e.g., Thorson 1972; Compagno 1984). This niche ex-
pansion into freshwater environments is hypothesized to benefit
Bull Sharks by providing nursery habitat with high prey avail-
ability and refuge from predation by larger sharks or by other-
wise allowing Bull Sharks to exploit resources not accessible to
shark species intolerant of low salinity (Branstetter 1990; Pillans
and Franklin 2004; Heupel and Simpfendorfer 2011). However,
this inshore distribution could additionally make neonate and ju-
venile Bull Sharks disproportionately vulnerable to the effects of
estuarine habitat degradation (Curtis et al. 2011). The movement
patterns of immature Bull Sharks have been examined in only
three estuarine systems: Ten Thousand Islands, Florida (Steiner
and Michel 2007); Caloosahatchee River Estuary, Florida
(Heupel and Simpfendorfer 2008; Yeiser et al. 2008; Ortega
et al. 2009); and the Gold Coast region, Queensland, Australia
(Werry et al. 2011). Knowledge of these movement patterns is
essential to acquiring a better understanding of the use by Bull
Sharks of potentially harmful habitats.

Snelson et al. (1984), and more recently Curtis et al. (2011),
examined the seasonal distribution of Bull Sharks in the In-
dian River Lagoon (IRL), Florida, which serves as a Bull Shark
nursery area. Although Bull Sharks occupied a broad range of la-
goon habitats, they were frequently found in dredged freshwater/

estuarine creeks, power plant outfalls, and other human-altered
habitats. However, whether sharks captured in those habitats
were transient or were demonstrating selection or site attach-
ment could not be determined (Curtis et al. 2011). Curtis et al.
(2011) hypothesized that preferences for altered habitats could
contribute to their known bioaccumulation of several toxic con-
taminants, including mercury, brominated flame retardant chem-
icals, and polychlorinated biphenyls (Adams and McMichael
1999; Adams et al. 2003; Johnson-Restrepo et al. 2005, 2008).

Habitat alteration or destruction can directly undermine the
characteristics of nursery areas (i.e., high prevalence of prey
and antipredation resources) that make them important to the
sustainability of adult populations. A key step to investigat-
ing this problem is to assess the level of exposure of species
to degraded nursery habitat. Higher exposure may indicate the
loss of nursery resources, or the introduction of other detrimen-
tal impacts (e.g., contamination), which could reduce juvenile
survival in the focal population (Jennings et al. 2008). One ap-
proach to investigating exposure is analysis of movement and
habitat use via biotelemetry (e.g., Cooke et al. 2004; Vaudo
and Lowe 2006; Carlisle and Starr 2009). Despite its limita-
tions for examining long-term trends in patterns of movement,
active acoustic telemetry (i.e., manual tracking) remains one of
the best methods for obtaining high-resolution movement data
on fish in their natural environment (Sims 2010) and has been
used in various studies on habitat use by juvenile sharks (e.g.,
Rechisky and Wetherbee 2003; Steiner and Michel 2007; Ortega
et al. 2009; Grubbs 2010). Since the scale of habitat alterations
can be very small and discrete, data on fine-scale movement and
distribution are a necessity. In this analysis, we used active and
passive acoustic telemetry techniques to assess the exposure of
immature Bull Sharks to altered habitats within one of their most
important nursery areas in the western North Atlantic. Our spe-
cific objectives were to characterize short-term movements and
activity space and to quantify the extent to which these move-
ments occurred in anthropogenically altered habitats in the IRL.

METHODS
The IRL is located on the central Atlantic coast of Florida

between the latitudes of 29◦04′ N and 26◦56′ N. This subtropi-
cal, shallow, estuarine, barrier island lagoon system comprises
three interconnected water bodies: Mosquito Lagoon, Banana
River Lagoon, and IRL proper (Figure 1). Interchange with the
Atlantic Ocean occurs through five inlets or cuts distributed
along the length of the system. Natural lagoon habitats include
seagrass beds, oyster beds, fringing mangroves, open sand and
mud bottoms, freshwater tributaries, and ocean inlets (Gilmore
1977; Curtis et al. 2011). The IRL is a heavily utilized and highly
valuable waterway for a variety of commercial and recreational
purposes, including boating and fishing (Johns et al. 2008);
shoreline construction in certain areas has resulted in signifi-
cant alteration, degradation, or destruction of natural habitats
(Gilmore 1995; IRLNEP 2008; Taylor 2012).
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30 CURTIS ET AL.

FIGURE 1. Indian River Lagoon study site. Black stars indicate the focal areas
where Bull Sharks were tracked.

Tagging and release locations were selected by fishing in the
three areas of the IRL where Bull Shark catch rates were found to
be highest, according to fishery-independent sampling data from
Curtis et al. (2011): southern Mosquito Lagoon, the northern
IRL near Port St. John, and the central IRL near Melbourne (see
stars in Figure 1). Catch rates were highest in the Melbourne
area during summer (Curtis et al. 2011), so the majority of
tracking took place in that region and season, where sharks
could be reliably captured. Bull Sharks were captured either with
rod and reel or on a 305-m-long 50-hook (12/0 Mustad circle
hooks) bottom longline baited with cut pieces of fresh or frozen
fish. Soak times varied between 20 and 65 min. Once captured,
sharks were measured to the nearest centimeter of straight-line
fork length (FL), and then tagged through the first dorsal fin
with a rototag (Dalton ID, Henley-on-Thames, UK), supplied by
the National Marine Fisheries Service (NMFS) Apex Predators
Program. Continuous ultrasonic transmitters (Vemco V16-4H
and V16-6H, 51–81 kHz, pulse period 1.5 s) were attached
externally to sharks by a tether of monel wire wrapped to the
stem of the rototag. The transmitter trailed between the first and
second dorsal fins of the shark as it swam. Transmitters weighed
less than 1% of the shark’s body weight in air. Only sharks in
good condition at the time of release were tracked. Sharks were

released and tracking was initiated at the location and time of
capture. All tracks were initiated during daylight hours, but
tracking sessions were continuous through day and night as
conditions permitted (refer to Curtis 2008 for more detail).

