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ABSTRACT: Global declines of shark populations are of concern because of their largely assumed
role as moderators of ecosystem function. Without long-term data on movement patterns for many
species, it is impossible to infer relative extinction risk, which varies as a function of range, dispersal
and habitat specificity and use. The past 50 yr of research on coastal sharks has revealed common
movement patterns among species. In the horizontal plane, measured home range size generally
increases with body size. We demonstrate meta-analytically the effects of increasing body size and
monitoring time on home range size. Changes in the extent of horizontal movement might arise from
ontogeny, predator avoidance or environmental tolerances. In the vertical plane, movement patterns
include oscillatory vertical displacement, surface swimming, diel vertical migration and swimming at
depth. These vertical movements are often attributed to foraging or navigation, but have been quan-
tified less than horizontal patterns. Habitat specificity is often correlated with environmental condi-
tions such as depth, salinity, substratum, and in some cases, prey availability. Site fidelity is common
in species that use nursery areas. However, fidelity to mating, pupping, feeding and natal sites has
only been observed in a few species. To date, few studies have examined habitat partitioning,
although some general patterns have emerged: habitats appear to be subdivided by benthos type,
prey availability and depth. The conservation of coastal sharks can be facilitated in some cases by the
use of marine protected areas, especially for coastal resident species using specific nursery, repro-
duction or feeding areas. Partial protected-area closures might be effective during aggregation or
migration periods to protect older size classes, but these must be applied with other management
strategies such as reduced fishing and size or bag limits to protect individuals throughout different
life history phases. More long-term research on habitat use, migration patterns and habitat partition-
ing is essential for developing successful management initiatives for coastal shark populations.
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INTRODUCTION

Sharks are typically high trophic level predators in
marine food webs (Cortes 1999a), so they assist in
structuring biological communities (e.g. Stevens et al.
2000a, Myers & Worm 2003, Bascompte et al. 2005,
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Shepherd & Myers 2005, Myers et al. 2007). Their
capacity to influence community composition and rela-
tive abundance of prey species likely provides trophic
stability over some time scales, and this capacity is in
itself affected by habitat use, movement and distribu-
tion patterns. Sharks directly affect community compo-

© Inter-Research 2010 - www.int-res.com



276 Mar Ecol Prog Ser 408: 275-293, 2010

sition by prey ingestion, and indirectly through preda-
tion risk (e.g. Heithaus et al. 2008). The reduction in
shark density can lead to the release of mesopredator
populations (Myers et al. 2007), an increase in compet-
ing taxa (e.g. Fogarty & Murawski 1998) and ulti-
mately, a reduction or imbalance in species under the
influence of predation (Pace et al. 1999). In some cases,
the removal or large density reduction of sharks can
reduce ecosystem stability and resilience, which could
result in cascading effects that lead to population
declines in other parts of the food web (Jackson et al.
2001, Myers et al. 2007, but see Bascompte et al. 2005).
However, the correlative and theoretical nature of
many studies leaves some uncertainty over the likely
effects of reduced shark density on marine ecosystem
function.

Despite the purported functional and behavioural
importance of sharks to marine ecosystems, aspects of
their biology and ecology remain poorly understood
due to difficulties in obtaining in situ data (Nelson
1977, Sundstrom et al. 2001). The biological traits that
make them particularly vulnerable to exploitation (i.e.
relatively slow growth rates, late sexual maturity and
reproduction, low fecundity and long gestation peri-
ods; Compagno 1990, Cortes 2000) can lead to slow
population growth and limit compensatory responses
to exploitation for some species (Musick et al. 2000,
Field et al. 2009). The risk of extinction might also be
exacerbated by habitat specificity and limited distribu-
tion or dispersal (Walker 1998, Stevens et al. 2000a),
with the strength of effect often depending on the
environmental context (Brook et al. 2008, Garcia et al.
2008, Field et al. 2009).

Coastal shark populations are particularly vulnera-
ble to harvest due to their proximity to human popula-
tions, where fishing pressure and habitat degradation
are typically high (e.g. Holland et al. 1999). For exam-
ple, over-exploitation has led to declines in abun-
dances of sharks on some tropical reefs (e.g. Friedlan-
der & DeMartini 2002, Robbins et al. 2006, Sandin et al.
2008, Heupel et al. 2009). Moreover, habitat degrada-
tion and the myriad effects of climate change will be
most severe in coastal areas where sharks with specific
nursery or breeding requirements are particularly vul-
nerable; however, the resilience of sharks to climate
change remains largely unquantified (Field et al.
2009).

A common ecological trait of many shark species
likely to influence their susceptibility to exploitation is
their tendency to segregate by size and sex (Springer
1967, Kinney & Simpfendorfer 2009). Many use in-
shore areas as nurseries (Castro 1993, Yokota & Lessa
2006, Heupel et al. 2007), while others are segregated
within similar habitats by sex (Sims 2005) for reasons
related to parturition (Hight & Lowe 2007), or segre-

gated by size due to habitat selection (e.g. Simpfendor-
fer et al. 2005). The belief that shark nursery areas are
essential for population persistence (Bonfil 1997) has
placed a focus on the study of juvenile life stages
(Heupel et al. 2007, Kinney & Simpfendorfer 2009),
which has also been facilitated by the relative ease of
handling juveniles and access. However, following
departure from nursery areas, the movement and habi-
tat use of larger juveniles, subadults and adults are
often unknown (but see Chapman et al. 2009). This has
particular relevance for management strategies such
as the design of marine protected areas, because for
these large, free-ranging predators, protected area
effectiveness can be compromised if individuals spend
considerable time outside their boundaries (Chapman
et al. 2005, Meekan et al. 2006, Kinney & Simpfendor-
fer 2009).

In the last decade, the development and accessibility
of tracking and passive monitoring technology (e.g.
Heupel et al. 2006a) has increased the tractability of
monitoring large numbers of sharks over spatial scales
of 1 to 10s of km (e.g. Australian Animal Tagging And
Monitoring System: IMOS 2009). As a result, there has
been a marked increase in the number of publications
that have presented data from acoustic monitoring and
satellite telemetry studies. Such studies have focused
on quantifying the spatial and temporal variation in
habitat use of coastal sharks (e.g. Yeiser et al. 2008).
Despite the increasing numbers of dedicated studies,
the relative newness of this field means that little infor-
mation is available on movement patterns compared to
other aspects of shark ecology such as diet composition
and growth patterns. Furthermore, dedicated studies
have been concentrated on a limited range of species
in only a few areas globally (Fig. 1).

Inter-specific habitat use is also an under-developed
area of study for coastal shark management despite its
importance for identifying areas that serve different
functions for different species. Communal nursery
areas have been described (e.g. Castro 1993, Simp-
fendorfer & Milward 1993, Yokota & Lessa 2006), but
we still have a poor understanding of how species par-
tition nurseries from other phases. It is only recently
that some researchers have started to address habitat
use of multiple species of coastal sharks and consid-
ered multi-species management in these areas (White
& Potter 2004, Chapman et al. 2005, Pikitch et al. 2005,
Wiley & Simpfendorfer 2007, DeAngelis et al. 2008,
Yeiser et al. 2008).

