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sharks belonging to both depth distribution categories
and making up both individuals that did not fit into cate-
gories. Females also belonged to both depth distribution
categories. Similarly, on the basis of size, both mature (FL
> ~260 cm) and immature animals occurred in both
surface-oriented and bimodal-shallow depth categories.
Further, horizontal movement undertaken by the sharks
(short vs. long horizontal displacements) also did not
correspond with depth distribution. Displacements of
<100 km and >350 km were each observed for individu-
als from both depth distribution categories.

Examination of both behavioral types at finer scales
revealed that sharks belonging to a behavioral type did
not necessarily engage in similar dive behaviors. Typical
dive depths differed among group members for both of
these depth distribution categories. Bimodal-shallow
sharks, however, showed far greater variety in their dive
behaviors than surface-oriented sharks. Bimodal-shallow
sharks varied greatly in the frequency of deep diving
behavior over short and long time periods. Daily timing
of deep dives also varied among bimodal-shallow sharks,
with three sharks primarily performing deep dives during
the daytime and two sharks performing these dives
mainly during the nighttime. The variability observed in
bimodal-shallow sharks suggests a cautionary perspective
when interpreting vertical habitat use solely on the basis
of depth distributions, because animals with similar depth
distributions could be using the water column quite dif-
ferently; therefore, depth distributions alone may inade-
quately elucidate vertical habitat use patterns.

Behavioral variability has often been attributed to dif-
fering environmental conditions (e.g., Sims et al. 2005;
Queiroz et al. 2012). Examination of several of these fac-
tors, however, failed to explain vertical habitat use and
the variability observed among tiger sharks. At the broad
scale, for example, there was no obvious connection
between behavioral type and season, with surface-oriented
and bimodal-shallow sharks tagged across multiple
months (March and June; and March, June and October,
respectively) or between behavioral type and tagging loca-
tion, with bimodal-shallow sharks tagged in the USVI and
Bermuda. At finer scales, thermal gradients are one factor
that can influence vertical movement patterns. For exam-
ple, many fishes in the pelagic environment limit the
majority of their movements to the isothermal layer (e.g.,
Walli et al. 2009; Weng et al. 2009; Chiang et al. 2011).
Tiger sharks, however, typically experienced a water col-
umn that was isothermal to depths of 80-100 m and
most sharks spent a very large proportion of their time at
depths well above the lower boundary of the isothermal
layer. In addition, the lower boundary of the isothermal
layer was deeper than the self-imposed depth floor dis-
played by tiger sharks when not making deep dives, so
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thermal gradients do not explain differing vertical habitat
use. Although temperature does not appear to be a major
factor limiting the depth of yo-yo dives in the upper
water column, it may influence the time tiger sharks
spend at depth. During deep dives tiger sharks often
experienced temperature changes of >8°C and the deep
dives tended to be short in duration. Oxygen levels, which
are also known to limit dive behavior in pelagic species
(Prince and Goodyear 2006; Prince et al. 2010), likely did
not provide a barrier to the depth of tiger shark in this
study because oxygen levels throughout the water column
in these parts of the western North Atlantic Ocean are
higher than levels that are thought to restrict the diving
behavior of shortfin mako and white sharks movements
(Nasby-Lucas et al. 2009; Garcia et al. 2010; Abascal et al.
2011), which have higher metabolic rates than ectother-
mic sharks (Sepulveda et al. 2007; Bernal et al. 2012) and
therefore higher oxygen requirements.

