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a b s t r a c t

Global declines in shark populations have created uncertainty in the future status of many species and
conservation efforts are urgently needed. Marine protected areas (MPAs) are used increasingly as conser-
vation tools around the world, but how they benefit mobile and wide ranging species like sharks remains
unclear. To evaluate the degree of protection MPAs may provide for sharks, we used an array of acoustic
receivers to examine the movements and spatial use of two tropical coastal species within two MPAs in
the Great Barrier Reef Marine Park, Australia. Juvenile pigeye (Carcharhinus amboinensis) and adult spot-
tail (Carcharhinus sorrah) sharks were fitted with acoustic transmitters from 2009 to 2010. Both species
displayed long-term use of MPAs, with some individuals detected for longer than 600 days. The mean
percentage of time C. amboinensis and C. sorrah spent inside MPAs was 22% and 32%, respectively. MPA
use varied seasonally, with C. amboinensis spending a higher percentage of time inside MPAs in summer
(mean = 28%) and C. sorrah spending a higher percentage of time inside MPAs in winter (mean = 40%).
Although sharks used large areas inside MPAs, most individuals tended to use only half of the available
protected space. In addition, all sharks made excursions from MPAs and individuals exited and re-entered
at consistent locations along the MPA boundaries. These results demonstrate that MPAs have conserva-
tion benefits for shark populations by providing protection across different species and life stages, and
tracking studies can be used to help tailor MPA design to maximize effectiveness.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction are not completely understood, there is increasing evidence of
Sharks are among the most threatened groups of species in the
world due to fisheries and increasingly the loss and degradation of
coastal habitats (Stevens et al., 2000). Global declines in shark pop-
ulations have created uncertainty in the future status of many spe-
cies (Dulvy et al., 2008). Conservation is needed, but due to the
broad geographic distribution and migratory nature of sharks it
is often difficult to define an effective conservation strategy.
Understanding how protective measures can be implemented for
sharks will be crucial for the persistence of their populations, and
to date most effort has been focused on creating and improving
existing fisheries management frameworks (e.g. Musick et al.,
2000; Barker and Schluessel, 2005). Though there is a rapid rise
in the gazetting of shark bans, particularly in island and developing
nations.

Marine protected areas (MPAs) are being used increasingly as
both conservation and management tools for sheltering vulnerable
species and habitat from exploitation (Agardy, 1997; Sobel and
Dahlgren, 2004). Although the full potential and costs of MPAs
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the benefits they provide to the marine environment, particularly
for species in shallow complex habitats, such as coral reefs and
kelp forests (e.g. Shears et al., 2006; Russ and Alcala, 2011). There
are also potential fisheries benefits associated with the establish-
ment MPAs. For example, Wiegand et al. (2011) showed that
spatial closures would ensure the recovery of the thornback ray
(Raja clavata) while creating minimal loss of fishery yield. In addi-
tion, non-target species can benefit from MPAs through restoration
of important habitat and reduction in by-catch (Dayton et al.,
1995). Due to the urgent need for protection in marine environ-
ments, many MPAs have been implemented opportunistically
without prior knowledge of how they will function (Roberts,
2000). However, evaluating the effectiveness of MPAs is essential
for increasing and maximizing their conservation potential
(McNeill, 1994).

MPAs are generally thought to be most effective at protecting
sedentary species, as most MPAs are small in size (med-
ian = 4.6 km2; Wood et al., 2008) and the benefits resulting from
protection diminish once individuals move outside the boundaries
(Bonfil, 1999). However, recent studies have revealed that mobile
species with large ranges can benefit from MPA protection (e.g.
Claudet et al., 2010). Designing MPAs to benefit mobile species is
particularly challenging and requires sound knowledge of their
biology, movement and habitat use to understand how behavior
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will affect MPA function (Kramer and Chapman, 1999; Grüss et al.,
2011). Another crucial variable to consider when evaluating the
effectiveness of MPAs for mobile species is the probability of cap-
ture outside the MPA (e.g. Heupel and Simpfendorfer, 2005). Estab-
lishing MPAs in areas that mobile species use consistently (e.g.
spawning grounds and nursery areas) may offer protection to pop-
ulations and reduce fishing mortality (Heupel and Simpfendorfer,
2005; Meyer et al., 2007), but research to this effect is limited.
The goal to increase global coverage of the world’s MPAs by at least
sixfold over the next few years (Wood et al., 2008) presents an
opportunity to implement spatial protection for exploited species.
However, it remains unclear how increased MPA regions can be
best designed to benefit some of the world’s most mobile species,
such as sharks.