The lack of synthesis of shark movement, habitat use
and partitioning data that exist impedes the develop-
ment and progression of conservation and manage-
ment. Here we present an up-to-date summary of out-
comes from studies of coastal shark movement, as well
as the associated implications for their management
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Fig. 1. Locations of shark movement studies within coastal environments (n = 106)

and conservation. To avoid ambiguity, we define
‘coastal resident sharks' as species that solely inhabit
coastal waters (i.e. distributed out to the continental
shelf), or spend the majority of their life in coastal habi-
tats. Sharks that visit coastal areas but are typically
referred to as ‘oceanic’ or ‘pelagic’, are defined as
‘coastal transient sharks' and are included where stud-
ies were done while animals were in the coastal zone.
We separate our review into 4 sections that focus on
determinants of extinction risk in sharks: (1) range and
dispersal, (2) habitat specificity, (3) segregation and
habitat partitioning, and (4) conservation and manage-
ment. Our review includes studies that have used
direct observation, conventional fish tags for capture-
mark-recapture, acoustic tags and satellite tags.

RANGE AND DISPERSAL

For most taxa, small range size and restricted disper-
sal capacity increase extinction risk and reduce the
recovery capacity of populations after exploitation
(Brook et al. 2008). It is therefore intuitive that given
equal rates of harvest, sharks with small range sizes
will be more vulnerable to population decline than
those that range widely (Field et al. 2009). As with any
mobile marine organism, the range and dispersal
capacity of sharks must be considered from both verti-
cal and horizontal perspectives. More effort has been
applied to studying horizontal than vertical patterns
(Fig. 2), which is a reflection of technology and possi-
bly the relatively shallow habitats used by many
coastal sharks. Approximately 33 % (n = 34) of studies

conducted thus far have included a vertical movement
component, compared to approximately 91% (n = 96)
that have a horizontal component (Table S1 in the elec-
tronic supplement at www.int-res.com/articles/suppl/
m408p275_supp.pdf). In general, coastal transient
sharks over 4 m total length (TL) (e.g. white sharks
Carcharodon carcharias, basking sharks Cetorhinus
maximus, whale sharks Rhincodon typus and tiger
sharks Galeocerdo cuvier) (Fig. 2B) have received more
dedicated study on vertical movement than sharks that
are coastal residents.

Horizontal movements

Geographical range and dispersal affect extinction
risk in many taxa (Bradshaw et al. 2008, Sodhi et al.
2008a,b), including sharks (Field et al. 2009). A num-
ber of common patterns such as home range fidelity,
diel cycles, shifting and expanding ranges and migra-
tion have been observed.

Home range

Home range has been defined as the spatially and
temporally distinct area within which sharks do their
normal activities (Morrissey & Gruber 1993b). Intui-
tively, there is a correlation between body size and
home range (e.g. Morrissey & Gruber 1993b), suggest-
ing that larger animals need more space to pro-
vide enough resources to accommodate their greater
energetic requirements and behavioural repertoire
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lewini) to examine whether size influences
estimates of home range. To account for
the hypothesised effect of monitoring time
and to control for non-independence of
individuals within species, we constructed
general linear mixed-effects models with
log;, home range size (km?) as the
response. Fixed effects included the log;g
of monitoring time (d) and the logy, of TL
cm), and the random effect was set as

—_

0;, = \ I I | | l I ll I I l I_ I,,I,,I I ‘spe(’:ies’. Only 3 models with a Gaussian

o@ <\\"’\ error distribution and identity link were
Q

contrasted using Akaike's information

criterion weights corrected for small sam-

ples (WAIC,; Burnham & Anderson 2002):

~ time + TL, ~ time, and the intercept-only

model (Table 1). Some studies only

reported fork length or pre-caudal length,
so these were converted to TL using length-
length equations from FishBase (Froese & Pauly
2010).

The top-ranked model (WAIC. = 0.98)
included both time and TL fixed effects and
explained 22.6% of the total deviance (%DE;
Table 1). The second-ranked time-only model
explained 16.5% of the deviance in log;, home
range size (Table 1), demonstrating that TL
accounts for approximately 6 % of the deviance

(\?,e Q ) 4\@‘ K 5 in the response. The TL coefficient in the top-
SN 'o*\d\ o Q i 0§\€' {bqe“ ranked model was 1.38 + 0.43, indicating that
& - A & N N ° & . g g

0600 ‘,\\o° &\0‘) \@ooe 00&\\ o P \)%& for every order of magnitude increase in TL,

ox\’b‘ ¢ oe’\o g & x\d &'\\‘\ home range size increases by 1.38 orders of

# . ,b\é\ magnitude (demonstrated visually in Fig. 3).

Species/group ¢ . :

Given that our dataset only covered approxi-

Fig. 2. Horizontal and vertical movement studies of sharks mately 1 order of magnitude in shark size (min-

that are (A) coastal residents and (B) coastal transients imum TL = 51 ¢cm; maximum = 490 ¢cm) mainly

among species, it is conceivable that a greater

variation in sizes both within and among spe-

(McNab 1963). Most studies of home range in sharks cies would reveal a larger effect of TL on home range
are consistent with this idea, although there is consid- size (controlling for monitoring time).

erable variability among species of equivalent body Generally, coastal resident sharks up to 2.5 m TL

size. Furthermore, comparing home range sizes among appear to be limited to areas less than 100 km?2. For

studies is difficult due to differences in data collection
methods, temporal scales, metrics used for home range Table 1. Home range size (response) versus monitoring time
calculation and the number and size class of individu- (time) and total length (TL) general linear mixed-effects

als monitored.
We nonetheless collated home range data from 8

model comparison based on Akaike's information criterion
corrected for small samples (AIC.). All models include the
random effect ‘species’. LL: maximum log-likelihood, k: num-

separate studies (McKibben & Nelson 1986, Gruber ber of parameters, wAIC. AIC. weight, %DE: % deviance

et al. 1988, Holland et al. 1993, Morrissey & Gruber explained

1993b, Goldman & Anderson 1999, Rechisky & Wether-

bee 2003, Carlisle & Starr 2009, Papastamatiou et al. Model LL k AIC, wAIC,  %DE

2009) for a total of 95 individuals from 7 species (Car-

charhinus amblyrhynchos, Carcharhinus melanopterus, ~Time + TL  -65.173 5 141.027 09801 226

Carcharhinus plumbeus, Carcharodon carcharias, Nega- ~Time -70.187. 4 148823 00199 165
. X i o . . ' ~1 (null) -83.062 3 172.391 0.0000 0.0

prion brevirostris, Triakis semifasciata and Sphyrna
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example, Morrissey & Gruber (1993b) found that small
(mean TL = 0.73 m) juvenile lemon sharks Negaprion
brevirostris had home ranges between 0.23 and
1.26 km? (mean = 0.68 km?), while larger juveniles
(1.68 to 2.30 m TL) ranged between 18 and 93 km?
(tracked for 6 h periods). Juvenile lemon (mean
stretched TL = 207.8 + 7.1) and bull sharks Carcharhi-
nus leucas (mean stretched TL = 151 + 4.6 SE) had
home ranges of up to 40 km? (monitored over weeks;
Yeiser et al. 2008). Apart from lemon sharks, other reef
sharks have restricted home ranges, such as grey reef
sharks C. amblyrhynchos (mean TL = 150.9 + 2.0 SE)
with minimum home ranges of 0.19 to 53 km? (mean
size = 4.2 km? intermittent multi-day tracks; McK-
ibben & Nelson 1986) and blacktip reef sharks C.
melanopterus with home ranges of only a few square
kilometres (tracked up to 7 h; Stevens 1984) or less
(0.55 + 0.24 km?; intermittent diurnal day to week
tracks; Papastamatiou et al. 2009). Bonnethead sharks
Sphyrna tiburo (mean TL = 77.8 + 1.4) also have small
home ranges (8.3 km?); however, some individuals use
larger areas (up to 74 km? monitored 1 to 173 d;
Heupel et al. 2006b). Pacific angel sharks Squatina
californica have limited home ranges (~1.5 km?,
tracked 13 to 25 h; Standora & Nelson
1977), as do male dogfish (4.3 to 5.4 km?;
intermittent tracks between 5.6 and 6 d;
Sims et al. 2001). Mean minimum home
ranges for female leopard sharks Tri-
akis semifasciata are less than 1 km?
(tracked 20 to 71.5 h; Carlisle & Starr
2009), while the average home range
size for juvenile sharpnose sharks Rhizo-
prionodon terraenovae is only 1.29 km?
(monitored 1 to 37 d; Carlson et al.
2008).

