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Abstract

Bull sharks (Carcharhinus leucas) are globally distributed top predators that play an important ecological role within coastal
marine communities. However, little is known about the spatial and temporal scales of their habitat use and associated
ecological role. In this study, we employed passive acoustic telemetry to investigate the residency patterns and migration
dynamics of 18 adult bull sharks (195-283 c¢m total length) tagged in southern Mozambique for a period of between 10 and
22 months. The majority of sharks (n=16) exhibited temporally and spatially variable residency patterns interspersed with
migration events. Ten individuals undertook coastal migrations that ranged between 433 and 709 km (mean =533 km)
with eight of these sharks returning to the study site. During migration, individuals exhibited rates of movement between 2
and 59 km.d~" (mean =17.58 km.d~") and were recorded travelling annual distances of between 450 and 3760 km (mean
=1163 km). Migration towards lower latitudes primarily took place in austral spring and winter and there was a significant
negative correlation between residency and mean monthly sea temperature at the study site. This suggested that seasonal
change is the primary driver behind migration events but further investigation is required to assess how foraging and
reproductive activity may influence residency patterns and migration. Results from this study highlight the need for further
understanding of bull shark migration dynamics and suggest that effective conservation strategies for this vulnerable
species necessitate the incorporation of congruent trans-boundary policies over large spatial scales.
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Introduction Bull sharks (Carcharhinus leucas) are large (>3 m), globally
) o distributed sharks that typically occur in tropical and warm
The spatial ecology of apex predatory shark species is important temperate coastal marine environments [11]. Adult bull sharks are

to understand when considering their role in structuring marine
communities and proposing effective conservation strategies
[1,2,3,4]. Large predatory shark species may exert broad scale

known to consume a variety of prey from multiple trophic levels
[12,13] and may influence marine communities through predation
over a broad geographical range [13]. However, little is known
about the long-term (>1 yr) temporal and spatial scales over
which adult bull sharks typically move. Previous studies suggest
that adult bull sharks exhibit high levels of residency interspersed
with some degree of short to medium scale geographical
migrations linked with seasonal change [11,14,15]. On the east
coast of South Africa, bull sharks are known to undertake seasonal
migrations into more temperate latitudes during summer [11,16]

influences on multiple levels of community structure through
predation and associated risk affects [5,6,7]. Quantifying their
movement patterns is important for understanding the associated
spatial and temporal scales over which these sharks influence their
marine communities [8]. Elucidating the role of top predatory
sharks in marine communities is important as top marine
predatory populations are increasingly under threat from over-
exploitation [6,9,10].
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but have been thought to be largely resident with limited home
ranges [12,17].

For a slow growing and late maturing species such as the bull
shark [18], exhibiting periods of residency and undertaking large-
scale migrations are important life history characteristics that may
make the species especially vulnerable to both fishing pressure and
habitat loss [19,20]. Evidence suggests that bather protection nets
have already depleted bull shark populations on the east coast of
South Africa [12,21] and understanding the residency patterns
and migration dynamics of this species will help to mitigate future
threats and improve conservation strategies [22,23]. In this study,
we employed passive acoustic telemetry to investigate the habitat
use of adult bull sharks at a remote natural aggregation site in
southern Mozambique that is minimally influenced by human
activity. Our aim was to investigate the temporal and spatial
dynamics of adult bull shark residency patterns at the study site
and quantify the timing, frequency and distance of migration
events.

Methods

Ethics statement

All research in this investigation was conducted under the
permit number 0002/2010 issued by The Mozambican Director-
ate of National Conservation Areas. The Animal Ethics Commit-
tee of the Department of Zoology and Entomology at Rhodes
University approved the research protocol used in this study
(ethical clearance number ZOOL-14-2012).