Once released, the transmitter signal was tracked using an
ultrasonic receiver (Vemco VR60) with a pole-mounted direc-
tional hydrophone (Vemco VH10) deployed from a 5.2-m-long
research skiff. During each track, latitude and longitude were
manually recorded at 15-min intervals with a hand-held GPS
(Garmin eTrex Legend, accurate to 3 m). Surface water temper-
ature, salinity, and dissolved oxygen concentration (DO) were
recorded hourly during each track using a water-quality meter
(YSI 85; Yellow Springs, Ohio, USA). Due to salt wedge strat-
ification of the water column in estuarine creeks, where surface
salinity tends to be significantly lower than bottom salinity, sur-
face and bottom salinity measurements were collected during
tracking in those habitats. The boat followed the course of the
sharks’ movements during tracking at a distance of 25–100 m,
with the assumption that the boat location, as determined by the
handheld GPS, represented the location of the shark (Rechisky
and Wetherbee 2003). Those GPS coordinates were then used
in subsequent spatial analyses. To minimize disturbance, the
tracking vessel’s outboard engine (50 hp, Yamaha four-stroke)
was frequently turned off when in close proximity (<25 m) to a
shark or between position fixes when a shark’s movements were
highly localized. When a track was suspended or the transmitter
signal lost, efforts were made to relocate the signal on subse-
quent days and initiate a new track, resulting in multiple tracks
for most individuals. Track segments lasting less than 2 h were
excluded from analysis. One Bull Shark had a long-term coded
transmitter (Vemco V16-4H, 69 kHz, pulse period 30–79 s) sur-
gically implanted into its abdominal cavity (e.g., Heupel and
Simpfendorfer 2008); and its presence was recorded by two
fixed acoustic receivers (Vemco VR2, detection range approx-
imately 800 m) deployed near two power plant outfalls in the
Port St. John region of the IRL (Figure 1).

The 15-min GPS position fixes from active tracking were
plotted with geographic information system (GIS) software
(ArcView 3.2 and ArcGIS 10.0; Environmental Systems Re-
search Institute, Inc.). Activity space was quantified using the
95% and 50% fixed-kernel utilization distribution (UD) method,
as calculated by the Animal Movement Analysis extension for
ArcView (Hooge and Eichenlaub 2000). The 50% UD was con-
sidered to be representative of core areas of activity (e.g., Yeiser
et al. 2008). Small, discrete core areas indicate areas of repeated
utilization and possible preferred habitat. Kernel UDs are com-
monly used metrics in shark tracking studies (e.g., Rechisky
and Wetherbee 2003; Yeiser et al. 2008) and are provided here
for comparison. For visual display of the spatial patterns of the
tracked sharks relative to habitat features and shoreline devel-
opment, track positions were exported from ArcGIS to Google
Earth Pro (Google Inc.).

The linearity index (LI) was used to determine whether each
track was linear (indicative of directed transient movements)
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or nonlinear (indicative of area reuse within the activity space)
(Rechisky and Wetherbee 2003). The LI of a track is equal to
the straight-line distance between the first and last positions
divided by the total distance traveled during the track. An LI
equal to 1 means that the track was linear, while a value near 0
indicates a nonlinear movement path (Rechisky and Wetherbee
2003). By combining LI and UD observations, we were able to
assess whether Bull Shark movements could be characterized
as transient or spatially restricted during tracking.

We defined “altered” habitats as discrete areas where previ-
ously natural habitat had been modified or destroyed by anthro-
pogenic activity: dredged freshwater/estuarine creeks (which
typically have lower salinities than the main lagoon), boat mari-
nas, boat ramps, causeways, power plant outfalls, and dredged
channels, including the Intracoastal Waterway. Despite signif-
icant degradation of IRL seagrass habitats in recent decades
(e.g., Virnstein et al. 2007), we did not consider seagrass areas
to be altered. Based upon field observations of power plant ef-
fluent plumes (i.e., YSI transects at the time of tracking from
the mouth of the outfalls to the distance where surface temper-
atures matched ambient lagoon temperatures), we defined the
area within 1 km of each outfall as being altered. Areas within
20 m of boat ramps, causeways, and dredged channels were also
defined as altered. Altered habitats were delineated using Ar-
cGIS, and the proportion of shark positions in those areas was
calculated (i.e., habitat use).

To test for selection of altered habitats (the use of that habitat
disproportionate to its availability), we used a randomization
procedure similar to that described by Heithaus et al. (2006). To
estimate the habitat available to the sharks, we generated 250

correlated random walks (CRWs) for each track using the Site
Fidelity Test in the Animal Movement Analysis extension for
ArcView 3.2 (Hooge and Eichenlaub 2000). The model creates
a series of CRWs, using the step lengths between each position
from an observed track, but randomizes the angles, beginning
from the first track position. CRW simulations were constrained
so that they did not occur on land. The vertices of each CRW
path were converted to points in ArcGIS, resulting in a field
of correlated random points (4,004–30,502 random points per
track) around each observed track, which we assumed to rep-
resent available habitat. We then compared the proportions of
observed and CRW positions found within altered habitats, the
null hypothesis indicating there was no significant difference
between the two proportions (Heithaus et al. 2006). If the pro-
portion of shark track positions within altered habitat was sig-
nificantly greater (>0.05) than the proportion of CRW positions
within altered habitat, we concluded that that shark was select-
ing altered habitat.