As with the previous examples, many
coastal sharks have limited home
ranges; however, it is not uncommon for
individuals to make much longer excur-
sions that extend far beyond their usual
home ranges (e.g. Stevens et al. 2000b).
Lemon (Morrissey & Gruber 1993b),
juvenile blacktip Carcharhinus limba-
tus (Heupel et al. 2004) and grey reef
sharks (McKibben & Nelson 1986,
Heupel et al. 2010) provide good exam-

1.5+

1.0+

0.5+

0.0

log10 HR size/log10 monitoring time

-0.541

-0.1 1

tiger sharks in Western Australia appear to restrict
their movements within large areas (>1000s of km?)
over periods of days to weeks (Heithaus et al. 2007).
Similarly, tiger sharks in Hawaii maintain large home
ranges, which can include more than one island and
offshore waters (tracked 7 to 50 h) (Holland et al. 1999).
A study of white sharks at a northern elephant seal
Mirounga angustirostris colony found minimum home
range sizes between 1.84 and 9.15 km? (diurnal tracks
over days to weeks; Goldman & Anderson 1999), al-
though ranges outside of the coastal zone are many
orders of magnitude larger due to seasonal migrations
(e.g. Boustany et al. 2002, Bonfil et al. 2005, Bruce et al.
2006, Weng et al. 2007a, Domeier & Nasby-Lucas 2008).

Diel movement patterns

Diel movement patterns recorded from tracking
studies have generally found that sharks increase their
activity and home range at night, which has been
attributed to increased foraging activity. For example,
McKibben & Nelson (1986) found a ~3-fold increase in
the home range of grey reef sharks from day (10.3 km?)

A

ples. Heupel et al. (2004) suggested that
longer movements in juvenile blacktip
sharks might be related to foraging
and/or atmospheric pressure declines
associated with approaching storms
(Heupel et al. 2003).

Coastal transient sharks often do not
have specific home ranges, although

2.0

2.4

T
2.2 2.6

log10 TL

1.8

Fig. 3. Relationship between log;, home range size (HR) (corrected for logig
monitoring time) and log;, shark total body length (TL). See text (Range and
Dispersal) for full details of analysis. Letters represent species (A: Carcharhinus
amblyrhynchos, B: Carcharodon carcharias, C: Carcharhinus melanopterus, D:
Carcharhinus plumbeus, E: Negaprion brevirostris, F: Triakis semifasciata, and

G: Sphyrna lewini)
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to night (28.5 km?). Similarly, both juvenile and adult
scalloped hammerhead sharks have smaller daytime
core areas and range more widely at night (Klimley &
Nelson 1984, Holland et al. 1992, 1993). Juvenile
Caribbean reef sharks increase movement at night
(Garla et al. 2006), as do male dogfish (Sims et al.
2001), sixgill sharks Hexanchus griseus (Andrews et al.
2009), leopard sharks (Ackerman et al. 2000, Hight &
Lowe 2007), white tip reef sharks Triaenodon obesus
(Whitney et al. 2007), grey reef sharks (McKibben &
Nelson 1986), lemon sharks (Gruber et al. 1988) and
Pacific angel sharks (Standora & Nelson 1977). In con-
trast, bonnethead sharks show no consistent diel pat-
terns in home range size (Heupel et al. 2006b), nor do
juvenile and neonate sandbar sharks Carcharhinus
plumbeus show any diel pattern in movement rate
(Rechisky & Wetherbee 2003).

Shifting and expanding ranges

Shifting and expanding ranges and other broad-
scale patterns associated with tides and migrations can
only be observed through long-term studies (Nelson
1990), which are now possible with acoustic monitor-
ing and satellite tracking. It is likely that an ontoge-
netic shift in home range size accompanies bioener-
getic functions (e.g. Heupel et al. 2004, Field et al.
2005) that take into account the reduced threat of pre-
dation with increasing body size, shifting diets through
time, and the onset of reproduction. The pattern of
expanding ranges with increasing body size was
described for school sharks in an early study by Olsen
(1954) where sharks (<0.70 m TL) moved more as they
grew. Similar patterns have been observed for grey
nurse (ragged tooth) sharks Carcharias tauras (Dicken
et al. 2007) and large juvenile white sharks, which
range more widely than young-of-the-year in coastal
adult habitats likely as a consequence of changing
physiology (Weng et al. 2007b) or resource exclusion.
Lemon sharks also undergo an ontogenetic expansion
of home ranges, with juveniles showing strong site
fidelity and movement between tidal refuges, while
adults range farther (Gruber et al. 1988, Morrissey &
Gruber 1993b, Wetherbee et al. 2007, Chapman et al.
2009). Similarly, juvenile blacktip sharks expand their
home range over months due to changes in environ-
mental conditions or ontogenetic changes in behaviour
(Heupel & Hueter 2001, Heupel et al. 2004, Heupel &
Simpfendorfer 2005a). This also occurs in juvenile
sandbar sharks (Merson & Pratt 2001), but home range
size does not differ between juveniles and neonates
(Rechisky & Wetherbee 2003). Juvenile Caribbean reef
sharks also expand their range as they grow and
explore deeper sites (Chapman et al. 2005, Garla et al.

2006). In contrast, Duncan & Holland (2006) reported
no shift in habitat use by juvenile scalloped hammer-
head sharks in their nursery area, nor did Heupel et
al. (2006b) find any change of home range size among
bonnethead sharks over time, although the location
changed possibly because of shifting prey distribution
and abundance. Although range expansion with in-
creasing size might merely reflect greater opportunity
for sharks to disperse with increasing time at liberty
between capture events (e.g. school sharks, Hurst et al.
1999), there is little evidence for this in other species
(e.g. Stevens et al. 2000b, Heupel et al. 2006b).

Interestingly, coastal transient sharks over 4 m TL
have shown opposing movement patterns among size
classes. For example, an inverse relationship between
TL and range size exists for white sharks feeding at a
seal colony, possibly due to the differing diets or hunt-
ing inexperience of smaller individuals (Goldman &
Anderson 1999). Similarly, larger sixgill sharks made
shorter daily movements than smaller individuals in a
study conducted in Puget Sound (Andrews et al.
2007). Juvenile tiger sharks are also wider-ranging
and spend less time in localised areas than adults,
which might be due to predation risk on juveniles
from adults or possibly resource exclusion (Meyer et
al. 2009).

