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Human activities in the oceans increase the extinction risk of marine megafauna.
Interventions require an understanding of movement patterns and the spatiotemporal
overlap with threats. We analysed the movement patterns of 33 white sharks
(Carcharodon carcharias) satellite-tagged in South Africa between 2012 and 2014 to
investigate the influence of size, sex and season on movement patterns and the spatial
and temporal overlap with longline and gillnet fisheries and marine protected areas
(MPAs). We used a hidden Markov model to identify ‘resident’ and ‘transient’
movement states and investigate the effect of covariates on the transition probabilities
between states. A model with sex, total length and season had the most support. Tagged
sharks were more likely to be in a resident state near the coast and a transient state away
from the coast, while the probability of finding a shark in the transient state increased with
size. White sharks moved across vast areas of the southwest Indian Ocean, emphasising
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the need for a regional management plan. White sharks overlapped with longline and
gillnet fisheries within 25% of South Africa’s Exclusive Economic Zone and spent 15% of
their time exposed to these fisheries during the study period. The demersal shark longline
fishery had the highest relative spatial and temporal overlap, followed by the pelagic
longline fishery and the KwaZulu-Natal (KZN) shark nets and drumlines. However, the KZN
shark nets and drumlines reported the highest white shark catches, emphasising the need
to combine shark movement and fishing effort with reliable catch records to assess risks
to shark populations accurately. White shark exposure to shark nets and drumlines, by
movement state, sex and maturity status, corresponded with the catch composition of the
fishery, providing support for a meaningful exposure risk estimate. White sharks spent
significantly more time in MPAs than expected by chance, likely due to increased prey
abundance or less disturbance, suggesting that MPAs can benefit large, mobile marine
megafauna. Conservation of white sharks in Southern Africa can be improved by
implementing non-lethal solutions to beach safety, increasing the observer coverage in
fisheries, and continued monitoring of movement patterns and existing and
emerging threats.
Keywords: conservation, satellite tagging, movement states, marine protected area (MPA), Carcharodon carcharias
INTRODUCTION

Human activities in the oceans increase the extinction risk of
marine megafauna populations (Lewison et al., 2004; Dulvy et al.,
2014; McCauley et al., 2015; Rogers et al., 2020). These iconic
species are essential for maintaining the structure and function of
marine ecosystems, have high cultural and societal value and
contribute significantly to the global economy, primarily
through tourism (Heithaus et al., 2008; Cisneros-Montemayor
et al., 2010; Estes et al., 2011; Pimiento et al., 2020). However, one-
third of these species are at risk of extinction (Pimiento et al.,
2020). Megafauna species often have broad distributions and are
highly migratory, underpinning the need for collaborative
international conservation and management interventions
(Barkley et al., 2019; Temple et al., 2019). Unfortunately,
protecting mobile threatened species across their range is
impractical given the limited resources available for surveillance
and enforcement over such vast distances, especially in developing
countries (Maxwell et al., 2011; Temple et al., 2019). Therefore,
directing conservation and management attention to focus areas is
the most promising solution.

White sharks (Carcharodon carcharias) are the largest
predatory fish and have a circumglobal distribution, but
populations are geographically distinct between the northern
and southern hemispheres (Bruce and Bradford, 2012; O’Leary
et al., 2015; Andreotti et al., 2016). In the global context, the
South African population is a local metapopulation with low
genetic diversity and needs targeted conservation measures to
avoid extinction (Gubili et al., 2012; O’Leary et al., 2015;
Andreotti et al., 2016). White sharks are one of the most
protected shark species through policy (Rigby et al., 2019), but
their populations are inherently vulnerable to human-induced
mortality owing to slow growth and low fecundity (Bruce and
in.org 2
Bradford, 2012; Hamady et al., 2014; Braccini et al., 2017; Bowlby
and Gibson, 2020). They are protected from all consumptive
activities and formally protected in several countries, including
South Africa, Namibia (Rigby et al., 2019), and recently,
Mozambique. The species may benefit further by protecting
areas where they spend significantly more time, potentially
indicating important areas for feeding or breeding (Huveneers
et al., 2018; Rigby et al., 2019).