Study site

This investigation took place in southern Mozambique within
the Ponta do Ouro Partial Marine Reserve (Fig. 1a). This region
of coastline lies in a biogeographical transition zone between the
subtropical east coast of South Africa and the tropical coast of
central Mozambique [24] referred to as the Delagoa bioregion
[25]. The focal study site was a reef complex called the Pinnacle
reef, located approximately 3.7 km offshore (S26° 44.900" E32°
56.000"). The reef is a fossilized coastal dune [26] running parallel
to the coast and consisting of a ridge approximately 1.2 km long
with a series of shallower pinnacles along its spine (Fig. 1b). The
reef sandstone substrate is interspersed with sand patches and has
scattered alcyonarian coral growth with limited scleractinian coral
growth [27].

Shark capture and tagging

Between January 2012 and February 2013, 18 bull sharks were
captured and tagged at the Pinnacle reef. Sharks were captured
from a 6 m vessel using baited Mustad 18/0 circle hooks
connected to 450 pound carbon coated steel trace attached to
20 m of nylon rope and two 15-liter surface buoys. Once a shark
was hooked, it was left to tire for 20-30 minutes before being
brought alongside the vessel where it was inverted to induce a state
of tonic immobility and then secured alongside the vessel while
remaining partially submerged. Captured sharks were first
measured (TL) and then surgically equipped with a VEMCO
V16 coded acoustic transmitter (VEMCO Ltd., Halifax, Canada).
The tags were implanted into the peritoneal cavity via a 2-3 cm
incision in the abdominal wall that was subsequently sutured
closed using a surgical needle and thread [28]. Tags were deployed
in four main batches and all transmitted at 69 kHz at low power
with a nominal delay of 120 seconds (range: 80-160 seconds).
Before release, a uniquely coded plastic dart tag (ORI, South
Africa) was externally attached to the base of the first dorsal fin to
identify internally tagged individuals. To release the shark, the
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hook was removed from the mouth before turning the shark into
an upright position and releasing it. The time from securing the
shark alongside the vessel to its release ranged between 10 to 15
minutes. Tagged sharks ranged between 195 and 283 cm TL
(mean TL =254.4 cm) with a M:F ratio of 11:7 (Table 1). Based
on the measured length, all sharks were considered sexually
mature adults [12,18] and all males (with the exception of ID #
13) had calcified claspers.

Receiver deployment

An array of three VEMCO VR2 acoustic receivers was
deployed at the study site (the Pinnacle reef) between November
2011 and January 2012. All receivers were attached directly to the
reef substrate using a 4 mm stainless steel anchor chain connected
to a 3 m long 14 mm nylon rope suspended by a 200 mm trawl
float with the receiver attached vertically to the rope 2.5 m from
the substrate. The deployment of three receivers on the Pinnacle
reef occurred in locations where reef profile was low and within
safe diving limits (Fig. 1b). These three receivers collected data
continuously from November 2011 to November 2013. Two
additional receivers were deployed inshore of the Pinnacle reef
approximately 700 m from the shore and spaced 2.4 km apart.
The inshore receivers were maintained from January 2012 to
November 2013 although data were retrieved from only one
mnshore receiver due to equipment failure.

In addition to the local receiver array, data were also obtained
from VEMCO VR2W acoustic receiver arrays along the coast and
within estuaries in South Africa maintained by the Acoustic
Tracking Array Platform (Hout Bay, False Bay, Gansbaai, Mossel
Bay, Algoa Bay, Port Alfred, Dwesa MPA, Port St Johns, South
Africa/Mozambique border) and the Marine Megafauna Foun-
dation (Tofinho, Pomene and Bazaruto) as well as an array at
Aliwal Shoal maintained by the Department of Environmental
Affairs: Oceans and Coasts (Fig. la). All receivers at the above
mentioned locations were operational over the same period as data
were collected for this study.

Two temperature loggers (Hobo Water Temp Pro v2), set to
record temperature every hour, were deployed at the Pinnacle reef
from November 2011 until November 2013 (ongoing). One logger
was attached to receiver number 1 (Fig. 1b) at 30 m depth
approximately 2 m from the bottom. The second logger was
located 3 km inshore of the Pinnacle reef at a depth of 16 m,
approximately 2 m from the bottom.