Migrations

Migrations are common in most species of sharks
(Bres 1993) and range from short, seasonal movements
along coasts (e.g. Bruce et al. 2006) to transoceanic
(e.g. Eckert & Stewart 2001, Eckert et al. 2002, Gore et
al. 2008) and trans-equatorial (e.g. Skomal et al. 2009)
crossings. Migrations are often related to reproductive
behaviour, seasonal shifts in prey distribution and
abundance, or to thermal tolerances associated with
changing water temperatures (Springer 1967). Both
coastal and transoceanic migrations occur in coastal
transient species such as white sharks (Bonfil et al.
2005). Transoceanic migrations are possibly a result of
changing reproductive status, whereas coastal migra-
tion, particularly in juveniles, might arise in response
to shifting prey distribution (Bonfil et al. 2005). Indeed,
shorter seasonal migrations of white sharks in Aus-
tralia along the east coast during autumn-winter are
possibly related to prey movements (Bruce et al. 2006),
and in some cases distinct ‘migratory corridors' have
been identified from tracked individuals (Bruce et al.
2006, Weng et al. 2007a). Similarly, coastal migrations
of basking sharks have been along the continental
shelf to areas of high prey availability (Sims et al. 2003)
and steep gradients in sea surface temperature (Sko-
mal et al. 2004, Sims 2008).
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Sharks less than 4 m TL also migrate within the
coastal zone over broad spatial scales. For example,
female grey nurse sharks make biennial reproductive
migrations along the eastern coastline of southern
Africa (Dicken et al. 2006, 2007). Dusky sharks Car-
charhinus obscurus also migrate along the coast of
South Africa following changes in water temperature
and the migration of their prey sardine Sardinops
sagax (Hussey et al. 2009). Sandbar sharks are also
highly migratory (Kohler & Turner 1998), with adults
migrating annually along the eastern coast of North
America from overwintering areas in the Gulf of Mex-
ico to summer nurseries such as Delaware Bay (Merson
& Pratt 2001, Rechisky & Wetherbee 2003). Similarly,
both adult and juvenile blacktip sharks migrate sea-
sonally along the coast of the USA, departing Florida
when water temperature falls below 21°C (Hueter &
Manire 1994, Heupel & Hueter 2001). A long-term
tagging study in the Northern Territory of Australia
also found recaptures of spot tail Carcharhinus sorrah
and Australian blacktip Carcharhinus tilstoni to have
moved more than 1000 km from their tagging loca-
tions, movements generally being along the coast
(Stevens et al. 2000b). Bull sharks have been found to
traverse the length of riverine systems, such as the Rio
San Juan (Thorson 1971). Even demersal sharks such
as Port Jackson sharks Heterodontus portusjacksoni
move up to 760 km offshore and southwards from
their oviposition sites to their foraging refuges, coin-
ciding with changing water temperature (McLaughlin
& O'Gower 1971, O'Gower 1995).

Vertical movements

The depths at which sharks are distributed and move
among differ with life stage, sex, time of day or season,
and they can affect susceptibility to harvest (e.g. West
& Stevens 2001). Similar to horizontal movement pat-
terns, several common patterns in vertical movement
exist such as oscillatory vertical displacement, surface
swimming, swimming at depth, diel vertical migration
and ontogenetic shifts. Most studies quantifying verti-
cal movements have tended to focus on coastal tran-
sient species.

Oscillatory vertical displacement

Oscillatory vertical displacement (‘yo-yo diving’) is a
pattern of regular movement between the surface or
near-surface and deeper waters. This behaviour has
mainly been recorded in coastal transient sharks such
as whale sharks, which regularly ‘dive’ to and from the
near-surface and deeper waters (Gunn et al. 1999,

Brunnschweiler et al. 2009), basking sharks, which
move to and from the bottom of shelf and shelf-edge
habitats (Sims et al. 2003, 2005a, Shepard et al. 2006),
and white sharks (Strong et al. 1996, Klimley et al.
2002, Bruce et al. 2006, Weng et al. 2007a, Domeier &
Nasby-Lucas 2008). Deep-water species that visit
coastal areas such as Pacific sleeper sharks Somniosus
pacificus and Greenland sharks S. microcephalus have
also displayed similar patterns (Stokesbury et al. 2005,
Hulbert et al. 2006). This behaviour has also been
observed in coastal resident sharks such as the scal-
loped hammerhead shark (Klimley 1993, Jorgensen et
al. 2009). For most species, this behaviour has been
attributed to foraging, with the exception of scalloped
hammerheads, which could be using such vertical
movements to navigate via differences in intensity of
localised magnetic gradients during migration (Klim-
ley 1993). Other possible explanations for the existence
of this behaviour are for thermoregulation and energy
conservation (Klimley et al. 2002, Wilson et al. 2006).

Surface swimming

Surface swimming for prolonged periods (hours to
days or weeks) is seen in certain coastal transient spe-
cies, even where '‘diving’ behaviour is theoretically
possible. This behaviour has been observed in whale
(Wilson et al. 2006), white (Klimley et al. 2002, Bonfil et
al. 2005, Bruce et al. 2006), tiger (Tricas 1981, Holland
et al. 1999), and school sharks Galeorhinus galeus
(West & Stevens 2001). Explanations for surface swim-
ming include using the Earth's dipole field and/or
celestial signs to navigate, thermoregulate (Klimley et
al. 2002) and feed on schools of prey at the surface by
whale sharks (Colman 1997, Jarman & Wilson 2004,
Graham & Roberts 2007).

Swimming at depth

Swimming at depth is the pattern of making a verti-
cal displacement away from surface waters and then
remaining at depth for prolonged periods. White
sharks spent little time in mid-water when at shallow
depths around one feeding site (e.g. Strong et al. 1996);
however, they spent the majority of their time (60 % in
daytime, 90 % at night) in the mixed layer (average of
60 m) when at another feeding site (e.g. Domeier &
Nasby-Lucas 2008). The mixed layer appears to be an
important foraging habitat, particularly for juvenile
white and whale sharks (Gunn et al. 1999, Weng et al.
2007b). Other patterns of swimming at depth have
been recorded for a number of species, such as bottom-
oriented swimming in shallow water (<30 m) in white
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(Goldman & Anderson 1999) and tiger sharks (Tricas
1981, Holland et al. 1999), as a foraging strategy to
remain cryptic to prey (Goldman & Anderson 1999),
and temporal differences in vertical displacement in
large juvenile sandbar sharks that dive deeper in win-
ter (0 to 72 m) than in summer (0 to 24 m) during their
coastal migration along the eastern coast of North
America (Conrath & Musick 2008).

Diel vertical migration

Diel vertical migration is the vertical movement of
organisms from deeper waters during the day to near-
surface at night following the movement of plankton
that are attempting to avoid visual predation (Bollens &
Frost 1989). Vertical movements of planktivorous
sharks such as whale and basking sharks have shown
such patterns (Graham et al. 2006, Wilson et al. 2006);
however, reverse diel vertical migration (nocturnal
movement to deeper waters) has also been observed in
the same species (Sims et al. 2005a, Shepard et al.
2006, Rowat et al. 2007). Migration in school sharks in
coastal waters suggests a lunar effect on vertical
migration patterns (West & Stevens 2001), similar to
juvenile white sharks, which make deeper dives dur-
ing full moons, possibly to follow prey that have light-
mediated vertical migration (Weng et al. 2007b). Deep-
water species such as sixgill, Greenland and Pacific
sleeper sharks are more active at night and occupy
shallower depths than during the day when in coastal
areas, which is also likely linked to foraging (Stokes-
bury et al. 2005, Hulbert et al. 2006, Andrews et al.
2009). This behaviour has also been observed in one
coastal resident species, the dogfish Scyliorhinus
canicula. Males of this species make such migrations
when they are more active at night in warm, prey-rich
surface waters (Sims et al. 2006), whereas females
move deeper during crepuscular and nocturnal periods
for reproduction and foraging (Sims et al. 2001).
Although not considered a complete diel vertical
migration, Caribbean reef sharks increase the amount
of time they spend near the surface (<40 m) at night
(Chapman et al. 2007).