Sex and size-specific movement patterns may increase the
vulnerability of white sharks at different life-history stages
(Mucientes et al., 2009; Kanive et al., 2019). Therefore, it is
important to analyse these patterns to protect this species better
using spatial and fisheries management measures. In the US,
Mexico and Australia, white shark regional movements are
influenced by sex or size (Jorgensen et al., 2010; Domeier and
Nasby-Lucas, 2013; Hoyos-Padilla et al., 2016; Bradford et al.,
2020). However, due to limited satellite tracking data from
Southern Africa, size-specific movement patterns have not yet
been identified until now, and sex-specific patterns have been
identified only at individual aggregation sites (Kock et al., 2013;
Jewell et al., 2014; Towner et al., 2016). Tracking data on white
sharks of both sexes and various sizes across the southwest
Indian Ocean would inform a comprehensive regional
management plan.

Although there is scientific debate on the South African
white shark population’s size, all population estimates are
consistently low, ranging from 500 to 2000 individuals
(Towner et al., 2013; Andreotti et al., 2016; Andreotti et al.,
2017; Irion et al., 2017). In South Africa, white sharks are
captured in shark nets and on drumlines along the KwaZulu-
Natal (KZN) coast as part of a bather protection program
(Dudley and Simpfendorfer, 2006; Rigby et al., 2019). More
broadly, in the southwest Indian Ocean, a mean spatial overlap
April 2022 | Volume 9 | Article 811985
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of 64% of white shark movement and pelagic longline fisheries
highlights a potential risk of being caught as bycatch in these
fisheries (Queiroz et al., 2019), but capture and mortality rates
are unknown. Little is known about the potential threat from
other fisheries within South Africa’s Exclusive Economic Zone
(EEZ), although capture reports in various commercial fisheries
are few (Petersen et al., 2009; Attwood et al., 2011; Reed et al.,
2020). Identifying potential overlap of threats and the
distribution of white sharks across their range, from fisheries
capable of catching this species, will help focus and refine
management interventions.

Given that fisheries management measures and spatial
zonation may be required to reduce the extinction risk of a
species, we analysed the movement patterns of white sharks
satellite-tagged in South Africa. The overall aim was to identify
areas where sharks spend significantly more time (and may thus
benefit from spatial zonation) or overlap with fisheries and
associated risk (and may thus benefit from additional fisheries
management interventions). Consistent with the South African
National Biodiversity Assessment for the marine realm (Sink
et al., 2019), we refer to these areas as focus areas. These focus
areas may, in turn, inform marine protected area (MPA)
expansion programmes, Ecologically or Biologically Significant
Marine Area(EBSA) delineations, marine spatial planning
initiatives (Reed et al., 2020) or fisheries management
measures such as effective monitoring and bycatch reduction
(Daly et al., 2018; Hays et al., 2019; Heerah et al., 2019). The
specific objectives were to: (1) characterise white shark
distribution by size and sex; (2) assess the potential relative
risk of capture by quantifying the overlap between white shark
distribution and longline and gillnet fisheries; and (3) evaluate
whether South Africa’s MPA network provides benefit to white
sharks and to identify focus areas which may benefit from
additional spatial protection.
Frontiers in Marine Science | www.frontiersin.org 3
METHODS

Shark Tagging
In March, April and May of 2012, we deployed 34 SPOT5
transmitters (SPOT-257, SPOT-258; Wildlife Computers) on
white sharks at South African coastal aggregation sites, namely
False Bay (34° 08′ S, 18° 35′ E), Gansbaai (34° 40′ S, 19° 25′ E),
Struisbaai (34° 30′ S, 20° 37′ E), Mossel Bay (34° 06′ S, 22° 10′ E)
and Algoa Bay (34° 52′ S, 25° 39′ E) (Figure 1). Sharks were
caught from a tender vessel using buoyed hand lines with baited
circle hooks and towed to a larger research vessel (M/V
OCEARCH). Sharks were then temporarily removed from the
water using a hydraulic lift system for transmitter attachment on
the research vessel (Domeier and Nasby-Lucas, 2013). A
qualified veterinarian on-board supervised all sampling and
tagging procedures. Once the shark was out of the water, a wet
towel was gently placed over its eyes to reduce stress, and using a
hose and pump, seawater saturated with oxygen was directed
onto the buccal cavity over the gills to produce a mild narcotic
effect . Several team members worked on the shark
simultaneously to reduce the overall duration out of the water.
All sharks were tagged and sampled within 12 minutes. The
veterinarian administered appropriate drugs to reduce shark
capture myopathy and antibiotics to reduce the risk of
infection at the hooking and tagging sites (see Supplementary
Material for a list of drugs and dosages). We measured the
sharks’ total length (TL) and determined whether they were male
or female by the presence or absence of claspers. For analyses we
categorised sharks as juveniles (male and female: 175-300 cm
TL), sub-adults (male: >300-360 cm TL; females: >300-480 cm
TL) and adults (male: >360 cm TL; female: >480 cm TL)
(Malcolm et al., 2001). Transmitters were attached to the first
dorsal fin using methods described by Bonfil et al. (2005). We
coated the tags with Propspeed (Oceanmax Manufacturing,
FIGURE 1 | Satellite tracks of 33 white sharks Carcharodon carcharias tagged at five locations along the South African coast in 2012. Each colour represents an
individual shark’s track between 2012 and 2014. These are time-regular predicted locations (one location every 12 hours) from a correlated random walk model fitted
to the original data, accounting for the estimated CLS Argos location error, using the foieGras package in R (Jonsen and Patterson, 2020).
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www.propspeed.com), an antifouling product, to reduce the
effect of biofouling on the transmitter casings (i.e. Jewell
et al., 2011).