Range testing

Receiver range testing was conducted at the Pinnacle reef to
help interpret the detection data at the study site [29,30]. Results
from the range test suggested that detection range at the study site
was relatively poor (<100 m) but within the same range as
previous studies using the same transmitters (VEMCO V16-6L) in
similar environments [31,32]. A full description of the range test
experiment methods and results are presented in the supporting
information of the manuscript (Text S1, Table S1, Figure SI).
Based on the results from the range test it can be assumed that
receivers 1-3 do not have overlapping detection ranges.

Data analysis

Detection data from the Pinnacle reef study site was download-
ed and initially analyzed using the software package VUE version
2.0.6 (VEMCO 2013). Data from all receivers were combined to
investigate overall presence and absence at the study site. Daily
detections were plotted on a time line. A shark was considered
present on a certain day when at least one detection was recorded
within 24 hours. Potentially false detection data were examined by
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Figure 1. Study site Map and Pinnacle reef bathymetry. Figure 1a shows a map of southern Africa with the location of the study site at Ponta
do Ouro in southern Mozambique. All other named locations represent acoustic receiver sites on the coast (represented by a circle) or within an
estuary (represented by an x) from which additional bull shark detection data was obtained. Figure 1b shows the bathymetry of the Pinnacle reef
complex with the colour scale indicating the corresponding depth of the reef showing the shallow spine surrounded by reef drop offs. Numbered
flags represent the approximate location of three acoustic receivers on the reef.

doi:10.1371/journal.pone.0109357.g001

considering realistic detection time frames and potential tag
collisions and any erroneous data were removed. Combined daily
detection data from all Pinnacle receivers for males and females
were analyzed for differences using a Students t-test.

Data from all three receivers at the Pinnacle reef were combined
to investigate the temporal habitat use of individual bull sharks
during periods of continuous presence (Fig 2). Detection data from
individual sharks were binned into hourly periods and the total
number of detections recorded within each hour of a 24-hour
period was represented in rose diagrams using the statistical
software package Oriana (version 4, Kovach Computing Services).
Rao’s Spacing Test [33] was employed to investigate if the
temporal presence (represented by the number of detections
recorded for each hour of a 24-hour period) of individual bull
sharks at the Pinnacle reef was homogenous. To test for uniformity
in the temporal detection data, Rao’s Spacing Test investigates the
null hypothesis that the recorded temporal detection data are
evenly distributed throughout each hour of a 24-hour period. The
level of statistical significance is determined from a table of
simulated critical points [34] with the statistical significance set to
p<<0.05. The time of sunrise ranged between 04:51 h and 06:39 h
and the time of sunset ranged between 17:07 h and 18:44 h during
the length of this investigation.

Overall residency indices (RI) at the Pinnacle reef were
calculated for each shark by dividing the number of days each
shark was detected by the total number of days each shark was
monitored [35,36]. This measure standardizes the detection data

for each shark regardless of the monitoring period by providing a
figure of between 0 (shark detected on zero days that it was
monitored) and 1 (shark detected on every day that it was
monitored) that allows us to compare residency indices between
sharks that were monitored over different time periods. An overall
residency index was calculated for the entire study period, as well
as the mean monthly indices. To investigate any potential bias
between the monitoring periods of individual sharks and the
calculated residency indices a regression analysis and one-way
ANOVA were employed. The overall residency indices of males
and females were compared using a Student’s t-test. A single
linkage hierarchical cluster analysis was also employed to
investigate groupings within the sample population based on
overall residency indices. Finally, a regression analysis and one-
way ANOVA were employed to investigate the relationship
between monthly residency indices and mean monthly sea
temperatures.