Ontogenetic shifts

Ontogenetic shifts in vertical movement patterns
have been described for a few coastal transient spe-
cies, although they are less common than other vertical
movements described above. Differences in depth dis-
tribution within species (e.g. Wetherbee et al. 1996,
Pikitch et al. 2005, McAuley et al. 2007, Andrews et al.
2009) can arise from intra-specific predator avoidance

and resource exclusion, or they are a reflection of onto-
genetic shifts in diet and physiological development. A
study of adult and juvenile basking sharks tracked
along the continental shelf west of the United Kingdom
showed potential ontogenetic differences in vertical
movement patterns, with one tagged juvenile spend-
ing longer periods at constant depths, weaker magni-
tudes of diving patterns, slower ascent and descent
rates and an absence of strong diel movements than
were generally observed in adults (Shepard et al.
2006). Such patterns possibly reflect a lack of foraging
experience in juveniles compared to adults (Sims et al.
2008). Variation in vertical displacement has also been
observed among size classes of juvenile white sharks
in a nursery area in the eastern Pacific, with larger
juveniles (3-yr olds) making deeper vertical excursions
than young-of-the-year (Weng et al. 2007b). This could
arise because of a greater thermal tolerance of larger
individuals relative to young-of-the-year, allowing the
former to withstand cooler temperatures to expand
their foraging niche.

HABITAT SPECIFICITY

Habitat specificity is defined as the degree to which
a species occurs in a number of different habitats or is
restricted to one or a few sites (Rabinowitz et al. 1986).
This behaviour often occurs due to physical and biotic
requirements of animals, which in turn determine
habitat selection. Therefore, to understand how fishes
distribute themselves, quantifying which habitats they
choose, when they choose them and why needs
addressing (Sims 2003). The potential importance of
physical and biotic factors in habitat selection by
sharks has been reviewed by Simpfendorfer & Heupel
(2004) and has been addressed by approximately 75 %
(n = 79) of the studies included in our review (Table S1
in the supplement). Influences such as tide, water tem-
perature, salinity, dissolved oxygen, substratum type
and depth affect the distribution of coastal elasmo-
branchs, with greater responses for some species and
size classes (Economakis & Lobel 1998, Ackerman et
al. 2000, Hopkins & Cech 2003, Simpfendorfer et al.
2005, DeAngelis et al. 2008, Vogler et al. 2008, Campos
et al. 2009, Heithaus et al. 2009b, Ubeda et al. 2009).
To date, depth and temperature have been measured
with shark movement for many species, followed by
tide, current, benthos type, salinity, prey and dissolved
oxygen associations (Table 2).

Morrissey & Gruber (1993a) found that juvenile
lemon sharks selected shallow waters where tempera-
tures were above 30°C, which served to maintain opti-
mal metabolic performance while avoiding predators.
A study of bat rays Mpyliobatus californica, leopard
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Table 2. Environmental variables monitored in relation to movement and habitat specificity of coastal sharks. Checkmarks indi-

cate that the category was monitored in at least one study for the species; X indicates that the category was not monitored.

R: coastal resident; T: coastal transient; Total: number of species where corresponding environmental variable was monitored
with movement

Species Class

Benthos type Tide or current Temperature Depth Salinity Dissolved O, Prey

Carcharhinus amblyrhynchos
Carcharhinus leucas
Carcharhinus limbatus
Carcharhinus melanopterus
Carcharhinus perezi
Carcharhinus plumbeus
Carcharodon carcharias
Cetorhinus maximus
Galeocerdo cuvier
Galeorhinus galeus
Ginglymostoma cirratum
Hexanchus griseus
Mustelus henlei

Negaprion brevirostris
Orectolobus ornatus
Rhincodon typus
Rhizoprionodon terraenovae
Scyliorhinus canicula
Somniosus microcephalus
Somniosus pacificus
Sphyrna lewini

Sphyrna tiburo

Squatina californica
Squatina guggenheim
Triakis semifasciata
Multi-species

Total

TIIIBAIAA IR AR BIAR A ARSI D
S ONZXBXBR AR XXX UXAUURXUXUXXX NN %X

55NN 3% NN 3 % 3% NN NN XX U%NX NN\ %

EAAAARATTURAUHAUR AU NN X X NSNS
AN N N N N N N N N N N N N N N
© NN N X AU %X 3% % >N XN XX XXX XX\ XX\ X
WX N X % % N X X X X X X X X X XXX X X X X X XN X
00 N 3™ ™M™ A ™™™ Z:X NN N ™™™ XN XX XX\ X X%

sharks and smooth hound sharks Mustelis henlei in
California found that the movements and distributions
were also affected by temperature, as well as salinity
(Hopkins & Cech 2003). Salinity might also affect the
movement and distribution of bonnethead (Ubeda et
al. 2009) and bull sharks in a Florida estuary, although
temperature (Simpfendorfer et al. 2005, Heupel &
Simpfendorfer 2008), water flow (Heupel & Sim-
pfendorfer 2008, McCord & Lamberth 2009) and dis-
solved oxygen also appear to be important (Heithaus et
al. 2009a). Dissolved oxygen might also affect move-
ments of female leopard sharks (Carlisle & Starr 2009).
Because water measurements such as salinity, water
temperature and dissolved oxygen are inter-correlated
(Heupel & Simpfendorfer 2008), determining the main
drivers of movement and distribution has proven diffi-
cult in some instances.

Short-term movements of juvenile sandbar sharks
are positively correlated with current speed and direc-
tion (Medved & Marshall 1983), as are the movements
of leopard sharks in Tomales Bay, California, which
likely arise as the predators follow prey moving with
rising tides (Ackerman et al. 2000). Tide had the great-
est effect on movement studies of smoothhound (Cam-

pos et al. 2009) and female leopard sharks (Carlisle &
Starr 2009). The movement of whale sharks is also
influenced by geostrophic currents (Rowat & Gore
2007), in contrast to scalloped hammerhead sharks
whose swimming is unaffected by current direction
(Klimley & Nelson 1984).

Sims (2003) noted that one of the main factors deter-
mining animal distribution patterns and therefore,
habitat selection, is the relative abundance and avail-
ability of suitable prey. This idea is supported by evi-
dence from sharks at opposing trophic levels such as
tiger (Heithaus et al. 2002, Wirsing et al. 2007) and
basking sharks (Sims & Quayle 1998). The first satellite
tracking of a basking shark (Priede 1984), and indeed
any fish, has been re-analysed (Priede & Miller 2009)
and has revealed that the shark oriented itself with a
thermal front in warm coastal waters, which potentially
facilitated the tracking of prey. This has also been sug-
gested as a possible explanation for juvenile whale
sharks associating with thermal fronts (Hsu et al. 2007).
Dicken et al. (2006) hypothesised that prey density is
related to habitat choice for grey nurse sharks, whereby
adults appear to follow the movement of the sardine
run along the east coast of South Africa. In contrast,
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Heupel & Hueter (2002) found no correlation between
prey density and juvenile blacktip shark presence
within a nursery, so they suggested instead that move-
ment was affected by temperature and predator avoid-
ance, as appears to be the case in juvenile lemon sharks
(Morrissey & Gruber (1993a). Similarly, movement pat-
terns of lesser spotted dogfish, ornate wobbegong
Orectolobus ornatus and juvenile bull sharks are not
correlated with prey abundance (Carraro & Gladstone
2006, Sims et al. 2006, Heithaus et al. 2009a).