Track Processing
A total of 20,141 locations were obtained via ARGOS CLS (Argos,
2016) from 34 white sharks between March 2012 and April 2014.
We removed the Z class locations (invalid locations) and the
duplicated time stamps (ARGOS, 2016). Then, we applied a speed
filter to remove unrealistic locations (maximum realistic speed 3 m/
sec, following Queiroz et al., 2019), leaving 17,317 locations for
analysis. The raw tracks of ARGOS locations from individual sharks
were made up of time-irregular locations, with time intervals
between consecutive locations of up to several days. To avoid
reconstructing individual movement trajectories across these large
gaps, we split tracks into segments if the time interval between
locations exceeded three days. This time interval was arrived at
empirically as a practical balance between having time gaps that
meant the animal could be anywhere between observed locations
and having too many very short track segments, which meant that
estimation of locations (described below) failed. As a result, the
track of each shark comprised several segments. Segments shorter
than 25 locations in length led to non-convergence of the model
used to account for location error and reconstruct the movement
path (described below), so we excluded these segments from the
analysis. This meant that tracks from shark 5 (ID 117468) were
excluded from further analysis. The final dataset used to reconstruct
the movement paths comprises 13,370 locations from 171 track
segments and 33 individual sharks. The mean time difference
between observations was 5.86 hours (standard deviation
9.79 hours).

We used a continuous-time state-space model implemented
in Template Model Builder (TMB) within the foieGras R package
(Jonsen and Patterson, 2020) to obtain improved estimates of the
ARGOS satellite locations and to regularise the locations along
the individual trajectories (Jonsen and Patterson, 2020). We
chose to reconstruct the trajectories at a temporal resolution of
one location every 12 hours using a correlated random walk
model. Previous studies (e.g., Queiroz et al., 2019) have used a
lower temporal resolution of one location every 24 hours.
However, owing to the proximity of some locations to land
and our interest in behaviour near the coast, we chose a slightly
higher temporal resolution of two locations per day. We did not
exclude or correct estimated locations that overlapped with land
to avoid making changes that could not be applied systematically
to the whole dataset. Locations overlapping land are evident in
their error. However, the same degree of error is present
throughout the dataset in ways not identifiable away from hard
barriers, such as the coast. The final dataset used in the next stage
of the analysis consisted of 6,680 time-regular shark locations.

Time Series Analysis of
Movement Characteristics
We fitted a hidden Markov model (Zucchini et al., 2016) to step
lengths and turning angles between consecutive time-regular
shark locations. We used the momentuHMM R package
(McClintock and Michelot, 2018), which implements
Frontiers in Marine Science | www.frontiersin.org 4
computationally efficient model fitting routines using
maximum likelihood. We identified two movement states
which we interpreted as “resident” and “non-resident”
(hereafter referred to as ‘transient’) and investigated the effect
of individual and temporal covariates on the transition
probabilities between states. Owing to the lack of information
on white shark movement ecology at the scale of ocean basins,
the time resolution of the data, and in the interest of biological
interpretability (Pohle et al., 2017), we did not explore the
possibility of more than two movement states. The candidate
covariates included sex (male, female), life stage (juvenile,
subadult, adult), TL (cm), day of the year and season. We also
explored the effect of the day of the year on the shape of the state
variable distributions to check whether the states’ characteristics
changed with seasonality, for example, if the mean step length in
the transient state increased or decreased at certain times of the
year. We compared the candidate models using the AIC weights
and used the Viterbi algorithm to calculate the most likely state
sequence (global decoding) (Zucchini et al., 2016). We also
calculated the probability of the transient movement state at
each location (local decoding of state probability), in addition to
the most likely state sequence provided by the Viterbi algorithm.
State probabilities give an idea of uncertainty in state
assignments along each track segment. Details on the
candidate models, model fitting and model assessment are
included in the Supplementary Material.