Migration events were defined as directed persistent one-way
movements between two receivers over large spatial scales [37].
The overall migration distances for sharks were measured using
Garmin Homeport (version 2.2.1) and calculated as the minimum
distance along the coast between receiver locations [38]. The rate
of travel (km.day ' and km.h™") by a shark was calculated from
the minimum distance moved between two receivers (km) divided
by the time at liberty (days) during a migration event. Regression
analyses with a one-way ANOVA were employed to investigate

PLOS ONE | www.plosone.org 4

Table 1. Summary of all bull sharks tagged with acoustic transmitters at the Pinnacle reef.

Residency Index
Shark ID Date tagged TL (cm) Sex Total detections Total number of days detected (RI)
1 21.01.2012 250 M 4135 172 0.26
2 23.01.2012 220 F 4649 86 0.13
3 30.01.2012 260 M 19 5 0.01
4 02.02.2012 280 F 17 15 0.02
5 23.11.2012 282 M 884 76 0.21
6 24.11.2012 270 M 4 1 <0.01
7 07.12.2012 253 F 24 7 <0.01
8 09.12.2012 244 M 1142 36 0.10
9 18.12.2012 263 M 1134 926 0.28
10 20.12.2012 264 M 1667 45 0.13
11 24.01.2013 250 F 1790 40 0.12
12 26.01.2013 262 M 128 8 0.03
13 29.01.2013 195 M 126 12 0.04
14 30.01.2013 251 F 145 21 0.04
15 31.01.2013 283 M 1677 76 0.26
16 03.02.2013 261 F 1546 44 0.15
17 18.02.2013 241 F 996 23 0.08
18 19.02.2013 251 M 10960 169 0.61
TL represents total length. Total detections refer to all detections on all receivers at the study site over the length of the study.
doi:10.1371/journal.pone.0109357.t001
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Figure 2. Daily bull shark detection data from all receivers at the study site. Detection data is represented by black squares and presented
on a timeline from January 2012 to December 2014 for all 18 tagged sharks. The first detection data point for an individual shark corresponds to the

day the shark was tagged at the study site.
doi:10.1371/journal.pone.0109357.g002

any relationships between shark length and migration distance and
speed.

Unless otherwise stated, all data analyses were conducted using
the statistical package R (CRAN 2009).

Results

Presence/absence at the study site

Bull sharks were monitored at the study site for 664 days
between January 2012 and November 2013 (Fig. 2). All sharks
were detected on the receiver array at the Pinnacle reef for at least
one day after tagging. Individual tag detection totals ranged
between 3 and 10958 detections (1724.1+2664.6, mean * SD)
over a period of 1 to 172 days (50.3%52.9, mean * SD) (Table 1).
Shark presence was variable with some sharks (ID #
1,2,5,8,9,15,16,18) exhibiting continuous periods of presence for
over one month that ranged between 46 and 158 days (Fig. 2).
Although there was not a significant difference (t-test, DF =6, p>
0.05) in the total number of days detected between males and
females, males (62.8262.0, mean = SD), on average were
detected for more days than females (mean=30.6%27.9, mean
* SD). Most sharks (72%) were detected at the inshore receiver for
an average of 5.8 (SD =9.0) days but nearly all of these individuals
(97.1%) were also detected at the Pinnacle reef on the same day.

The majority (15 out of 18) of tagged sharks were also detected
at the array of five receivers located at the border of South Africa
and Mozambique, approximately 12 km south of the Pinnacle
reef. Detections at the border receiver array only occurred over
periods when sharks were also detected at the Pinnacle reef
without exceptions. The total number of days that sharks were
detected on the border receiver array ranged between 1 and 102
days (16.8#+29.3, mean = SD) and the proportion of days that
sharks were detected at both the border receiver array and the
Pinnacle reef array over the same monitoring period ranged
widely between 0.01% and 100% (49%41.6, mean * SD).
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Temporal residency patterns

Figure 3 represents the temporal detection patterns at the
Pinnacle reef of all sharks with sufficient data (n=10). Hourly
detection frequencies for all sharks (except ID # 15 and 18)
exhibited non-homogeneous distributions (Rao’s spacing test, p<
0.01). There was some overlap in temporal use of the Pinnacle reef
between individuals (ID # 1, 2,5,8,9,16) that appeared to be
present primarily from morning (~7am) until early evening
(~8pm). Other individuals, however, were primarily present
during the evening (ID # 10 and 11) whilst others were present
throughout the day and night (ID # 15 and 18). Most sharks
(except ID # 15 and 18) exhibited increased habitat use at the
Pinnacle reef over a 12-hour period followed by a 12-hour period
of absence.