Site fidelity

Correlations between the presence of sharks within
a habitat and environmental conditions or in some
cases, prey availability, might partially explain the
repeated use of particular areas throughout a shark's
life (‘site fidelity'). The definition of site fidelity varies
among studies, and the term is sometimes used syn-
onymously with philopatry. Generally, all definitions of
site fidelity refer to the repeated use of an area over
time, for example ‘area site fidelity’ (Goldman &
Anderson 1999); 'daily site fidelity' (Chapman et al.
2005); 'long-term site fidelity' (Huveneers et al. 2006,
Lowe et al. 2006, DeAngelis et al. 2008); ‘seasonal site
fidelity' (Dicken et al. 2007); ‘site attachment’ (Gruber
et al. 1988, Wetherbee et al. 2007, Yeiser et al. 2008);
and 'natal site-fidelity’ (Chapman et al. 2009).

The term ‘philopatry’ has been used less frequently,
often within the context of long-term (over many years)
use of an area by animals (e.g. Sims et al. 2001, 2005b,
2006, Hueter et al. 2004, Carlson et al. 2008, Domeier &
Nasby-Lucas 2008, Carlisle & Starr 2009), or the long-
term use of an area for reproduction (Sundstrém et al.
2001, Duncan & Holland 2006) or feeding (Domeier &
Nasby-Lucas 2008). The term ‘natal philopatry’
(Hueter et al. 2004) has also been used synonymously
with ‘natal site-fidelity’ (e.g. Chapman et al. 2009) to
describe the repeated and long-term use of an area
where an individual was born.

Given that tagging and tracking technology has
developed to a point where ‘long-term’ (i.e. multi-
season or multi-year) studies are now beginning to
emerge, we suggest that the definition of this concept
should now include qualifiers where information is
available. As such, ‘site fidelity’ should be used to
define the ‘repeated use of an area, or multiple areas,
over time', while the propensity to return to an area
repeatedly to mate, which is common for some sharks,
we define as ‘mating site fidelity'. Following this logic,
the repeated use of a natal area should be 'natal site
fidelity’, and the use of an area for pupping or feeding
should thus be termed "pupping site fidelity' and 'feed-
ing site fidelity’, respectively (Fig. 4).

Site fidelity is common in many sharks, especially
in the use of nursery areas, reproduction or feeding
areas. Juvenile hammerheads showed site fidelity to
a nursery in Kane-ohe Bay, Hawalii,
repeatedly returning for periods of up to
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12 d during tracking (Holland et al.
~ 1993). Surprisingly, adults continued to
use this nursery despite it being highly
degraded (Duncan & Holland 2006).
Site fidelity is also common in juvenile
blacktip and lemon sharks in the Virgin
Islands (DeAngelis et al. 2008), juvenile
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<« Archipelago, Brazil (Garla et al. 2006),
and large juvenile and adult Caribbean
reef and nurse sharks at Glover's Reef
- - Atoll (Chapman et al. 2005). Interest-

Fig. 4. Types of site fidelity observed in coastal sharks. (Grey line denotes
visits to the same location over periods greater than 1 yr)

ingly, juvenile lemon sharks (mean TL
1.35 m) around Bimini demonstrate
natal site fidelity by remaining near
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their natal area for periods of years after they have left
their nursery (Chapman et al. 2009). There is also evi-
dence of natal site fidelity in juvenile blacktip sharks
(Hueter et al. 2004), and suggestions of its existence in
sandbar sharks, both of which return to their pupping
areas during years after parturition (Merson & Pratt
2001). This behaviour has also been proposed for juve-
nile grey nurse sharks that were recaptured 1, 2 and
3 yr later near original capture sites (Dicken et al.
2007). Returning to a broad natal area after annual
migrations has also been reported for Port Jackson
sharks (McLaughlin & O'Gower 1971).

Adult male and female nurse sharks display mating
site fidelity by returning to the same site annually and
every second year, respectively (Pratt & Carrier 2001).
Gestating female grey nurse sharks also aggregated at
a specific site on the east coast of Australia and spent
78 to 90 % of their time near the site over a 15 d period
(Bansemer & Bennett 2009). Coastal transient sharks
over 4 m TL such as white and tiger sharks have also
shown site fidelity to some coastal areas. White sharks
(>4 m TL) have shown feeding site fidelity to northern
elephant seal colonies at the South Farallon Islands,
California, over more than 7 seasons, but smaller indi-
viduals have not (Goldman & Anderson 1999). Similar
behaviour has been observed for white sharks aggre-
gating around Guadalupe Island to feed on Guadalupe
fur seals Arctocephalus townsendi (Domeier & Nasby-
Lucas 2008). The absence of small juveniles could arise
from ontogenetic differences in feeding or resource
exclusion. Site fidelity and temporary residency have
also been shown by white sharks in other coastal areas
(Bruce et al. 2006, Johnson et al. 2009). Tiger sharks
show some potential feeding site fidelity to the French
Frigate Shoals, Hawaii, where 9 of 13 tagged sharks
repeatedly visited particular islands over 3 yr in re-
sponse to concentrations of prey items (Lowe et al.
2006).

Other types of general site fidelity have been ob-
served in several coastal resident species. Adult scal-
loped hammerhead sharks schooling around a sea-
mount in the Gulf of California during the day return
repeatedly after nocturnal excursions (Klimley & Nel-
son 1984, Klimley et al. 1988). Adult female leopard
sharks have also demonstrated diurnal site fidelity to
coastal embayments, as well as some degree of longer
site fidelity over the period of 1 yr (Hight & Lowe 2007).
Male dogfish have been recaptured and identified
using numbered and acoustic tags over days and
years (Sims et al. 2001, 2006). Similarly, nurse hounds
Schliorhinus stellaris repeatedly use the same area for
months (Sims et al. 2005b). Studies of other demersal
sharks such as wobbegong sharks Orectolobus halei
showed that they were faithful to small areas (<200 m?)
monitored over several years (Huveneers et al. 2006). A

sympatric species, the ornate wobbegong, used sites
within a 75 ha area repeatedly for up to 211 d (Carraro
& Gladstone 2006), although no permanent residents
were recorded.

SEGREGATION AND HABITAT PARTITIONING

The ontogenetic or species segregation of individu-
als is common in sharks (Springer 1967), particularly in
coastal carcharhinids (Castro 1993), and could have
evolved as a consequence of competition for resources
or predation (Sims 2003). Such behaviour can also be a
reflection of differing physiological tolerances to envi-
ronmental conditions (see ‘Habitat specificity’ above).
Other factors that influence segregation include sex,
depth, benthic cover and water parameters (i.e. salin-
ity, dissolved oxygen and temperature). Juveniles are
at greater risk of predation than adults due to their
smaller size (Herrel & Gibb 2006), as are species less
than 2.5 m TL. However, the prevalence and function
of segregation and partitioning as a means of predator
avoidance in sharks is still poorly understood, with
only around 27 % (n = 29) of publications included in
our review addressing this topic (Table S1). The lack of
good data describing such segregation impedes man-
agement and conservation because failure to protect
the most important life stages contributing to popula-
tion recovery and growth cannot be easily identified
(Cailliet 1992, Bonfil 1997, Cortes 1999b, Field et al.
2009, Kinney & Simpfendorfer 2009). Furthermore,
knowledge of habitat partitioning by multiple species
can be used to influence reserve design algorithms to
take into account species complexes rather than single
taxa (e.g. Watts et al. 2009).