Spatial Analyses
We carried out two spatial analyses of white shark movement
based on the results of the HMM. First, to quantify the exposure
of white sharks to the risk of incidental capture in fisheries, we
examined the overlap between white shark locations and the
spatial distribution of fishing effort in fisheries that could
potentially catch them. Second, to quantify the use of MPAs by
white sharks, we examined the time spent and distance covered
by sharks inside and outside MPAs.

We aggregated the 6,680 time-regular shark location data into
0.1 degree planning units, which we used in spatial analyses. These
units corresponded to the approximate error ( ± 12 km) associated
with the poorest location class (B) from the SPOT satellite tags
(Patterson et al., 2010). Following Queiroz et al. (2019), data were
aggregated within larger planning units (0.25 degrees). However,
spatial scales larger than 0.1 degrees were too inaccurate for this
study because they often incorporated coastal habitat within
pelagic fishing zones, which inflated fisheries overlap, and
exceeded the size of the smaller MPAs, making it impossible to
test for an effect. Of all white shark locations recorded in this
study, most (75%) occurred within the South African EEZ, so we
limited our analyses to planning units within the continental EEZ.
One of the 33 tagged sharks was excluded from the analyses
because no tracks were left inside the EEZ after initial processing
(as described under the section “Track Processing” above), leaving
data from 32 sharks to be used in this part of the analysis.

The analytical approach used for fisheries and MPAs was
different because the fisheries data consisted of counts of hooks
or nets within each planning unit. In contrast, the MPA data
were binary, either inside or outside an MPA.
April 2022 | Volume 9 | Article 811985

http://www.propspeed.com
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Kock et al. Spatiotemporal Distribution of White Sharks
White Shark Movement and Fishing
Effort Overlap
Due to the high proportion of shark locations within the South
African EEZ, we only considered the overlap between tagged
white sharks and longline and gillnet fisheries within the EEZ, for
which fishing effort data were available for the same period over
which sharks were tracked (2012-2014) and used fishing gear
capable of potentially catching white sharks. These included the
pelagic longline fishery, which targets swordfish, tunas, and large
sharks like mako sharks (Isurus oxyrinchus) and blue sharks
(Prionace glauca) and the demersal shark longline fishery that
targets soupfin sharks (Galeorhinus galeus), smoothhound
sharks (Mustelus mustelus) and bronze whaler sharks
(Carcharhinus brachyurus) (Da Silva et al., 2015; Taylor et al.,
2016). Additionally, a combination of gillnets and drumlines are
deployed along the KwaZulu-Natal coast between Port Edward
and Richards Bay to capture large, potentially dangerous sharks
for bather safety. Species targeted in this program are white
sharks, bull sharks (Carcharhinus leucas) and tiger sharks
(Galeocerdo cuvier) (Dudley and Simpfendorfer, 2006). Beyond
the spatial and temporal overlap of white sharks with fisheries,
we also obtained white shark catch reports per fishery where
possible. We converted precaudal length to total length for
reporting purposes, according to Casey and Pratt (1985). In
addition to commercial catch data, we obtained catch data from a
scientific demersal shark longline survey operated by the
Department of Forestry, Fisheries and the Environment under
their National Research Surveys.

Total position counts per planning unit were normalised by
dividing by the number of individual sharks occupying that
planning unit (Walli et al., 2009) to reduce tagging location bias
and varying shark track lengths. We refer to this as the
normalised shark density. We calculated an exposure index
representing sharks’ spatial exposure to fisheries by multiplying
the total fishing effort (total number of hooks or nets) by the
normalised shark density. We restricted the temporal overlap of
the analysis to periods when both the respective fishery was
actively fishing, and white sharks were present. Following
Taylor and Small (2009), we divided each year into quarters:
Q1 (Jan-Mar), Q2 (Apr-Jun), Q3 (Jul-Sep), Q4 (Oct-Dec) and
calculated the average number of days the sharks overlapped
per quarter with the demersal shark longline and pelagic
longline fishing sectors. Shark net and drumline effort in
KZN are similar all year (except in June and July when some
gear is removed due to the annual sardine run). The proportion
of spatial overlap with fisheries for sharks in a ‘transient or
‘resident’ state, ‘male’ or ‘female’ and ‘sub-adult’ or ‘juvenile’
were also calculated. We combined adults and sub-adults into
the sub-adult class because of the small sample of tagged
adult animals.