RESULTS
A total of 10 Bull Sharks (60–94 cm FL) were tagged and

tracked by acoustic telemetry (Table 1). Nine individuals (four
age-0 and five juveniles, B1–B9) were actively tracked, and one
age-0 individual (B10) was passively tracked by fixed listening
stations over a period of several months. A total of 16 tracks,
2–26 h in duration, were conducted on the nine actively tracked
Bull Sharks (Table 1). One shark (B1) was tracked in Mosquito
Lagoon (Figure 2), two sharks (B2 and B3) were tracked near
Port St. John (Figure 3), and six sharks (B4–B9) were tracked

TABLE 1. Movement and activity space statistics from 10 Bull Sharks tracked in the Indian River Lagoon. B1–B9 were actively tracked (16 tracking sessions),
and B10 was passively tracked by fixed acoustic receivers (UD = utilization distribution; LI = linearity index).

FL Track Start Distance 95% 50%
Shark (cm) Sex session date Duration (km) UD (km2) UD (km2) LI

B1 71 F a 22 Aug 03 11.25 h 14.52 2.778 0.286 0.08
b 23 Aug 03 5.50 h 8.71 2.091 0.593 0.04
c 2 Sep 03 5.00 h 6.86 0.335 0.053 0.01

B2 94 M a 12 Mar 04 26.00 h 5.57 0.305 0.026 0.05
b 19 Mar 04 4.00 h 4.88 0.207 0.053 0.04

B3 82 F a 7 May 04 2.00 h 1.11 0.104 0.019 0.37
B4 79 F a 11 Jun 04 16.25 h 3.23 0.069 0.010 0.11

b 12 Jun 04 5.75 h 2.82 0.141 0.018 0.05
B5 82 F a 24 May 05 12.50 h 6.62 1.085 0.137 0.03
B6 83 F a 18 May 05 7.25 h 1.53 0.032 0.006 0.19

b 19 May 05 8.00 h 0.31 0.001 <0.001 0.12
B7 60 F a 7 Jun 05 3.00 h 0.38 0.017 0.001 0.23
B8 66 M a 21 Jul 05 15.00 h 10.14 0.841 0.148 0.24

b 4 Aug 05 6.00 h 4.36 0.605 0.087 0.20
B9 65 M a 23 Jul 05 4.25 h 1.17 0.058 0.014 0.35

b 24 Jul 05 6.00 h 4.94 0.649 0.084 0.12
B10 60 M Passive 5 Jun 04 156 d
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32 CURTIS ET AL.

FIGURE 2. Active acoustic tracking positions (yellow circles) of Bull Shark B1 in Mosquito Lagoon. Note the extensive fringing seagrass beds and relative lack
of shoreline development.

FIGURE 3. Active acoustic tracking positions (yellow circles) of Bull Sharks B2 and B3 near two power plant outfalls (labeled “1” and “2”) in the Port St. John
area. The red stars indicate the locations of thermal outfalls, and the blue triangles symbolize the locations of fixed VR2 receivers. Inset: Detection record of Bull
Shark B10 from two VR2 receivers placed near the power plant outfalls between June and November 2004.
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FIGURE 4. Active acoustic tracking positions (yellow circles) of Bull Sharks B4, B5, B6, B7, and B8 in the vicinity of Crane Creek in Melbourne. Note the high
density of positions in the boat marina area.

in the vicinity of Crane Creek in Melbourne (sharks B4, B8,
and B9 were released outside of the creek and sharks B5, B6,
and B7 were released within the creek; Figures 4 and 5). Sharks
B1, B4, B8, and B9 were released into natural habitats, while
sharks B2, B3, B5, B6, and B7 were released into habitats we

FIGURE 5. Active acoustic tracking positions of Bull Sharks B4–B9 in the
vicinity of Crane Creek during dry periods (orange circles) and wet periods (blue
circles). The green areas delineate seagrass beds, and the red line represents the
Intracoastal Waterway (ICW). The gray lines are 1 m bathymetric contours.

defined as altered. The cumulative total of time spent
tracking the sharks was 137.5 h (517 positions), with a mean
( ± 1 SD) duration of 8.6 ± 6.3 h. Additional details on each
shark track are provided by Curtis (2008).

Movements and Activity Space
The mean ( ± 1 SD) rate of movement of the actively tracked

sharks was 0.22 ± 0.24 m/s (0.28 ± 0.19 body lengths
per s). Total track distances ranged from 0.31 to 14.52 km
(mean = 4.82 ± 3.92 km), and total activity spaces (95%
UDs) ranged from <0.01–2.78 km2 (mean = 0.58 ± 0.80 km2;
Table 1). Core area sizes (50% UDs) were very small, ranging
from <0.01 to 0.59 km2 (mean = 0.10 ± 0.15 km2; Table 1).
Despite short tracks, there was no significant difference in ac-
tivity space between tracks lasting longer than 6 h in duration
and those lasting less than 6 h (t-test: P = 0.25). Some of the
longest tracks had among the smallest activity spaces (e.g., B2a
and B4a; Table 1). Therefore, we assumed that track durations
were sufficiently long to assess short-term activity space.

The LI for each track ranged from 0.01 to 0.37 (mean =
0.14 ± 0.11), which indicated that movements of Bull Sharks
tended to be nonlinear (Table 1). All tracks were typified by
frequent area re-use and repeated back-and-forth movements,
rather than directed movements concentrated in a particular di-
rection.