Most of our current knowledge of habitat partition-
ing is based on studies of juvenile and immature life
stages within nursery areas. In fact, approximately
67 % (n = 72) of studies included in our review exam-
ined juveniles, as opposed to approximately 56 % (n =
59) that included adults (Table S1). According to
Heupel et al. (2007), an area can only be classified as a
nursery if it meets 3 criteria: (1) sharks (<1 yr old) are
more common in the area than other areas, (2) they
remain in or return to the area for long periods, and (3)
they use the area across years. Many coastal resident
sharks use nursery habitats (e.g. lemon, sandbar,
blacktip and scalloped hammerhead sharks), although
few other species have been studied in detail. Reduc-
tion of predation risk by adults and a more reliable
food supply have been postulated as the main reasons
for the existence of nurseries (Springer 1967, Branstet-
ter 1990, Castro 1993, Simpfendorfer & Milward 1993).
However, lack of correlation with prey abundance
(Heupel & Hueter 2002) and high juvenile mortality
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due to starvation (Duncan & Holland 2006) do not sup-
port the latter hypothesis. Nursery areas might also
provide added protection from predation due to poor
visibility or limited accessibility by larger sharks. For
example, juvenile hammerheads use deeper water
with high mud and silt content during the day (Holland
et al. 1993, Duncan & Holland 2006). Other abiotic con-
ditions might provide gradients to separate juvenile
and adult habitats such as salinity (Simpfendorfer et al.
2005), temperature (McAuley et al. 2007), physical
structures (Morrissey & Gruber 1993a, McAuley et al.
2007), benthic cover (Carraro & Gladstone 2006, Hei-
thaus et al. 2006) and depth (Pikitch et al. 2005, Con-
rath & Musick 2008).

The smallest size classes of bull sharks live within
the fresher water of rivers and likely disperse to estuar-
ine habitats once achieving more than 0.95 m TL
(Simpfendorfer et al. 2005). Immature sharks favour
lower salinities, which suggest that a change in physi-
ological tolerances with age contributes to niche sepa-
ration (Simpfendorfer et al. 2005, Wiley & Simpfendor-
fer 2007, Heupel & Simpfendorfer 2008). Yeiser et al.
(2008) also observed that both juvenile bull and lemon
sharks make use of estuarine areas and move in differ-
ent patterns compared to adults. While tolerating
higher salinities has large energetic costs for juveniles,
it could provide an effective refuge against predation
by larger individuals.

Juvenile sandbar sharks segregate into nursery
areas for part of the year (Springer 1960, Medved &
Marshall 1983, Castro 1993, Merson & Pratt 2001), but
not in all parts of their range. Indeed, a study on the
Western Australian coast found that juveniles were rel-
atively more abundant in temperate compared to trop-
ical waters (McAuley et al. 2007). The authors sug-
gested that the Leeuwin Current, a poleward-flowing
warm water current that dominates much of the
Western Australia coast, provides a warm and stable
temperature for juveniles and thus an increased oppor-
tunity for separation from the adult population. Fur-
thermore, the correlation between the peak in dis-
tribution of juveniles and an extensive limestone reef
system could also provide a habitat in which juveniles
can take refuge from predators.

Depth gradients can provide opportunities for habi-
tat partitioning particularly in coastal resident species
such as Port Jackson sharks, where juveniles of both
sexes use nursery areas in bays and estuaries and
adults segregate by sex and use deeper water
(McLaughlin & O'Gower 1971). Similarly, young-of-
the-year grey nurse sharks use shallow-water reef
habitat as a refuge from larger species (Dicken et al.
2006). Pikitch et al. (2005) found that small juvenile
Caribbean reef sharks were relatively more common
inside lagoons, and larger individuals used shallow

fore-reef habitats near deeper water to increase fora-
ging opportunities (Chapman et al. 2005). Small
Caribbean reef sharks also move from shallow fore-
reef habitats during the day into the lagoon at night
presumably to reduce predation risk (Chapman et al.
2007). Similar behaviour has been observed at Midway
Atoll, Hawaii, for juvenile Galdpagos sharks Car-
charhinus galapagensis, which use channels and fore-
reef habitats during the day and move onto atoll flats
at night (Lowe et al. 2006). Neonate nurse Gingly-
mostoma cirratum and lemon sharks also tend to use
near-shore seagrass beds or other restricted areas
more than their larger conspecifics (Gruber et al. 1988,
Morrissey & Gruber 1993a, Pikitch et al. 2005). This
segregation might also be attributed to an ontogenetic
dietary shift, whereby smaller prey items are available
to juveniles in shallow areas.

Habitats are sometimes shared by both adults and
juveniles; Heithaus et al. (2006) found no difference in
microhabitat use between tiger sharks that were
<3.25 m TL and >3.25 m TL, even though sexual seg-
regation of juveniles exists (Heithaus 2001). Similarly,
Carraro & Gladstone (2006) did not find differences in
microhabitat selection among age classes of ornate
wobbegongs. Other species that share the same habi-
tat among size classes do so by targeting differing food
sources. For example, adult leopard sharks feed in
nursery areas, although they shift from fish eggs to
crustacean prey as they age (Ebert & Ebert 2005).

Beyond simple descriptions of distribution patterns,
few studies have examined habitat partitioning simul-
taneously among multiple species of coastal sharks
(e.g. Nelson & Johnson 1980, McKibben & Nelson
1986). A study of habitat partitioning among inshore
species in Western Australia found that sicklefin lemon
Negaprion acutidens, spinner Carcharhinus brevip-
inna, blacktip and milk sharks Rhizoprionodon acutus
share their habitat as a communal nursery, while ner-
vous sharks C. cautus used the area for the duration of
their life cycle (White & Potter 2004). The concept of
communal nursery areas is not new (Simpfendorfer &
Milward 1993), and they appear to be a common fea-
ture of many coastal areas (Castro 1993, Simpfendorfer
& Milward 1993, Yokota & Lessa 2006). Temporal
partitioning according to species size can also occur
within the same nursery area (Yokota & Lessa 2006) or
other regions (White & Potter 2004).

CONSERVATION AND MANAGEMENT

Sharks that are distributed in shallow near-shore
waters are potentially at risk from a number of fishing
sources (Field et al. 2009, Knip et al. 2009), such as bot-
tom long line fisheries (e.g. Morgan et al. 2009), coastal
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trawl fisheries (as bycatch; Carbonell et al. 2003), gill-
net fisheries (e.g. Stevens & McLoughlin 1991, Trent et
al. 1997), recreational fishing (Stevens et al. 2000a) and
shark-control programs (e.g. Dudley et al. 2005). The
depth at which sharks distribute themselves therefore
has profound implications to their susceptibility to
these sources. For example, long periods spent at the
surface, as seen in whale sharks while in coastal
aggregations, might leave them vulnerable to subsis-
tence fisheries in developing countries or to being
struck by vessels (Speed et al. 2008). Increased time
spent at shallow depths at night by species such as
Caribbean reef sharks (Chapman et al. 2007) and
school sharks (West & Stevens 2001) could also make
them particularly susceptible to fishing during this
period. Furthermore, the tendency for some species to
segregate vertically by sex (e.g. lesser spotted dogfish;
Sims et al. 2001) or age class (e.g. sandbar sharks;
McAuley et al. 2007) make particular size classes more
vulnerable to specific types of fishing gear. Vertical
movement is undoubtedly an important aspect of habi-
tat use that should be considered in management deci-
sions; however, it is surprising that few studies have
focused on 1 of the most common families of sharks in
coastal areas, the Carcharhinidae (Fig. 2).