White Shark Movement and Marine
Protected Area Overlap
MPAs established before and after tagging were deemed to
contribute to the MPA estate, referred to as “current MPAs” in
the results. However, to compare results, we repeated the analysis
Frontiers in Marine Science | www.frontiersin.org 5
using only those MPAs that existed during the tracking period
(we refer to these as “existing MPAs”). Most of South Africa’s
MPAs were proclaimed in 2019, after the tracking period. Thus
“current MPAs” refer to those that existed prior to 2019,
combined with those proclaimed in 2019.

Using the 6,680 time-regular white shark locations, we
created track lines joining consecutive points of an individual
and maintained the transient/resident state information. Track
lines were overlaid with the planning units (grid cell used for
spatial planning) to calculate the length of the track and the time
spent of each individual in each planning unit. For these
calculations, we assumed a straight-line distance (d) between
shark locations and used the 12-hour time difference (t) between
consecutive points to allow calculations of velocity (v) (where v =
d/t). We used the velocity to determine the proportion of time
spent in each planning unit. We coded each planning unit as
inside or outside an MPA to calculate the proportion of time that
individual sharks spent in MPAs.

Since MPA and planning unit boundaries do not coincide, we
allocated planning units to MPAs only if >10% of their area fell
within an MPA. A larger cut off was avoided to prevent the
exclusion of many smaller MPAs along the coastline from the
MPA estate. We then calculated the hours spent by each
individual in each MPA (and outside MPAs) when in transient
or resident states. We analysed data in ArcGIS (version
10.6) software.

We statistically tested four hypotheses based on a visual
assessment of the shark movement data in relation to existing
MPAs (i.e. those proclaimed prior to 2019) and current MPAs
(i.e. existing and 2019MPAs combined). The first hypothesis was
that white sharks spent more time or covered greater distances in
the existing (hypothesis 1a) and current (1b) MPA estate than
expected. We defined the planning domain as only those
planning units visited by any shark (total area = 235,873 km2).
Of this area, 34,896 km2 fell in current MPAs (14.8%), and 8,541
km2 fell in existing MPAs (3.6%). We used this proportion as a
proxy for the proportion of time one would expect the sharks to
spend within MPAs if they randomly utilise their planning
domain. We used a single sample t-test to compare the mean
proportion of time (of all individuals combined) inside MPAs to
the expected proportion of time spent. A boxplot confirmed that
the data followed a normal distribution. We performed the same
analysis for track length instead of time spent which also met the
assumption of normality.

The second and third hypotheses were that the mean
proportion of time that white sharks spend in MPAs (relative
to the planning domain) differs between males and females or
between subadult sharks versus juveniles, respectively. We
combined adults and sub-adults into the sub-adult class
because of the small sample of tagged adult animals and used a
Welch two-sample t-test to avoid the assumption of equal
variances between the groups. A boxplot confirmed that both
variables followed a normal distribution. We performed the same
analysis for track length instead of time spent.

The fourth hypothesis was that white sharks spend more time
in individual MPAs than would be expected. We defined the
April 2022 | Volume 9 | Article 811985
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planning domain as only those planning units visited by any
sharks that visited that specific MPA for each MPA-specific
analysis. We used the proportion of these planning units within
the MPA as a proxy for the proportion one would expect the
sample of sharks to spend within that MPA if they randomly
utilise their planning domain. Sharks visited 29 MPAs, but four
of these were visited by only single sharks, and we excluded them
from the analyses. Therefore, we ran analyses using 25 MPAs, of
which ten were existing MPAs and 15 were proclaimed in 2019.
We used a single sample t-test to compare the mean proportion
of the track length or time inside an individual MPA to the
expected proportion of time spent. The significance level was
adjusted for multiple testing using the Bonferroni adjustment. A
boxplot confirmed that the data followed a normal distribution.
The same analysis was performed for track length instead of
time spent.