Dive behaviors could also be a means of orientation. It
has been suggested that sharks, including tiger sharks, use
cognitive maps of their home ranges to orient at various
spatial scales (Meyer et al. 2010; Papastamatiou et al.
2011). Tiger sharks may use deep dives to find their bear-
ings. In fact, deep dives by tiger sharks in Hawaii were
infrequent and tended to occur as sharks were leaving or
approaching shallow banks (Holland et al. 1999). Sharks #7
and #8 in our study showed limited horizontal displace-
ment over their tracks, and immediately before or after
deep dives were often associated with depths consistent
with the edge of the platform. It is therefore feasible that
deep dives by these individuals could coincide with move-
ments off of or on to the platform, as observed in Hawaii.
Another hypothesis suggests deep dives may be useful in
navigation on the basis of differences in the Earth’s mag-
netic field across depths (Klimley et al. 2002). We observed
deep dives of varying frequency by tiger sharks engaged in
long-distance directional movements as well as relatively
local movements. The high frequency of deep dives by
some sharks (e.g., sharks #4 and #5) that appeared to stay
in the vicinity of the Puerto Rico—Virgin Islands platform
suggests that navigation via magnetic fields was not the pri-
mary reason for these dives. Although this does not pre-
clude navigation via magnetic fields as a factor in the deep
diving behavior of tiger sharks making long-distance direc-
tional movements, such navigational deep dives have been
associated with sunrise and sunset (Willis et al. 2009),
which was not observed in any of the tiger sharks.

Although physical factors may have some influence on
the vertical distribution of tiger sharks, and yo-yo diving
may be an energetically efficient means of maximizing
horizontal distance travelled (Iosilevskii et al. 2012), for-
aging behavior may also be an explanation for many of
the observed vertical movements and interindividual
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variability. Tiger sharks have a broad dietary breadth,
feeding on fish, invertebrates, marine mammals, marine
reptiles, and birds (Lowe et al. 1996; Simpfendorfer et al.
2001), suggesting plasticity in foraging behaviors. Given
this potential plasticity and the low productivity of envi-
ronments such as tropical waters and the open ocean, it
is possible that in response to low prey abundance tiger
sharks may diversify their dive behaviors as individuals
target different prey resources (Tinker et al. 2007, 2008).
Furthermore, even if individual sharks are not targeting
different prey, variability in dive behaviors could arise in
response to patchy prey distributions, which are common
in pelagic waters. Searching the water column for patchy
prey could explain the variability and lack of a pattern
seen in the deep diving behavior among bimodal-shallow
sharks. We recognize, however, that depth limitations
when sharks were over the Puerto Rico—Virgin Islands
platform (30-50 m depth) could also have obscured deep
diving behavioral patterns.

Periods of deeper dives may represent an expanding of
the foraging arena when shallow water prey is scarce. The
presence of deep water crabs in the stomachs of tiger
sharks (Rancurel and Intes 1982; J. J. Vaudo, pers. obs.)
confirms that tiger sharks do feed in deeper waters, and
such prey items are likely found on the slope of the
Puerto Rico—Virgin Islands platform. A shift from
extended periods above the thermocline to periods of fre-
quent dives below the thermocline in common thresher
sharks has been interpreted as a response to regional dif-
ferences in prey availability (Cartamil et al. 2011), and
short-term excursions to deeper waters have also been
associated with successful foraging events in shortfin
mako sharks (Sepulveda et al. 2004). Blue sharks have
also been reported to alter their dive behaviors in
response to prey availability (Humphries et al. 2010).

Given the extremely varied tiger shark diet, it is also
likely that a wide variety of tactics are used to capture dif-
ferent prey types. Surface-oriented sharks and shark #4
showed very consistent diel dive patterns throughout their
tracks (10-29 days), which are similar to those observed in
large pelagic predators, such as tunas and billfishes (e.g.,
Goodyear et al. 2008; Walli et al. 2009; Weng et al. 2009;
Hoolihan et al. 2011), and have been linked to foraging on
vertically migrating prey. Interestingly, the dive pattern of
surface-oriented sharks was the opposite of other large
pelagic predators (i.e., sharks made repeated deep dives
during the nighttime and were shallower during the day-
time). If these dive patterns in tiger sharks are reflective of
foraging behavior, these sharks may be targeting a deeper
water prey base that is constant both temporally and
spatially, such as deep sea cephalopods (Smale and Cliff
1998), which are likely to be more accessible during the
night. These consistent dive behaviors were observed in
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USVI-tagged sharks tagged in different seasons and engag-
ing in different horizontal movements (i.e., sharks that
remained around the Puerto Rico-Virgin Islands platform
and one that travelled over 1100 km). In addition, this prey
source must have high nutritional value to offset the
increased energetic costs of repetitive deep diving.