The single Bull Shark (B10) that was tagged with a long-
term coded transmitter and passively monitored, demonstrated
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34 CURTIS ET AL.

long-term site-attachment behavior. The shark was tagged on
5 June 2004 off the northern power plant outfall (Plant No.
2), in the same area as shark B3 (Figure 3). The other power
plant outfall (Plant No. 1) was located 3.4 km south of Plant
No. 2. Shark B10 was detected at one of the two outfalls on
123 of the subsequent 156 d leading up to 3 November 2004,
after which it was no longer detected (Figure 3, inset). The
shark spent most of its time just off of Plant No. 2, but it also
spent a considerable amount of time near the outfall for Plant
No. 1 (Figure 3). On several days, the shark was detected at
both power plants. During this period, the shark also made a
single foray to a third listening station approximately 6 km
north of Plant No. 2, but returned to the outfall areas within two
days.

Habitat Use and Selection
Tracked Bull Sharks utilized depths of 0.2–3.9 m (mean =

1.6 ± 0.8 m), temperatures of 18.5–34.2◦C (mean = 28.3 ±
4.5◦C), salinities of 1.2–31.9‰ (mean = 19.0 ± 9.3‰), and
DO concentrations of 1.8–8.2 mg/L (mean = 5.6 ± 1.5 mg/L).
These parameters largely reflect the range of available condi-
tions in the IRL during spring and summer months, when the
sharks were most abundant in the study area (Curtis et al. 2011).
The general habitat types used by the sharks during tracking
included open sand or mud flats, which are typically found
beyond the margin of fringing seagrass meadows (34.4% of
positions), estuarine creeks (25.5% of positions), power plant
outfalls (20.7% of positions), seagrass beds (11.7% of posi-
tions), and dredged channels, including the Intracoastal Water-
way (5.4% of positions).

Salinity was the only abiotic factor monitored that appeared
to have a notable effect on the habitat use of the sharks. The space
utilized by the Bull Sharks tracked near Crane Creek (B4–B9)
varied between dry periods and wet periods (Figure 5). Use of
altered creek habitats was higher during dry periods (i.e., when
the creek salinity was >10‰ on the surface and >27‰ on the
bottom, and the open lagoon salinity was >27‰). Following
rain events, which lowered creek surface salinity to <10‰,
creek bottom salinity to <20‰, and open lagoon salinity to
<20‰ (wet periods), the sharks utilized habitats in the open
lagoon adjacent to the creek more often (Figure 5). Even though
the spatial distributions of the tracks were different between dry
and wet periods, approximately 75% of positions during both
periods were in salinities greater than 11‰.

When all tracking positions from all of the sharks were
pooled, 51% were located in altered habitat. Any difference
in use of altered habitat between tracks lasting less than 6 h
and longer than 6 h was not significant (t-test: P = 0.34), so
it was assumed that all tracks were sufficiently long to assess
short-term habitat use. All sharks except B1 used altered habitat
to some degree, with 12 of the 16 active tracks (75%) including
at least some positions in altered habitat. The southern portion
of Mosquito Lagoon, B1’s predominant habitat, is relatively
pristine; this shark mainly swam back and forth along a transi-
tion zone between seagrass and sand bottom. During tracking,

FIGURE 6. Use and selection of altered habitats by Bull Sharks B2–B9 (subset
of tracks where any use of altered habitat occurred). The black bars represent
the proportion of observed positions within altered habitats, and the gray bars
represent the proportion of randomized positions within altered habitats. The
asterisks indicate tracks where the observed proportion was significantly greater
than the randomized proportion, suggesting selection.

it was never closer than 2 km from the nearest altered habitat
(the Intracoastal Waterway; Figure 2). Of the 12 tracks involv-
ing use of altered habitats, the percent of positions per track
within altered habitat ranged from 4 to 100% (mean = 66 ±
40%; Figure 6). Sharks B2 and B3 were tracked in the power
plant outfalls near Port St. John (Figure 3), and 100% of their
positions were within the altered habitat area (Figure 6), where
warm water effluents were as much as 13◦C above ambient la-
goon water temperatures. The sharks tracked near Crane Creek
(B4–B9) spent 0–100% of their time in altered habitat during
tracking (mean = 49 ± 42%), with sharks B4, B6, and B7
spending more than 80% of their time in such areas (Figure 6).
Most of the utilized altered habitat was in Crane Creek (dredged
channel and boat marina; Figure 4), but also included were a
boat ramp area, a causeway edge, and the Intracoastal Waterway
(Figures 4 and 5).

The proportion of observed positions in altered habitats was
higher than the proportion of CRW positions in altered habitat in
8 tracks (50%). However, significant selection for altered habitat
was only detected in 6 tracks (three individuals; Figure 6). Shark
B2 demonstrated selection for the outfall of Power Plant 1 (Fig-
ure 3). Shark B4 demonstrated selection for the boat marina area
of Crane Creek (Figure 4). Finally, shark B8 demonstrated se-
lection for the causeway/bridge area and Intracoastal Waterway
channel adjacent to Crane Creek (Figure 5).

DISCUSSION
Tracking data from the present study indicated that Bull

Sharks use, and in some cases demonstrate selection for, human-
altered habitats within the IRL. Short-term active tracking and
preliminary long-term passive tracking both indicate that (1)
Bull Sharks in this system typically show restricted movements
(i.e., small activity spaces, nonlinear movement paths), and (2)
those movements are frequently tied to habitats that have been
altered and degraded by human activity, including dredged es-
tuarine creeks, marinas, dredged channels, and power plant out-
falls. A pattern of restricted movements and small activity spaces
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has been observed in other active tracking studies of Bull Sharks
(Steiner and Michel 2007; Ortega et al. 2009), but these studies
occurred in comparatively less developed regions. The presence
of Bull Sharks in altered habitats within the IRL was previously
documented by Curtis et al. (2011), and the results of the present
study provide further support to the suggestion that Bull Sharks
frequently use these areas.