Residency

Bull sharks monitored at the Pinnacle reef exhibited residency
indices (RI) ranging between 0.001 and 0.67 (0.14*=0.15, mean *
SD) over the duration of the study (Table 1). Results from a
hierarchical cluster analysis (Fig. 4) suggest that there were three
main groupings of sharks based on their overall residency indices.
Five of 18 tagged sharks (ID # 18,5,1,9,15) exhibited relatively
high overall residency indices (RI>0.2) with periods of prolonged
(>3 consecutive months) high monthly mean residency indices (>
0.3) interspersed with relatively short periods of absence (Fig. 2)
and appeared to be seasonal residents. One individual (ID # 18)
appeared as an outlier within the seasonal resident group with an
overall residency index (RI=0.6) substantially higher than other
individuals within the group. The second group of seven
individuals (ID # 3,6,7,13,14,4,12) exhibited very low resident
indices (RI<<0.1) with only a few detections over the entire study
period (Fig. 2). The third group of sharks (ID # 17,16,8,11,2,10)
exhibited intermediate residency indices (RI=0.08-0.2) with
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Figure 3. Circular plots showing the temporal detection distribution of bull sharks at the Pinnacle reef. Each plot represents the
detection frequency within each hour of a 24-hour period. The temporal distribution of most sharks (except 15 and 18) was significantly non-
homogenous (Rao’s spacing test, p<<0.01). Individual sharks not represented had insufficient data for the analysis.

doi:10.1371/journal.pone.0109357.g003

periods (1-3 months) of high monthly mean residency indices
(RI>0.3) interspersed with long periods of absence (Fig. 2).
There were no significant relationships between the total
monitoring periods of individual sharks and the total number of
detections or total days detected or calculated residency indices
(ANOVA, DF=3, p>0.05). There was no significant (t-test,
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)}

DF=6, p>0.05) difference in the overall residency indices
exhibited by female or male sharks, however, the mean male
residency index (0.18%0.18, mean * SD) was higher than the
mean female residency index (0.08%0.06, mean = SD) and only
male sharks exhibited residency indices over 0.2 (n=35). Monthly
mean residency indices were highest during summer (Dec-Feb)
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(mean =0.33) and autumn (Mar-May) (mean = 0.46), compared
with winter (Jun-Aug) (mean=0.08) and spring (Sep-Nov)
(mean =0.24), and showed a positive correlation (R?=0.84,
ANOVA, DF =1, p<0.05) with increased water temperature at
the study site (Fig. 5).
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Ten out of 18 tagged sharks undertook large-scale migrations (>
400 km) primarily in northerly direction (Fig. 6) with only 1 shark
(ID # 7) undertaking a southward migration of 450 km to Aliwal
Shoal, South Africa (Fig. 1a). No other detections were recorded
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sea temperatures (°C) recorded at the study site.
doi:10.1371/journal.pone.0109357.g005
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migration events (ID # 2,4,7,10,11,14,17,18) and one shark
undertook multiple return migrations (ID # 14). Individuals that
undertook migrations ranged in size between 220 and 280 cm TL
(mean =258.8 cm TL) and 70% were females. The minimum
distance that sharks travelled during migration events (persistent
and directed one-way movements between receivers) ranged
between 433 km and 709 km (533%122.8, mean * SD) with
daily rates of movement ranging between 2.0 km.day”' and
59.1 km.day ' (17.6=15.5, mean = SD) and with corresponding
speed ranging between 0.08 and 2.5 km.h ™! (0.75+0.65, mean =
SD). Total annual minimum distances travelled by sharks ranged
between 450 and 3760 km (mean =1163 km). There was no
significant relationship (ANOVA, DF =2, p>0.05) between total
length and distance travelled or speed. Nor were there any
significant relationships (ANOVA, DF=2, p>0.05) between
gender and distance travelled or speed, although females did
exhibit a mean travelling distance (991.7 km=*327.3 km, mean *
SD) which was greater than that of males (770 km#*266.7 km,
mean * SD). Northward migration events took place between
January and September with the majority (75%) during austral
autumn and winter (March-August).