The effectiveness of an MPA is contingent on the species being
encompassed by the MPA, so the degree of MPA effectiveness will
depend on the degree of overlap between species movements and
the area of spatial protection. The aim of this study was to evaluate
the possible degree to which existing MPAs may shelter shark pop-
ulations by tracking the movements of two tropical coastal species
within two MPA regions in the Great Barrier Reef Marine Park, Aus-
tralia. We used movement data to define the amount of time sharks
spent inside MPAs, the number of times boundaries were crossed
and the amount of MPA space used, thus quantifying the level of
MPA protection afforded to sharks. We hypothesized that although
mobile, coastal sharks receive conservation benefits from MPAs by
remaining inside boundaries, with individual and seasonal variation
in movement affecting the level of protection gained.
2. Materials and methods

2.1. Study site

Cleveland Bay (19�120S, 146�540E) is a tropical, shallow coastal
area located within the Great Barrier Reef Marine Park (GBRMP)
Fig. 1. Map of Cleveland Bay showing boundaries of Conservation Park zones (solid line
inner deep (s) and inner shallow (N). Inset shows location of Cleveland Bay relative to
on the northeast coast of Queensland, Australia (Fig. 1). The GBRMP
was rezoned in 2003 for the purpose of protecting a wider range of
habitat regions, with no prior knowledge of how the zoning
scheme would benefit inhabitants of these regions (Fernandes
et al., 2005). Thus, Cleveland Bay provided an ideal system for
assessing the effectiveness of recently implemented protection
zones within one of the largest networks of MPAs in the world.
The total area of Cleveland Bay is approximately 225 km2; maxi-
mum depth is 10 m, tidal range reaches 4.2 m and habitat type is
highly diverse. On the western side of the bay there are patches
of coral reef and reef flats and the bottom type is mostly coral rub-
ble and sand. In contrast, the eastern side of the bay consists of
mangrove lined mud flats and the bottom type is mud and sand.

There are two Conservation Park (CP) zones within Cleveland
Bay (Fig. 1). These CP zones cover an area of about 140 km2 and
there are strict fishing restrictions in these regions. Trawling and
netting (bait netting excluded) are prohibited and line fishing is
limited to one line per person and one hook per line. Although
some line fishing occurs in these zones, fishers do not target sharks
and if captured >95% are released alive (Lynch et al., 2010). Thus,
CP zones were considered as MPAs for sharks.

2.2. Field methods

Passive acoustic monitoring was conducted with 55 VR2 or
VR2W acoustic receivers (Vemco, Canada). Receivers were de-
ployed throughout the two CP zones in Cleveland Bay (west and
east) to monitor sharks inside MPAs (Fig. 1). The array of receivers
covered all representative habitats within the bay: reef, seagrass,
sand, mud and river mouths. Coverage allowed species to be
monitored throughout all available habitat types. Downloading of
receiver data occurred every 6–8 weeks.

Two species were monitored during this study, the pigeye
(Carcharhinus amboinensis) and spottail (Carcharhinus sorrah)
shark. These species were selected as models to define the efficacy
of MPAs for sharks that have different life history and ecological
s) and locations of acoustic receivers classified as edge deep (d), edge shallow (j)
the Queensland coast.
,
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characteristics. For example, C. amboinensis is a slow growing,
large-bodied species that uses coastal areas as juveniles. In con-
trast, C. sorrah is a fast growing, medium-bodied species that uses
coastal areas during all life stages. Sharks were captured on long-
lines comprised of 500 m bottom-set mainline (8 mm nylon rope)
that were anchored at both ends and soaked for 1 h. Gangions con-
sisted of 1 m of 5 mm nylon cord and 1 m of wire leader. Size 14/0
Mustad tuna circle hooks were used and baited with frozen butter-
fly bream (Nemipterus sp.), mullet (Mugil cephalus), blue threadfin
(Eleutheronema tetradactylum) or fresh trevally (Caranx spp.). Sam-
pling occurred in both CP zones within Cleveland Bay and sharks
were released at their capture location. Sharks were measured to
the nearest mm (stretch total length or STL), sexed and tagged with
a rototag in the first dorsal fin and a single-barb dart tag in the dor-
sal musculature. Study species were fitted with a V16 acoustic
transmitter (Vemco, Canada), which was surgically implanted into
the body cavity to ensure long-term retention. Transmitters had a
unique code to identify individual sharks, pulsed on a random re-
peat interval of 45–75 s and had a battery life of approximately
18 months. Detection range of acoustic receivers within the study
site was averaged to be approximately 900 m (Heupel, unpub-
lished data).