The coastal region in which the IRL is located has under-
gone dramatic human population growth and development over
the last century (Gilmore 1995; IRLNEP 2008; Taylor 2012).
One could argue that the entire IRL is “altered.” Human activity
in this region has been tied to significant losses of seagrasses,
saltmarshes, and fringing mangroves (Gilmore 1995; Virnstein
et al. 2007; Taylor 2012); reduced water quality; and nutri-
ent enrichment and contamination (Sigua et al. 2000; Johnson-
Restrepo et al. 2005; IRLNEP 2008); and even the extirpation
of a once abundant elasmobranch, the Smalltooth Sawfish Pris-
tis pectinata (Snelson and Williams 1981). Despite long-term
declines in overall habitat quality in the system, we selected for
this analysis habitat areas that represent a conservative definition
for “altered,” and include the most conspicuous deviations from
natural habitat. This approach has allowed us to assess a “best
case scenario” for exposure of Bull Sharks to degraded habi-
tat. Therefore, even when we excluded all other known habitat
degradations in the IRL, the Bull Sharks tracked in this study
still appeared to spend significant amounts of their time asso-
ciated with altered habitat. This pattern raised the questions of
why Bull Sharks frequent these areas and what are the potential
consequences for their populations in light of ongoing habitat
destruction and change.

It is possible our results were somewhat skewed, based upon
the locations where sharks were captured and released within
the IRL. Use of altered habitat areas would be expected to be
higher when sharks were released in or adjacent to altered habi-
tat. For example, our results probably would have been very
different if all tracking took place in the comparatively pristine
Mosquito Lagoon. However, our conservative definition for al-
tered habitat means that those habitats have comparatively low
availability in the system overall. Regardless of whether the
tagged sharks were released within or outside of altered habi-
tats, each individual had accessibility to both habitat types. This
is especially true when track distances are compared to the dis-
tance from the release location to one habitat or the other (i.e., all
track distances were greater than the distance from the release
point to altered or natural habitats, and all of the sharks could
have selected to swim to either habitat type). Had tracks been
more directed (i.e., higher LI values), the availability of natural
habitats, as generated by the randomization procedure, would
have generally been higher. However, the observation that these
Bull Sharks displayed nonlinear movements and small activ-
ity spaces may have partially biased habitat selection towards
the type of the predominant surrounding habitat. Therefore, we
suggest caution when extrapolating our results to the IRL Bull
Shark population as a whole. The IRL is an expansive ecosys-

tem, and Bull Sharks are found in a broad range of habitats
(Snelson et al. 1984; Curtis et al. 2011). Continued tracking
research is necessary to more completely characterize the range
of habitats preferred by different sharks.

Habitat use by sharks in nursery areas is thought to be
influenced by environmental preferences (e.g., temperature,
salinity, DO), predator avoidance, and/or prey distribution
(Simpfendorfer et al. 2005; Steiner and Michel 2007; Heupel
and Simpfendorfer 2008; Heithaus et al. 2009; Grubbs 2010).
An important factor influencing the seasonal occurrence of Bull
Sharks in the IRL is temperature (Snelson et al. 1984; Curtis
et al. 2011). However, our tracking also revealed that fluctua-
tions in salinity affected local habitat use (Figure 5), a pattern
that has been observed in other Bull Shark nurseries (Heupel and
Simpfendorfer 2008; Ortega et al. 2009). However, whether the
apparent shift in habitat use was a direct response to changing
salinity, or possibly changing flow rates (not measured in this
study), or an indirect effect driven by the movements of prey
is unclear. Consistent with the behavioral osmoregulation hy-
pothesis (Simpfendorfer et al. 2005; Heupel and Simpfendorfer
2008), movement out of Crane Creek was observed following
precipitation events. Bull Sharks may actively follow the salin-
ity regime to which they were already acclimated (in this case,
water salinity > 11‰), rather than remain in the same location
and physiologically osmoregulate to a lower salinity environ-
ment. Therefore, following precipitation events, it is probably
less energetically costly for Bull Sharks to move to open lagoon
habitats than remain in Crane Creek and acclimate; i.e., since
such sharks would be hyperosmotic to their environment, they
would increase urine production with the influx of water (Pillans
and Franklin 2004; Pillans et al. 2005). This behavior has the
added effect of influencing Bull Sharks in the IRL to move out of
highly affected creeks into more natural habitat areas (Figure 5).
More monitoring of habitat use (on sharks and their prey) and
physiological research on the energetic costs of osmoregulation
would improve our understanding of this phenomenon.