Discussion

Evidence provided in this study suggests that the Pinnacle reef
in southern Mozambique is an important aggregation site for adult
bull sharks and that they exhibit prolonged periods of residency,
primarily during the austral summer months. Importantly, this
study highlights the geographical scale of movement that adult bull
sharks are capable of undertaking along the coast of southern
Africa, and suggests that they are not as sedentary as previously
thought [12,17]. This study also documents the first return
migration events for the species along this coast and emphasizes
the need for greater understanding of bull shark migration
dynamics.

Presence/absence

Data from this study suggests that the Pinnacle reef is an
important habitat for adult bull sharks with tagged individuals
exhibiting periods of prolonged presence (Fig. 2). Detection data
from the nearby receiver array at the south African/Mozambican
border also suggests that bull sharks at the study site do undertake
medium-scale movements (<12 km) but the frequency, direction
and range of these movements may vary widely between
individuals. The majority of tagged sharks (72%) also undertook
inshore forays at the study site but further investigation is required
to determine the importance of inshore habitat use.

Temporal residency patterns

The majority of tagged sharks appeared to exhibited diel
patterns in habitat use during this investigation, which is consistent
with previous observations of multiple shark species across a range
of habitats [39,40,41]. Previous studies investigating diel patterns
in bull shark habitat use found that sharks exhibited increased site
fidelity during daylight hours followed by absence or broader
habitat use at night [31]. Findings from this investigation showed
that the majority of individuals appeared to demonstrate similar
diel patterns, although some individuals exhibited higher site
fidelity at night while others exhibited equal habitat use
throughout a 24-hour cycle. The behavioral drivers behind diel
habitat use may vary and include foraging [8], predator avoidance
[42] and thermal regulation [43]. In the absence predator
constraints, it is likely that foraging behavior is an important
driver of temporal habitat use. The significantly biased and varied
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temporal habitat use patterns of sharks at the study site suggest
that individuals may employ a variety of temporally segregated
foraging strategies.

Residency

The overall range of residency indices recorded for bull sharks
during this study were lower than a previous investigation in Fiji
[31], although in this study there was no food provisioning, the
receiver array was smaller and the study site was located in an
environment with greater seasonal change. There appeared to be
individual variation in the levels of residency behavior that could
be categorized into three general groupings (Fig. 4) but overall
austral summer and autumn residency indices were substantially
higher for individuals and mean monthly sea temperatures
appeared to be a major driver of habitat use at the study site.
Bull shark seasonal habitat use is well documented and may be
more pronounced in sub-tropical environments such as the study
site [12,16,44].

Although the seasonal change in water temperature appeared to
be an important driver of residency at the study site, the wide
range of residency indices suggests other drivers, such as
reproductive activity and foraging strategies, may also be
mmportant factors determining habitat use by bull sharks
[20,45,46,47]. The onset of increasing levels of residency exhibited
by bull sharks at the study site appeared to be associated with large
aggregations of Carangid fish species (mainly Caranx ignobilis but
also Carangoides fulvoguttatus, Carangoides gymnostethus and
Caranx sexfasciatus), known to be bull shark prey items (Video S1)
[12]. However, it was not clear if bull sharks were responding to
increased prey abundance or if both the sharks and the fish
aggregations were corresponding to environmental cues. Prey
availability is a known driver of shark habitat use [48,49], thus it is
likely that the increase in seasonal potential prey abundance at the
study site influences the foraging behavior and associated
residency patterns of bull sharks at the study site.