From 2009 to 2010, data was collected from 37 C. amboinensis
(2009 = 17, 2010 = 20) and 20 C. sorrah (2009 = 10, 2010 = 10). C.
amboinensis consisted of juveniles from three age-classes (i.e.
young-of-the-year, 1-year-olds and 2-year-olds) and individuals
ranged from 690 to 1290 mm STL. Age-class was determined by
body size, with sizes compared to length-at-age data (Tillett
et al., 2011). C. sorrah were all adult individuals, with sizes ranging
from 970 to 1270 mm STL for females and 950–1060 mm STL for
males. All C. sorrah were determined sexually mature due to males
having calcified claspers and females being greater than 950 mm
STL (Last and Stevens, 2009).

2.3. Data analysis

Detection data from the acoustic receivers were analyzed to de-
fine when sharks were inside or outside the CP zones (hereafter re-
ferred to as MPAs). However, since all acoustic receivers were
placed in the MPAs, detections only indicated when sharks were
inside MPAs. Therefore, we developed a method for estimating
when sharks exited the MPAs. A two-step approach was used:
(1) a maximum period of non-detection was calculated from the
detection data to estimate the time when sharks were determined
to have exited the MPAs (referred to as ‘exit time’) and (2) the exit
time was then applied to the entire detection data set to identify
when sharks were outside the MPAs.

To estimate the exit time (i.e. the period of non-detection that
indicated an individual had exited the MPA), the interval between
all detections was calculated for each shark. These intervals de-
fined the amount of time it took for a shark to depart one receiver
and be detected by another. The longer the interval between detec-
tions, the more likely the shark had exited the MPA. Next, the
receivers were given a classification depending on their position
in the MPAs. Receivers along the outer boundaries were classified
as ‘edge deep’ or ‘edge shallow’ and receivers to the inside of the
edge lines were classified as ‘inner deep’ or ‘inner shallow’ (see
Fig. 1). Deep receivers were located where they remained sub-
merged at all tidal stages, while shallow receivers were in the
intertidal zone and dried at <80 cm tidal height. Using this receiver
classification a subset was taken from the detection data, which in-
cluded the intervals between detections when sharks departed in-
ner deep receivers. Thus, these intervals were the amount of time it
took a shark to depart an inner deep receiver and be detected by
any other receiver. Only data from the inner deep receivers were
used to estimate the exit time, as a long non-detection period after
a shark departed an edge receiver meant it had probably exited. In
addition, a long non-detection period after a shark departed a shal-
low receiver meant it could still be inside the MPA, but using shal-
low water out of receiver detection range. Thus, the inner deep
receivers provided the most reliable interval between detections.
The 95th percentile of the detection data subset was used as the
exit time for each shark. A mean exit time, weighted by the number
of data points of each individual, was calculated for each species
and MPA (i.e. west and east).

To define when sharks were outside MPAs, the exit time was
applied to the entire detection data set for each individual shark.
Specifically, each time a shark departed a receiver it was defined
as inside or outside the MPAs by comparing the exit time to both
the period between detections and receiver classification. For edge
deep receivers, individuals were defined as outside when the per-
iod between detections was greater than the exit time. However, it
was also possible for individuals to depart the MPA without being
detected on the boundary receivers. Thus, for edge shallow and in-
ner deep receivers, individuals were defined as outside when the
period between detections was greater than twice the exit time.
In all other instances, individuals were considered to be inside
the MPAs. All data analyses were conducted in the R environment
(R Development Core Team, 2009).
2.3.1. Time spent inside MPAs
To calculate the total amount of time sharks spent inside MPAs,

the periods when sharks were classified as inside the MPAs were
summed. For each individual shark, the time spent inside was di-
vided by the total time monitored (first detection to last) to deter-
mine the proportion of time spent in MPAs. Time spent inside was
also calculated by month for each species to define seasonal
changes in MPA use. Proportion of time data was examined for nor-
mality with Quantile–Quantile plots and sin�1px transformed. A t-
test was used to test for a difference in the proportion of time spent
inside MPAs between species. A mixed effects model with individ-
ual as a repeated measure was used to test for differences in the
proportion of time spent inside MPAs by year, month, body size,
sex and MPA.
2.3.2. Excursions from MPAs
Excursions from MPAs (defined as an individual crossing out of

an MPA) were calculated by tallying the number of times sharks
were classified as outside the MPAs. Since sharks were detected
for varying lengths of time (e.g. days to years), the number of daily
excursions was calculated by dividing the total number of excur-
sions an individual made by the total number of days it was de-
tected. To determine how long sharks were outside the MPAs
during an excursion, mean excursion duration was calculated by
dividing the total amount of time an individual spent outside the
MPAs by its number of excursions. Excursion data were examined
for normality with Quantile–Quantile plots and log(x + 1) trans-
formed. t-Tests were used to test for differences in the number of
daily excursions and mean excursion duration between species.
Analysis of covariance (ANCOVA) was used to test for differences
in the number of daily excursions and mean excursion duration
by year, body size, sex and MPA.