Predator avoidance probably does not have a large influ-
ence on habitat use by immature Bull Sharks in the IRL, as
large predators are relatively scarce (Curtis et al. 2011); how-
ever, the distribution of prey probably does. Some of the al-
tered habitats frequently used by IRL Bull Sharks, including
dredged creeks and power plant outfalls, have the effect of con-
centrating prey resources into small areas. The geomorphol-
ogy of Crane Creek, particularly in the boat basin area (Fig-
ure 4), provides structure and refuge for prey species such as
mullet Mugil spp., Hardhead Catfish Ariopsis felis, Gafftop-
sail Catfish Bagre marinus, and other fishes (Snelson et al.
1984), confining them to an area of approximately 200 ×
200 m. Numerous age-0 and juvenile Bull Sharks have been
visually observed hunting surface-oriented Mullet shoals within
Crane Creek, occasionally breaching out of the water in pursuit
(Curtis and Macesic 2011). Power plant outfalls also concen-
trate prey, especially during colder periods, when a variety of
species use the effluents as thermal refugia (Laist and Reynolds
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2005; Curtis 2008). Prey distribution patterns also probably in-
fluence the utilization of seagrass and sand substrates, where
Hardhead Catfish, Gafftopsail Catfish, Bluntnose Stingrays
Dasyatis say, and Atlantic Stingrays D. sabina are abundant
(Snelson and Williams 1981; T. Curtis, unpublished data). If
Bull Shark movements and habitat use reflect optimal foraging
(energy maximization) strategies, then they will presumably se-
lect habitats with the highest prey densities. Therefore, Bull
Sharks in the IRL may, in part, demonstrate habitat selection for
altered areas due to their prey benefits. As completely pristine
habitats have disappeared, altered habitats may have become
increasingly important substitutes to serve the nursery role for
Bull Sharks and other species (Jud et al. 2011). Simultaneous
monitoring of predator and prey distributions would provide
further insights into this hypothesis. However, it seems clear that
immature Bull Sharks in the IRL select their habitats based upon
a combination of physical and biological preferences, which at
times results in significant exposure to degraded habitats.

Preying upon fish aggregations in altered habitat areas pro-
vides one possible explanation for why Bull Sharks in the IRL
accumulate high loads of contaminants such as mercury, poly-
chlorinated biphenyls, and several brominated flame retardants
(Adams et al. 2003; Johnson-Restrepo et al. 2005, 2008). Up-
take of these toxic substances into the food web begins with
absorption by primary producers and detritivores, and is bio-
magnified to higher trophic levels through consumption (e.g.,
Adams and Paperno 2012). Since Bull Sharks are apex predators
in the IRL, their tissues contain among the highest contamina-
tion levels of any Florida marine species tested, and contaminant
concentrations have increased exponentially in recent decades
(Adams et al. 2003; Johnson-Restrepo et al. 2005). This can, in
turn, be further biomagnified in human consumers who choose
to catch and eat Bull Sharks. Indian River Lagoon Bull Shark
tissues have been documented to exceed safe mercury levels for
human consumption specified by the U.S. Food and Drug Ad-
ministration (Adams et al. 2003); therefore, habitat degradation
could result in health issues for local human populations. This
also may possibly reach a toxic threshold for developing young
sharks, an amount for which we have little understanding.

Bull Sharks in the IRL have probably also been exposed to a
plethora of contaminants for which they have not yet been tested.
Uptake of pharmaceutical and personal care products (e.g., hu-
man contraceptives, prescription drugs, skin care products, etc.),
polycyclic aromatic hydrocarbons (from fossil fuel combus-
tion), synthetic organic compounds (from pesticides, fertilizers,
etc.), and various heavy metals (from antifouling, anticorrosion
paints and other sources) can also occur in altered habitat ar-
eas that concentrate storm runoff (e.g., Crane Creek; Kennish
2002). The effects of these contaminants on shark health are
poorly studied but could include immunosuppression, endocrine
disruption, cell damage, impaired growth and reproduction, or
other effects that could result in reduced survival and recruitment
(Kennish 2002; Gelsleichter and Walker 2010; Sanchez et al.

2011; Adams and Paperno 2012; Mull et al. 2012). Virtually
nothing is known about the cumulative and potential synergistic
effects of all of these pollutants on estuarine species.

Ultimately, these broad habitat degradations could reduce the
productivity of the IRL as a Bull Shark nursery, and therefore,
affect the sustainability of regional populations. Bull Sharks
rely on IRL habitats for up to the first 9 years of their lives
(Curtis et al. 2011), or about 24% of their estimated lifespan
(Neer et al. 2005). This prolongs their exposure to degrading
habitat conditions and increases the bioaccumulation of contam-
inants. Some Bull Shark nursery areas in the Gulf of Mexico
have also experienced variatious habitat degradations (Black-
burn et al. 2007; Heupel and Simpfendorfer 2008), potentially
further reducing juvenile recruitment to western North Atlantic
stocks. Since Bull Sharks, like many elasmobranchs, have been
subject to increased fishing mortality in recent decades (NMFS
2006), nursery area degradation is probably exacerbating other
stresses that already affect their populations. Numerous shark
species depend on these productive estuarine areas in their early
life stages (e.g., Branstetter 1990; Heupel et al. 2007; Grubbs
2010; Heupel and Simpfendorfer 2011). Restoration of altered
nursery habitats and mitigation of contamination may promote
improvements in their sustainability, and help the IRL ecosys-
tem return to a more productive state. However, more research
is needed to more completely understand the consequences of
short- and long-term exposure of nursery-dependent species to
altered estuarine habitats.

ACKNOWLEDGMENTS
This study would not have been possible without the assis-

tance of the individuals who volunteered their time to assist
with tagging and tracking: Tabitha Vigliotti, Travis Ford, Laura
Macesic, Bryan Delius, Eric Reyier, Taylor Sullivan, Steve
Larsen, David McGowan, Rachel Schwab, Shannon Rolfe,
Jennifer Zimmerman, Charlene Mauro, Travis Minter, Erika
Wasner, and Rena Bryan. We thank Franklin Snelson, Jr.,
Michelle Heupel, Ed Phlips, and Doug Adams for input and
guidance over the course of this study. For various forms of
logistical support during field work, we thank Merritt Island
National Wildlife Refuge, Canaveral National Seashore, and
Florida Fish and Wildlife Research Institute. Assistance with
GIS was provided by Dean Szumylo. We greatly appreciate
comments provided by Yannis Papastamatiou on an earlier
version of this manuscript, as well as comments provided by
two anonymous reviewers. This research was funded by grants
from the NMFS Highly Migratory Species Division to the Na-
tional Shark Research Consortium (NA17FL2813) and the Dis-
ney Wildlife Conservation Fund (UF-03-13). The project was
carried out under permits from the Florida Fish and Wildlife
Conservation Commission (permit 02R-718), Merritt Island Na-
tional Wildlife Refuge (permit SUP 35 Burgess), and Canaveral
National Seashore (permit CANA-2002-SCI-0007).