The distribution of tiger sharks across coastal and oce-
anic waters results in a large overlap with areas used by
both coastal and pelagic fisheries. With their propensity to
be associated with the substrate in shallow coastal waters
(Holland et al. 1999; Nakamura et al. 2011), it is not sur-
prising that tiger sharks constitute 19% of the bycatch in
the US Atlantic bottom longline shark fishery (Morgan
et al. 2010). In addition, during oceanic forays, the vertical
habitat use of tiger sharks suggests they will be exposed to
pelagic longline fisheries, which, depending on the target
species, fish at depths ranging from 25 m to 400 m (Ward
et al. 2009). Indeed, tiger sharks have been recorded in
pelagic longline fisheries across their range, but catch rates
are usually low (e.g., Polovina and Lau 1993; Beerkircher
et al. 2002; Baum and Myers 2004), with some regional
exceptions (see Baum and Blanchard 2010).

Although impacted by multiple fisheries, the highly in-
terindividual variable behaviors exhibited by tiger sharks,
both vertically and horizontally, may contribute to reduc-
ing their exposure to fisheries and thereby catch rate, as
only a subset of a tiger shark population will be vulnera-
ble to the fisheries on a local scale. This type of behavior,
combined with the traits of relatively high fecundity and
high survival rate after capture may explain why tiger
shark population declines are not typically as great as
other shark species exposed to the same fisheries (Baum
et al. 2003; Carlson et al. 2012) and shark control pro-
grams (Simpfendorfer 1992; Wetherbee et al. 1994).

The high degree of intraspecific variability observed in
tiger shark vertical habitat use makes predicting tiger
shark use of the water column and deciphering the forces
driving this variable behavior complex. Combining infor-
mation on horizontal movements and diet with vertical
movements may provide insight into the causes of this
variability. The observed high intraspecific variability, if a
general behavioral feature of tiger sharks, could have
wide-reaching evolutionary and ecological consequences
(Bolnick et al. 2003, 2011; Wolf and Weissing 2012),
especially if differences in vertical behaviors result in die-
tary differences among individuals. Individual dietary var-
iation can lead to greater connectivity in food webs
because predator populations may interact with more
prey species and could also lead to lower interaction
strengths between predators and their prey because only a
subset of the predator population is interacting with each
prey species. Both of these features promote stability in
food webs (McCann et al. 1998; Gross et al. 2009).
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Although behavioral intraspecific variability is common
across a wide variety of taxa (Bolnick et al. 2003), few
studies have focused on the causes of behavioral intraspe-
cific variability in elasmobranchs (e.g., Sims et al. 2005;
Matich et al. 2011; Queiroz et al. 2012). Further, behav-
ioral intraspecific variability likely occurs in many other
shark species because individual specialization appears to
be common in upper trophic levels (Aradjo et al. 2011).
Identifying examples of behavioral intraspecific variability
in large sharks is important because, as apex predators,
large sharks have the potential to play key roles in the
dynamics of marine ecosystems (Heithaus et al. 2010).
Recognizing behavioral variability is also crucial because
management
designed around “average” resource use may be of limited

it can have conservation implications;
value in species with considerable variation (Bolnick et al.
2003). Elucidating the drivers of such high intraspecific
behavioral variability in tiger sharks will likely require the
combination of multiple techniques, coupling high resolu-
tion vertical and horizontal movement data, as well as
detailed examination of the trophic ecology and environ-
mental conditions experienced by sharks while their
movements are monitored.
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