To determine where along the boundaries of the MPAs sharks
were crossing, detections on edge receivers were tallied each time
an individual made an excursion from and returned to the MPAs.
The number of detections on each edge receiver was divided by to-
tal edge receiver detections to calculate the proportion of detec-
tions occurring along the edge receivers. Proportions were
calculated separately for both excursion and return events to
establish if sharks returned at the same location as their exit.
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2.3.3. Space use inside MPAs
Minimum convex polygons (MCPs) were calculated for each

individual to define the amount of space sharks used inside MPAs.
MCPs were calculated with the adehabitat package in R (Calenge,
2006) and plotted in ArcGIS 9.3 to show the spatial distribution
of individuals inside MPAs. MCP area was divided by total MPA
area to determine the proportion of MPA space used by individuals.
Proportion of space data was examined for normality with Quan-
tile–Quantile plots and sin�1px transformed. A t-test was used to
test for a difference in the proportion of MPA space used between
species. ANCOVA was used to test for differences in the proportion
of MPA space used by year, body size, sex and MPA.
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Fig. 2. Percentage of time spent inside MPAs for (a) Carcharhinus amboinensis and
(b) male (black) and female (gray) Carcharhinus sorrah.
3. Results

MPA use varied among both shark species, with many individ-
uals detected in the study site for long periods. C. amboinensis were
detected for 4–676 days (mean = 190) and C. sorrah were detected
for 28–566 days (mean = 281). Individuals of both species used
only one of the two MPAs in Cleveland Bay (i.e. west or east) and
movements across the bay were rare. Specifically, C. amboinensis
used the eastern MPA and C. sorrah used either the eastern or wes-
tern MPA, but not both. For the data analyses, the predictor vari-
ables included in the statistical tests varied based on species.
First, differences between years were not tested for in C. sorrah be-
cause the sampling for this species was continuous and not sepa-
rated by years. In addition, differences between sexes were only
tested for in C. sorrah because individuals of this species were all
sexually mature. Lastly, differences between MPAs were only
tested for in C. sorrah because this species used both MPAs. How-
ever, only female individuals used the two MPAs (i.e. males only
used the eastern MPA), so statistical tests were run separately for
female C. sorrah to test for differences between MPAs. All of the
other predictor variables mentioned were included in the mixed
effects models and ANCOVAs.
3.1. Time spent inside MPAs

The amount of time spent inside MPAs was highly variable
among individuals of both species. C. amboinensis spent between
2% and 67% of time inside MPAs (mean = 23%) and C. sorrah spent
between 0% and 67% of time inside MPAs (mean = 32%). Most C.
amboinensis spent less than 30% of time inside, whereas more C. sor-
rah spent between 30% and 60% of time inside (Fig. 2). Although on
average C. sorrah spent approximately 10% longer in the MPAs than
C. amboinensis, there was no significant difference in the amount of
time spent inside between species (t-test, t38.3 = �1.54, p = 0.132).
For C. sorrah, the amount of time spent inside was significantly dif-
ferent between sexes (mixed effects model, F1,16 = 4.65, p = 0.047),
with females spending more time inside the MPAs than males
(means = 38% and 21%, respectively) (Fig. 2). There was no signifi-
cant difference in the amount of time spent inside on the basis of
body size for either species (C. amboinensis: mixed effects model,
F1,33 = 2.64, p = 0.114; C. sorrah: mixed effects model, F1,16 = 0.13,
p = 0.721), or between MPAs for female C. sorrah (mixed effects
model, F1,110 = 0.56, p = 0.456).