Migration

Evidence from this study confirmed that bull sharks are capable
of substantial migrations [15] and provided the first description of
the distance and speed bull sharks travel on return migration
events. Migration distances recorded for individuals in this
investigation were within range reported for bull sharks [15] but
present the longest travel distances recorded for bull sharks in
southern Africa. Previous studies in South Africa using conven-
tional tagging [17] and catch data [12] showed that bull sharks
were a sedentary species occupying small home ranges. In
contrast, this investigation shows that it is more likely that bull
sharks along the southern African coast exhibit periods of
residency interspersed with substantial geographical migration
events.

Most migration events recorded in this investigation were linked
with seasonal change at the study site with a northward migration
to warmer latitudes during austral winter and spring and a
southward movement into more temperate latitudes during
summer. This is consistent with previous literature that has shown
bull sharks may be more abundant at higher latitudes along the
cast coast of South Africa during warmer austral summer months
[12]. However, one shark (a mature female, ID # 14) undertook
multiple return migration events over multiple seasons, suggesting
that seasonal change may not be the only driver of migration
events. Other large shark species may undertake migrations driven
by reproductive activity [38] and prey availability [49]. As female
sharks in this investigation were recorded migrating further and
undertaking the majority of migration events (70%), it is possible
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Figure 6. Bull shark migration events along the coast of Mozambique. The x-axis represents a time line showing months and year. The y-axis
shows distance along the coast in kilometers (starting at Ponta do Ouro) corresponding with the coastal map of southern Mozambique. The solid
square markings show annual bull shark detection events at the study site and other locations within Mozambique.

doi:10.1371/journal.pone.0109357.g006

that gender specific migration linked to reproductive cues were a
factor that determined the distance, direction and frequency of
migration events.

Evidence from this study also indicate that bull sharks are
capable of covering substantial distances over short periods of time
with sustained mean (0.74 km.h™") and maximum (2.46 km.h ")
rates of movement faster than those previously recorded for bull
sharks [15]. Recorded rates of movement were still, however,
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substantially slower than tiger (3-4 km.h™') and white sharks
(4.7 km.h ™) undertaking sustained movements [50,51,52] but
showed that within a year, adult bull sharks are capable of
covering a broad geographical range that may include coastal
waters of multiple countries. This supports evidence from a
previous investigation that showed adult bull sharks have a
geographically broad foraging range along the east coast of
southern Africa [13]. Although in this investigation bull sharks
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were only detected as far north as Bazaruto, it is possible that some
sharks travel substantially further north and additional investiga-
tion is required to establish the extent of bull sharks northward
range.

Summary

Previous investigations using telemetry to monitor adult bull
shark habitat use have shown that bull sharks have an affinity for
coastal environments, exhibit periods of residency and are capable
of substantial geographical migrations [14,15,31,53]. Results of the
current study generally supported these findings and provided
further understanding of the residency patterns and migration
dynamics of bull sharks in southern Africa with the first description
of return migration events for the species. Our results suggest that
coastal migrations are a frequent and important component of bull
sharks habitat use and are primarily driven by seasonal change.
Seasonal change is often the driver of animal migration but further
investigation is required to understand how spatiotemporally
fluctuating resources and reproductive activity influence bull shark
residency patterns and migration dynamics [37]. Improving our
understanding of bull shark migration dynamics is important to
elucidate the spatial scales of their ecological role [54] and plan
effective conservation management strategies for this species [23].
A broad range of management approaches encompassing trans-
boundary cooperation may be required to effectively conserve
critical bull shark habitat.

Supporting Information

Figure S1 Range test results. Proportion of transmissions
received vs the expected detections received represented as a
percentage (0-100%) from tags deployed at the study site at
varying distances, depths and times of day. Error bars represent
standard deviation.

(TIF)
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