The effective conservation of coastal resident sharks
can be achieved via the implementation of marine pro-
tected areas, because many species (or size classes)
have relatively small home range sizes (i.e. <100 km?).
However, these protected areas are unlikely to en-
compass the entire range of a population (Kinney &
Simpfendorfer 2009). The potential use of protected
areas to protect shark nursery areas has been exam-
ined (Heupel & Simpfendorfer 2005b), and while con-
sidered useful, other measures must also be taken to
protect older juvenile and adult life stages, such as a
reduction in fishing capacity and size limits (Kinney &
Simpfendorfer 2009). Other areas might act as suitable
sites for protected areas where multiple conspecifics or
individuals of differing species cohabit with overlap-
ping ranges or distribution (e.g. White & Potter 2004,
Chapman et al. 2005, Wiley & Simpfendorfer 2007,
DeAngelis et al. 2008).

An understanding of coastal migration patterns and
population connectivity are essential for management
(Bonfil 1997), although in many instances we lack this in-
formation. This is a greater management problem for
coastal transient sharks that range widely (e.g. white,
tiger, whale and basking sharks) and coastal resident
sharks that migrate seasonally (e.g. grey nurse, blacktip
and sandbar sharks), because these require both local
and regional management coordination. The trans-
oceanic movement of threatened species in particular re-
quires international government cooperation and agree-
ments to manage and conserve these wide-ranging

species (Musick et al. 2000). Little is known about such
long-distance movements, but in some instances, smaller
coastal migration corridors could be established to assist
the conservation of particular species.

The degree to which a species depends on a particu-
lar habitat (i.e. habitat specificity) also has profound
implications for their management and conservation
because threats to coastal environments are rising as a
result of increased human population expansion and
the development of coastal resources (Field et al.
2009). Sharks can select coastal habitats based on suit-
able environmental conditions such that localised
degradation of important habitats will affect this pro-
cess. The reduction in prey availability due to habitat
degradation, over-harvesting or bycatch can also affect
species that use this signal to select habitats (Wirsing
et al. 2007). The extent and degree of site fidelity is
also of particular relevance to the conservation of
sharks (Heupel & Simpfendorfer 2005b), as are popula-
tion models that describe the level of habitat use or
habitat dependency throughout a species' life (e.g.
Springer 1967, Knip et al. 2010). The reason being,
that marine protected areas might only be effective if
the vulnerable age classes of a species are resident for
long enough during their life cycle (Roberts 2000).

Even where closures assist in reducing extinction risk,
they might not always be effective at reducing the prob-
ability of population decline. The ubiquity and variety of
life stage segregations in coastal sharks has fostered a
research focus on juvenile life stages in nursery areas,
but clearly more information is required to determine the
extent to which older, more mobile individuals are vul-
nerable to threats outside nurseries (e.g. Chapman et al.
2009). Where size-segregation occurs, other measures
should therefore be used to protect these individuals.
Myers & Worm (2005) suggested that closures need to be
combined with reduced fishing effort to avoid issues with
relocation and displacement of effort. As such, they pro-
posed 4 strategies to mitigate and remedy problems of
overfishing: (1) reduction of fishing to avoid extinction of
the most sensitive species, (2) reduction of bycatch
mortality, (3) implementation of spatial closures and
(4) establishment of permanent closures in important
areas such as nurseries and mating areas. When aggre-
gations are ephemeral, temporary enclosures could also
be effective (Heupel & Simpfendorfer 2005b). One such
example is the implementation of a temporary closure for
nurse sharks in Florida during their mating season
(Carrier & Pratt 1998).

CONCLUSIONS

Coastal sharks have become a subject of increasing
research effort due to alarming decreases in popula-
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tion size (Shepherd & Myers 2005, Myers et al. 2007),
and the greater availability and affordability of moni-
toring technology. Most studies have been run over the
short term; however, there has been a shift in focus
toward longer-term research with the realisation that
quantifying changes in habitat use over an individual's
lifetime is essential for effective management and con-
servation. Some studies have also been attempting to
monitor in situ environmental variables in conjunction
with movement to provide more meaningful informa-
tion on how sharks interact with their environment,
which moves beyond the simple measurement of spe-
cies presence or absence. The incorporation of new
technologies is essential for enhancing our under-
standing of movement patterns, which is currently
patchy for many species due to phenomena such as
segregation of the sexes and life stages, and the lim-
ited scope and high cost of tracking techniques avail-
able in the past. The development and adoption of
telemetry equipment that monitors environmental data
as well as specific behavioural information over long
periods will allow us to shift focus from habitat-specific
monitoring to a full life-stage approach.

Our review highlights that despite a growing body of
general information describing the temporal and spa-
tial patterns of shark movements, there have still been
far too few (temporally and spatially) data collected to
be able to make sweeping statements regarding the
best ways to manage sharks. In particular, there is a
lack of vertical movement information for sharks that
are coastal residents, which is a potential hindrance to
their successful management and conservation. Gen-
eral vertical patterns that have been obtained from
coastal transient sharks while in coastal areas (i.e.
oscillatory vertical displacements, surface swimming,
diel vertical migration and swimming at depth) are
usually attributed to foraging or navigation. Horizontal
movement patterns have been well documented for
many coastal sharks, although differences in data col-
lection and analysis methods complicate making broad
generalisations about these patterns. Nevertheless, our
meta-analysis lends support to the concept that home
range size increases as a function of body size as well
as monitoring time. As monitoring technology becomes
more widely accessible, standardised analysis tech-
niques will hopefully be employed, which will further
facilitate size comparisons across size classes and spe-
cies for conservation and management.

The environmental factors that drive fine- and large-
scale movement patterns have been identified for
some species, although other ontogenetic and biotic
factors have been relatively poorly documented. The
consequences of these movement patterns often result
in site fidelity to localised coastal areas, although defi-
nitions of the nature of these relationships are often

inconsistent within the literature, making conclusions
about these phenomena tenuous. Therefore, a stan-
dardisation of terminology and additional use of quali-
fiers to denote the exact extent of site fidelity is sug-
gested. Data on segregation and habitat partitioning,
which are important considerations in the design of
successful protected areas, are also scarce.

To provide a more complete and meaningful repre-
sentation of coastal shark movement patterns for con-
servation and management planning, we suggest that
the following areas of research should be made priori-
ties: (1) the quantification of long-term vertical and
horizontal habitat use, (2) further research on ontoge-
netic and biotic relationships with movement patterns,
(3) migration and dispersal capacity, (4) natal site
fidelity and (5) habitat partitioning within and among
species. Armed with precise information describing
these aspects of coastal shark ecology and behaviour
for sympatric species, we will have the chance to min-
imise the effects of marine degradation on these vul-
nerable populations.
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