Time spent inside MPAs was consistent across years, and there
was no significant difference between years for C. amboinensis
(mixed effects model, F1,33 = 0.45, p = 0.505). However, the amount
of time species spent inside MPAs varied between months (Fig. 3).
C. amboinensis spent twice as long in the MPAs in summer (i.e.
November–April) than winter (i.e. May–October) (means = 28%
and 14%, respectively). The opposite pattern was evident among
C. sorrah, with individuals spending more time in the MPAs in win-
ter (mean = 40%) than summer (mean = 29%). The difference in the
amount of time spent inside MPAs between months ranged up to
38% for C. amboinensis and 35% for C. sorrah, and this difference
was significant for both species (C. amboinensis: mixed effects
model, F11,156 = 7.08, p < 0.001; C. sorrah: mixed effects model,
F11,128 = 2.59, p = 0.005). For C. amboinensis, there was no signifi-
cant interaction between year and month (mixed effects model,
F11,156 = 1.61, p = 0.101), indicating that individuals spent similar
amounts of time inside MPAs during the same months across
years. There was, however, a significant interaction between sex
and month for C. sorrah (mixed effects model, F11,128 = 2.44,
p = 0.008), which suggests that sexes spent different amounts of
time inside MPAs based on month.

3.2. Excursions from MPAs

All individuals made excursions from MPAs and the number and
duration of excursions varied among individuals of both species. The
number of excursions per day ranged from 0.33 to 2.84 for C.
amboinensis (mean = 0.90) and 0.20 to 4.17 for C. sorrah (mean =
1.68). There was no significant difference in the number of daily
excursions between species (t-test, t24.7 = �1.02, p = 0.317), and
most individuals made two or less excursions from the MPAs per
day (Fig. 4a and c). Mean excursion duration ranged from 0.4 to
206.4 h for C. amboinensis (mean = 43.1) and 4.0 to 214.0 h for C.
sorrah (mean = 48.5). There was no significant difference in mean
excursion duration between species (t-test, t36.4 = 0.22, p = 0.826),
and mean excursion duration was less than 80 h for most individuals
(Fig. 4b and d). For C. amboinensis, there was a significant difference
in the number of daily excursions between years (ANCOVA,
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F1,33 = 16.61, p < 0.001), with individuals in the first year crossing
MPA boundaries less frequently than individuals in the second year
(means = 0.90 and 1.47, respectively). There was, however, no signif-
icant difference in mean excursion duration between years for C.
amboinensis (ANCOVA, F1,33 = 1.74, p = 0.203). For C. sorrah, female
individuals using the western MPA crossed boundaries less fre-
quently per day than those using the eastern MPA (means = 0.73
and 1.98, respectively), and females using the western MPA also
undertook shorter excursions (mean = 45.2 h) (Fig. 4c and d). How-
ever, there was no significant difference in either the number of daily
excursions (ANCOVA, F1,11 = 3.81, p = 0.077) or mean excursion
duration (ANCOVA, F1,11 = 3.59, p = 0.085) between MPAs for female
C. sorrah. For both species, there was no significant difference based
on body size in the number of daily excursions (C. amboinensis: AN-
COVA, F1,33 = 0.01, p = 0.913; C. sorrah: ANCOVA, F1,17 = 0.10,
p = 0.755) or mean excursion duration (C. amboinensis: ANCOVA,
F1,33 = 0.18, p = 0.678; C. sorrah: ANCOVA, F1,17 = 1.31, p = 0.268).
There was also no significant difference between sexes for C. sorrah
(number of excursions: ANCOVA, F1,17 = 0.24, p = 0.628; excursion
duration: ANCOVA, F1,17 = 1.54, p = 0.231).



Fig. 5. Mean percentage of detections on edge receivers when individuals exited and returned to MPAs: (a and b) Carcharhinus amboinensis, (c and d) Carcharhinus sorrah
using the eastern MPA, (e and f) C. sorrah using the western MPA. Dashed lines indicate bathymetry.
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When sharks made excursions from the MPAs they typically ex-
ited and entered at the same location along the boundaries (Fig. 5).
However, there was high variation in location of boundary crossings
between species and the MPA used. In the eastern MPA, C. amboin-
ensis exited and entered the MPA in the southern portion of the bay
within the 5 m isobath more than 60% of the time (Fig. 5a and b). In
contrast, most C. sorrah crossed the boundary in the northern part of
the bay just outside the 5 m isobath (Fig. 5c and d). In the western
MPA, C. sorrah exited and entered at one receiver along the eastern
boundary outside the 5 m isobath more than 50% of the time, and
less than 5% of crossings occurred along the western boundary,
indicating that individuals rarely crossed the boundary on the wes-
tern side of this MPA (Fig. 5e and f).