Downloaded From: https://complete.bioone.org/journals/Marine-and-Coastal-Fisheries:-Dynamics,-Management,-and-Ecosystem-Science on 19 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



NOTE 37

REFERENCES
Adams, D. H., and R. H. McMichael Jr. 1999. Mercury levels in four species

of sharks from the Atlantic coast of Florida. U.S. National Marine Fisheries
Service Fishery Bulletin 97:372–379.

Adams, D. H., R. H. McMichael Jr., and G. E. Henderson. 2003. Mercury levels
in marine and estuarine fishes of Florida 1989–2001. Florida Marine Research
Institute Technical Report TR-9, 2nd edition, revised.

Adams, D. H., and R. Paperno. 2012. Stable isotopes and mercury in a model es-
tuarine fish: multibasin comparisons with water quality, community structure,
and available prey base. Science of the Total Environment 414:445–455.

Beck, M. W., K. L. Heck Jr., K. W. Able, D. L. Childers, D. B. Eggleston, B. M.
Gillanders, B. Halpern, C. G. Hays, K. Hoshino, T. J. Minello, R. J. Orth,
P. F. Sheridan, and M. P. Weinstein. 2001. The identification, conservation,
and management of estuarine and marine nurseries for fish and invertebrates.
BioScience 51:633–641.

Blackburn, J. K., J. A. Neer, and B. A. Thompson. 2007. Delineation of Bull
Shark nursery areas in the inland and coastal waters of Louisiana. Pages 331–
343 in C. T. McCandless, N. E. Kohler, and H. L. Pratt Jr., editors. Shark
nursery grounds of the Gulf of Mexico and the East Coast waters of the United
States. American Fisheries Society, Symposium 50, Bethesda, Maryland.

Branstetter, S. 1990. Early life-history implications of selected carcharhinoid
and lamnoid sharks of the Northwest Atlantic. Pages 17–28 in H. L. Pratt Jr.,
S. H. Gruber, and T. Taniuchi, editors. Elasmobranchs as living resources:
advances in the biology, ecology, systematics, and the status of the fisheries.
NOAA Technical Report NMFS 90.

Carlisle, A. B., and R. M. Starr. 2009. Habitat use, residency, and seasonal
distribution of female Leopard Sharks Triakis semifasciata in Elkhorn Slough,
California. Marine Ecology Progress Series 380:213–228.

Compagno, L. J. V. 1984. Sharks of the world: an annotated and illustrated
catalogue of shark species known to date—part 2. carcharhiniformes. FAO
(Food and Agriculture Organization of the United Nations) Fisheries Synopsis
125, FAO Species Catalogue, Volume 4, Part 2, Rome.

Cooke, S. J., C. M. Bunt, and J. F. Schreer. 2004. Understanding fish behavior,
distribution, and survival in thermal effluents using fixed telemetry arrays: a
case study of Smallmouth Bass in a discharge canal during winter. Environ-
mental Management 33:140–150.

Curtis, T. H. 2008. Distribution, movements, and habitat use of Bull Sharks
(Carcharhinus leucas, Müller and Henle 1839) in the Indian River Lagoon
system, Florida. Master’s thesis. University of Florida, Gainesville.

Curtis, T. H., D. H. Adams, and G. H. Burgess. 2011. Seasonal distribution
and habitat associations of Bull Sharks in the Indian River Lagoon, Florida: a
30-year synthesis. Transactions of the American Fisheries Society 140:1213–
1226.

Curtis, T. H., and L. J. Macesic. 2011. Observations of breaching behavior in
juvenile Bull Sharks, Carcharhinus leucas. Florida Scientist 74:253–257.

Gelsleichter, J., and C. J. Walker. 2010. Pollutant exposure and effects in sharks
and their relatives. Pages 491–537 in J. C. Carrier, J. A. Musick, and M. R.
Heithaus, editors. Sharks and their relatives II: biodiversity, adaptive physi-
ology, and conservation. CRC Press, Boca Raton, Florida.

Gilmore, R. G. 1977. Fishes of the Indian River Lagoon and adjacent wa-
ters, Florida. Bulletin of the Florida State Museum, Biological Sciences 22:
101–147.

Gilmore, R. G. 1995. Environmental and biogeographic factors influencing
ichthyofaunal diversity: Indian River Lagoon. Bulletin of Marine Science
57:153–170.

Grubbs, R. D. 2010. Ontogenetic shifts in movements and habitat use. Pages
319–350 in J. C. Carrier, J. A. Musick, and M. R. Heithaus, editors. Sharks
and their relatives II: biodiversity, adaptive physiology, and conservation.
CRC Press, Boca Raton, Florida.

Heithaus, M. R., B. K. Delius, A. J. Wirsing, and M. M. Dunphy-Daly. 2009.
Physical factors influencing the distribution of a top predator in a subtropical
oligotrophic estuary. Limnology and Oceanography 54:472–482.

Heithaus, M. R., I. M. Hamilton, A. J. Wirsing, and L. M. Dill. 2006. Validation
of a randomization procedure to assess animal habitat preferences: microhab-

itat use of Tiger Sharks in a seagrass ecosystem. Journal of Animal Ecology
75:666–676.