3.3. Space use inside MPAs

The amount of space used inside MPAs ranged widely for both
species (Fig. 6). C. amboinensis used between 17% and 93% of
MPA space (mean = 50%) and C. sorrah used between 6% and 83%
of MPA space (mean = 55%). Most C. amboinensis used 50–60% of
space inside the MPAs, whereas more C. sorrah individuals used be-
tween 70% and 80% (Fig. 7). There was no significant difference in
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the amount of space used inside MPAs between species (t-test,
t40.9 = �0.82, p = 0.419). There was no significant difference in the
amount of MPA space used between years for C. amboinensis (AN-
COVA, F1,33 = 3.14, p = 0.086) or body sizes for both species (C. amb-
oinensis: ANCOVA, F1,33 = 0.13, p = 0.724; C. sorrah: ANCOVA,
F1,17 = 0.01, p = 0.917). For C. sorrah, there was also no significant
difference based on sex (ANCOVA, F1,17 = 0.22, p = 0.645) or MPA
for female individuals (ANCOVA, F1,11 = 0.26, p = 0.622).

4. Discussion

4.1. Shark movement and MPA effectiveness

Using long-term movement data we show that two shark spe-
cies of different life stages spend a high proportion of time within
the protection of two pre-existing MPAs in a highly variable coastal
habitat. This empirical demonstration indicates that coastal MPAs
can encompass a significant amount of the spatial distribution of
mobile and wide ranging sharks. The degree of MPA effectiveness
will in part depend on the seasonality of the fishery with respect
to the seasonality and timing of excursions of sharks from MPAs.
However, the fact that a high proportion of sharks spent long peri-
ods of time inside MPAs suggests that spatial closures may have
significant benefits for conservation and fisheries management.
For example, commercially important species, such as C. sorrah
(Harry et al., 2011), will gain shelter from fishing pressure via indi-
viduals remaining inside MPA boundaries. Thus, MPAs that have
been designed to protect biodiversity and habitat regions like in
the Great Barrier Reef Marine Park (GBRMP) (Fernandes et al.,
2005) have additional functions, such as providing potential con-
servation benefits for coastal shark populations.

Variation in species behavior will result in variation in MPA use,
and hence the level of protection derived. The amount of time
sharks spent inside MPAs was variable for both C. amboinensis
and C. sorrah, with some individuals spending up to 70% of their
time inside and others close to no time at all. Similar individual
variation in behavior has been reported for the snapper (Pagrus
auratus) and white stumpnose (Rhabdosargus globiceps) in coastal
MPAs in New Zealand and South Africa, respectively (Kerwath
et al., 2009; Parsons et al., 2010). Kerwath et al. (2009) found that
R. globiceps spent between 4% and 96% of time inside the MPA
(mean = 50%). These authors suggested that the high level of indi-
vidual variation was a function of behavior, with individual behav-
ior type (e.g. station keeping, migrating, etc.) affecting the amount
of time spent inside the MPA (Kerwath et al., 2009). The amount of
time C. amboinensis and C. sorrah spent inside MPAs during this
study was also likely in part a reflection of behavior. Movement
patterns of both species were variable, with some individuals
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displaying high degrees of site attachment while others moved
more widely (Knip et al., 2011, in press). Individual variation in
behavior has also been reported among other taxa (Willis et al.,
2003; Afonso et al., 2009), and creates challenges when imple-
menting protection for a population. Sheltering more resident por-
tions of a population may be an effective approach for mobile and
wide ranging species, and even partial protection may generate
benefits for elasmobranchs and other long lived species. For exam-
ple, Wiegand et al. (2011) found that a three-season spatial closure
was enough protection to ensure the recovery of the thornback ray
(R. clavata) in the Thames Estuary. However, it is also important to
recognize the limitations of MPAs for protecting mobile species
like sharks. If species display individual variation in behavior, it
is likely that MPAs will primarily select for the most resident char-
acteristics and not protect the full genetic diversity of targeted
populations. Thus, movement data from tracking studies can be
used to help identify when MPAs may be an effective conservation
strategy for elasmobranch populations (Simpfendorfer et al., 2011),
and when other approaches may be more feasible (e.g. size limits
in fisheries; Wiegand et al., 2011).

Behavioral strategies of sharks vary considerably between spe-
cies, such as the use of nursery areas (Heupel et al., 2007), which
may potentially affect the benefits species derive from MPAs in
coastal regions. Since C. amboinensis and C. sorrah used MPAs dur-
ing different life stages, it is likely that MPAs played a different role
for each species. For example, C. amboinensis used MPAs as young
juveniles and remained in these regions until at least three years of
age. Protecting juvenile life stages will benefit species like C. amb-
oinensis through increased survival of young. However, once indi-
viduals leave MPA regions the benefits resulting from protection
will diminish. Thus, older juvenile and adult C. amboinensis are
likely a portion of the population more vulnerable to exploitation.
In contrast, C. sorrah used MPAs as adults, and catch data showed
that young juveniles also frequented the same areas (Knip, unpub-
lished data). Thus, C. sorrah received protection from MPAs as
adults and also possibly as juveniles, and protecting adult life
stages will benefit populations through increased survival of the
breeding stock. Specifically, protecting breeding stocks may in-
crease the number and size of reproducing females, which will in-
crease litter sizes (Cortés, 2000) and enhance recruitment into the
adult population. Although first year survival is important for pop-
ulation persistence, the demography of shark populations indicates
that protecting older life stages is most important for maintaining
a positive intrinsic rate of population increase (Kinney and Simp-
fendorfer, 2008). Thus, population-level benefits are likely greater
for species like C. sorrah that use MPAs throughout their entire life
span and receive protection during adult life stages. These rela-
tively small-sized MPAs, however, provided protection to sharks
in both juvenile and adult life stages, and examination of space
use confirmed that MPAs do not need to be large to be effective
for mobile species (e.g. Holland et al., 1996; Heupel and Simpfen-
dorfer, 2005).

There was no difference in the amount of time sharks spent in-
side MPAs on the basis of body size, which was unexpected, partic-
ularly for C. amboinensis, as ontogenetic shifts in movement and
home range have been reported among juveniles of this species
(Knip et al., 2011) and are known from other large-bodied carcha-
rhinids (e.g. Morrissey and Gruber, 1993). Presumably, an MPA
would be more effective at protecting young individuals that have
restricted movements and use smaller areas of space. Since MPAs
were used similarly across the size range of C. amboinensis moni-
tored, they likely provided similar protection for the youngest
juveniles as for those a few years old. Thus, MPAs provide protec-
tion for a range of juvenile size classes, and a network of MPAs (e.g.
the GBRMP) may offer increased protection for these larger-bodied
shark species that expand their movements as they grow larger.
There was also no difference in the amount of time spent inside
MPAs on the basis of body size for C. sorrah, but there was a signif-
icant difference between sexes. Females spent more time inside
MPAs than males, and the amount of time spent inside MPAs also
varied between sexes based on month. These differences were
likely due to sex-based variation in habitat use, as female C. sorrah
used shallower habitats closer to shore, particularly in the winter
months (Knip et al., in press). Thus, for adult sharks using coastal
regions, MPAs may benefit one sex more than the other depending
on the location of the MPA and the type of available habitat inside.
Since movement and habitat use affect species availability to
fishing pressure, sex-biased MPA effectiveness will have signifi-
cant implications for conservation and fisheries management
(Mucientes et al., 2009).

MPAs should contain habitat types that are used most exten-
sively to help encompass the movements of mobile and wide rang-
ing species (Smith et al., 1996; Simpfendorfer et al., 2010). A
suggested strategy for MPA placement has been to set boundaries
along non-contiguous habitat, or where there is a natural boundary
impeding movement out of the MPA (Barrett, 1995; Kramer and
Chapman, 1999). In this study, all individuals made excursions
from the MPAs, but both species consistently crossed boundaries
at the same locations, both where they exited and where they
returned. Although the boundary along the eastern MPA was close
to 20 km long, most crossings of C. amboinensis occurred within a
small area (ca. 4 km) inside the 5 m isobath in the southern part
of the bay. The habitat in this area is non-complex and continuous,
with the intertidal zone consisting of shallow mudflats. Juvenile C.
amboinensis associate strongly with this shallow habitat (Knip
et al., 2011), and detections on a temporary line of receivers
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covering 2 km of the intertidal zone outside the eastern MPA con-
firmed that individuals also used this non-protected area (Knip,
unpublished data). Thus, an MPA that included more of the inter-
tidal zone in this area or was bordered along a break in habitat
may be more effective at encompassing the movements of C. amb-
oinensis. C. sorrah using the eastern MPA similarly crossed the
boundary in consistent locations, but over a broader area (ca.
11 km). This species used deeper habitats, and thus crossed the
boundary outside the 5 m isobath, which covered a larger overall
distance. In the western MPA, C. sorrah also crossed boundaries
consistently in deeper water outside the 5 m isobath. However,
this deeper habitat covered a smaller distance on the western side
of the bay, resulting in a relatively restricted area of boundary
crossing (ca. 2 km). Understanding where individuals cross MPA
boundaries is important for defining species exposure to exploita-
tion (e.g. fishing pressure) outside MPAs (Heupel and Simpfendor-
fer, 2005; Kerwath et al., 2009). For example, although both C.
amboinensis and C. sorrah used the same MPAs and spent similar
amounts of time inside, differences in location of boundary cross-
ings affected their susceptibility to fishing pressure. Most fishing
effort in this region occurs in the intertidal zone, and since C. amb-
oinensis crossed the MPA boundaries within this shallower area, it
would be a more exposed species. Effects of fishing pressure were
evident, with 21% of C. amboinensis removed by fishers in this re-
gion and no captures of C. sorrah.