Heupel, M. R., J. K. Carlson, and C. A. Simpfendorfer. 2007. Shark nursery
areas: concepts, definition, characterization and assumptions. Marine Ecology
Progress Series 337:287–297.

Heupel, M. R., and C. A. Simpfendorfer. 2008. Movement and distribution of
young Bull Sharks Carcharhinus leucas in a variable estuarine environment.
Aquatic Biology 1:277–289.

Heupel, M. R., and C. A. Simpfendorfer. 2011. Estuarine nursery areas provide
a low-mortality environment for young Bull Sharks Carcharhinus leucas.
Marine Ecology Progress Series 433:237–244.

Hooge, P. N., and B. Eichenlaub. 2000. Animal movement extension to ArcView,
version 2.0. U.S. Geological Survey, Alaska Science Center, Biological Sci-
ence Office, Anchorage.

IRLNEP (Indian River Lagoon National Estuary Program). 2008. Indian
River Lagoon comprehensive conservation and management plan update
2008. IRLNEP, St. Johns River Water Management District, Palm Bay,
Florida.

Jennings, D. E., S. H. Gruber, B. R. Franks, S. T. Kessel, and A. L. Robertson.
2008. Effects of large-scale anthropogenic development on juvenile Lemon
Shark (Negaprion brevirostris) populations of Bimini, Bahamas. Environ-
mental Biology of Fishes 83:369–377.

Johns, G. M., J. Kiefer, S. Blacklocke, and D. Sayers. 2008. Indian River Lagoon
economic assessment and analysis update. Indian River Lagoon National Es-
tuary Program, St. Johns River Water Management District, Contract 24706,
Final Report, Palm Bay, Florida.

Johnson-Restrepo, B., D. H. Adams, and K. Kannan. 2008. Tetrabromobisphe-
nol A (TBBPA) and hexabromocyclododecanes (HBCDs) in tissues of hu-
mans, dolphins, and sharks from the United States. Chemosphere 70:1935–
1944.

Johnson-Restrepo, B., K. Kannan, R. Addink, and D. H. Adams. 2005. Poly-
brominated diphenyl ethers and polychlorinated biphenyls in a marine food-
web of coastal Florida. Environmental Science and Technology 39:8243–
8250.

Jud, Z. R., C. A. Layman, and J. M. Shenker. 2011. Diet of age-0 tarpon (Mega-
lops atlanticus) in anthropogenically-modified and natural nursery habitats
along the Indian River Lagoon, Florida. Environmental Biology of Fishes
90:223–233.

Kennish, M. J. 2002. Environmental threats and environmental future of estu-
aries. Environmental Conservation 29:78–107.

Laist, D. W., and J. E. Reynolds III. 2005. Influence of power plants and other
warm-water refuges on Florida manatees. Marine Mammal Science 21:739–
764.

Lotze, H. K., H. S. Lenihan, B. J. Bourque, R. H. Bradbury, R. G. Cooke, M. C.
Kay, S. M. Kidwell, M. X. Kirby, C. H. Peterson, and J. B. C. Jackson. 2006.
Depletion, degradation, and recovery potential of estuaries and coastal seas.
Science 312:1806–1809.

Mull, C. G., M. E. Blasius, J. B. O’Sullivan, and C. G. Lowe. 2012. Heavy
metals, trace elements, and organochlorine contaminants in muscle and liver
tissue of juvenile White Sharks, Carcharodon carcharias, from the Southern
California Bight. Pages 59–75 in M. L. Domeier, editor. Global perspectives
on the biology and life history of the White Shark. CRC Press, Boca Raton,
Florida.

Neer, J. A., B. A. Thompson, and J. K. Carlson. 2005. Age and growth of
Carcharhinus leucas in the northern Gulf of Mexico: incorporating variability
in size at birth. Journal of Fish Biology 67:370–383.

NMFS (National Marine Fisheries Service). 2006. SEDAR 11 stock assessment
report: large coastal shark complex, Blacktip and Sandbar Shark. National
Oceanic and Atmospheric Administration, NMFS, Highly Migratory Species
Management Division, Silver Spring, Maryland.

Ortega, L. A., M. R. Heupel, P. Van Beynen, and P. J. Motta. 2009. Movement
patterns and water quality preferences of juvenile Bull Sharks (Carcharhi-
nus leucas) in a Florida estuary. Environmental Biology of Fishes 84:361–
373.

Downloaded From: https://complete.bioone.org/journals/Marine-and-Coastal-Fisheries:-Dynamics,-Management,-and-Ecosystem-Science on 19 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



38 CURTIS ET AL.

Pillans, R. D., and C. E. Franklin. 2004. Plasma osmolyte concentrations and
rectal gland mass of Bull Sharks Carcharhinus leucas, captured along a
salinity gradient. Comparative Biochemistry and Physiology 138A:363–371.

Pillans, R. D., J. P. Good, W. G. Anderson, N. Hazon, and C. E. Franklin. 2005.
Freshwater to seawater acclimation of juvenile Bull Sharks (Carcharhinus
leucas): plasma osmolytes and Na+ /K+ -ATPase activity in gill, rectal gland,
kidney and intestine. Journal of Comparative Physiology B 175:37–44.

Rechisky, E. L., and B. M. Wetherbee. 2003. Short-term movements of juve-
nile and neonate Sandbar Sharks, Carcharhinus plumbeus, on their nursery
grounds in Delaware Bay. Environmental Biology of Fishes 68:113–128.

Sanchez, W., W. Sremski, B. Piccini, O. Palluel, E. Maillot-Maréchal, S.
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