The effects of fishing pressure emphasize the importance of
understanding the activities that occur outside MPA boundaries.
As shown here, the location and intensity of fishing pressure play
a role in determining the outcome of MPA boundary crossings by
targeted species. For example, if the area adjacent to an MPA
boundary is heavily fished, the risk of capture for an individual will
remain high even if it spends most of its time inside the MPA. The
empirical data presented in this study show that despite many
individuals spending a large proportion of time inside MPAs,
sharks are frequent boundary crossers, with most individuals exit-
ing the MPAs every day or two on average. If netters intensively
fish areas adjacent to MPA boundaries, they may catch a substan-
tial proportion of MPA resident individuals, which will likely have
the greatest implications for long-lived and late maturing species
like elasmobranchs. This concern may justify an ‘onion-ring’ type
approach to MPA design, where core areas are buffered by outer
zones that exclude potentially high impact fisheries. Ultimately,
the movements species make outside of MPAs should be coupled
with estimates of the probability that individuals will be captured
during excursion events. Currently, the probability of individuals
being captured outside MPAs is an unknown variable in most stud-
ies. However, recent research has revealed that rates of fishing
mortality are relatively low for both C. amboinensis and C. sorrah
in Cleveland Bay (Knip et al., submitted for publication), providing
additional evidence that coastal MPAs may have potential conser-
vation benefits for shark populations.

4.2. Implications for conservation efforts

The question of how MPAs can be used to protect sharks was
first addressed over a decade ago (Bonfil, 1999). Since then, little
has been done to further examine the benefits this group of species
gain from protection, with the exception of coral reef associated
sharks living on insular reef systems (e.g. Chapman et al., 2005; Pi-
kitch et al., 2005; Garla et al., 2006; Robbins et al., 2006; Heupel
et al., 2010). These studies found that MPAs may be most effective
for juveniles due to smaller individuals being more site attached to
specific reefs (Garla et al., 2006; Heupel et al., 2010). In addition,
these studies suggest that MPAs in reef environments should
incorporate diverse habitats to encompass a wider range of species
(Chapman et al., 2005; Pikitch et al., 2005). This current study is
among the first to evaluate the effectiveness of MPAs for sharks
using coastal systems. With uncertainty surrounding the future
status of many shark populations, it is essential that conservation
strategies are investigated so effective action can be taken. Most
MPAs have not been designed to provide protection for sharks,
thus our understanding of the benefits sharks and other mobile
species gain from protection will remain variable and unpredict-
able until data on movement and distribution are obtained. Ana-
lyzing long-term movement data in this study revealed that
MPAs have potential conservation benefits for shark populations
by providing protection across different species and life stages.
Species protected during adult life stages (e.g. C. sorrah) likely re-
ceive the greatest population-level benefits, while those protected
as juveniles (e.g. C. amboinensis) benefit through increased survival
of young. Thus, life history plays an important role in MPA func-
tion, and defining movements of both juveniles and adults will
be essential for designing effective MPAs for mobile species (Grüss
et al., 2011). In addition, although tracking data can be used to infer
the potential conservation benefits provided by MPAs, time series
and/or spatial abundance surveys are needed to demonstrate that
these benefits have been realized.

This study demonstrated that individual MPAs may generate
benefits for multiple shark species, and thus do not need to follow
a species specific initiative. Rather, establishing MPAs to fulfil
numerous objectives may be an efficient and effective conservation
strategy for mobile species using coastal areas. For example, design-
ing and tailoring MPAs for multiple species and objectives could
optimize the trade offs between fisheries and conservation by
increasing the outcomes and benefits generated from the MPAs.
Therefore, further work is required to gather information across a
wider spectrum of species, particularly those under the most threat,
to increase and maximize the conservation potential of MPAs. MPAs
will not be an effective conservation strategy for all species, how-
ever, and quantifying species movements will help identify when
MPAs provide species protection and conservation benefits, and
when they do not. Thus, information obtained from tracking studies
can be used to help tailor the design of MPAs to maximize their
effectiveness for mobile and wide ranging species, such as sharks.
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