We then used point density estimation to investigate the areas
of utilisation. This analysis aimed to identify focus areas utilised
by sharks that do not fall within MPAs, which could then be
considered for future protection. We ran all statistical analyses in
R Core Team (2020) and the point density estimation in ArcGIS.
RESULTS

Geographic Movements
Argos satellite tracks were obtained for 33 white sharks ranging
in size from 251 – 420 cm TL (316 ± 15; mean ± SE, n = 13) for
males and 228 – 505 cm TL (369 cm ± 16.4, mean ± SE, n = 20)
for females (Table 1). These represented three adults (2 males; 1
female), 18 sub-adults (5 males; 12 females) and 13 juveniles (6
males; 7 females) (Table 1). The SPOT5 tags’ transmission
duration ranged from 36 – 1155 days (374.5 ± 277.28 days,
median ± SD). White sharks tagged in South Africa moved
across a vast area of the southwest Indian Ocean, encompassing
coastal and pelagic zones of South Africa, Mozambique,
Madagascar and the high seas (Figure 1). Nine out of 33
sharks (27%) visited Mozambique at least once, and six out of
33 sharks (18%) visited the Madagascar area at least once. Apart
from coastal areas of South Africa, southern Mozambique and
southern Madagascar were areas frequented by large (>3 m)
female white sharks (Figure 1). Only three (8%) of the tagged
white sharks swam extensively westwards up the west coast of
South Africa.

There was no systematic difference between female and male
sharks in the quality or quantity of tracking data (Table 1). This
includes the total number of locations (Welch two-sample t-test,
t = -0.62, df = 31.00, p-value = 0.54), the number of days with
locations (Welch two-sample t-test, t = -0.81, df = 30.79,
p-value = 0.42) and the number of locations per day (Welch
two-sample t-test, t = -0.16, df = 25.04, p-value = 0.88).

Time Series Analysis of
Movement Characteristics
According to the AIC weights, we found that a model with sex,
TL and the sine and cosine of the day of the year as covariates
Frontiers in Marine Science | www.frontiersin.org 6
on the transition probabilities had the most support (70%).
The only other model with any support was one with life stage
(adult, subadult, and juvenile) instead of TL (29%). Since life
stage is determined using TL, we consider that both models
capture the same patterns in the data. Using the model with
the most support, we estimated the state-dependent
distributions of step length and turning angle. We found
that one state is characterised by slow, undirected
movement (mean ~11 km per 12 hours, SD 10 km – just
under 1 km per hour), and the other fast, directed movement
(mean ~52 km per 12 hours, SD 28 km – just over 4 km per
hour). We refer to the two states as ‘resident’ and ‘transient’
movement patterns. The state-dependent distributions are
shown in Figure 2 and have been weighted by the
proportion of locations assigned to each state by the Viterbi
algorithm (Zucchini et al., 2016).

Males and females were more likely to adopt resident
movement behaviour near the coast (Figure 3). In contrast, sub-
adult and adult females were the only ones to travel extensively
away from the coast over the tagging period (Figure 4).

The effect of time of the year on the probability of finding a
shark in a given state differed for males and females and by life
stage within sex. Adult and subadult females were consistently
more likely to be in a transient state throughout the year, with
a high probability (Figure 5), while adult males were only
more likely to be transient during the summer months.
Subadult male and juvenile female sharks were only more
likely to be in a resident state in the winter months (between
days 120 and 300), by a narrow margin. Juvenile males were
the only group more likely to be in a resident state throughout
the year.

We found strong evidence that the probability of finding a
female shark in the transient movement state increased with size
and was consistently high from about 350 cm (Figure 6). There
was weak evidence that the smallest female sharks (200 - 250 cm)
were more likely to be in a resident state in winter, and there was
uncertainty in the most likely state for this group during
summer. Male sharks showed a similar pattern, with an
increase in the probability of being transient with size, but
there was strong evidence for an increased probability of
finding small males (up to about 300 cm) in a resident state in
both winter and summer. This suggests a change in behaviour at
a larger size than females (approximately 280 cm for females,
compared to 350 cm for males). There were fewer small and large
males than females in the dataset, seen in the relationship’s limits
(Figure 6, right column).

White Shark Movement and
Fishing Effort Overlap
Over the study period, one white shark died in a gillnet set in
Southern Mozambique and another on a KZN Sharks Board
drumline (Table 1). White shark tracks and fishing effort varied
over the study period (see Supplementary Material), but overall
white sharks overlapped with longline and gillnet fisheries within
25% of the total area occupied in the South African EEZ and
spent 15% of their time exposed to these fisheries during the
April 2022 | Volume 9 | Article 811985
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TABLE 1 | SPOT5 transmitter (Wildlife Computers) summary information for white sharks Carcharodon carcharias tagged in South Africa in 2012.

Shark
no.

Tag ID TL
(cm)

Sex Maturity
status

Deployment
date

Start
location

End
location

Deployment
Duration (days)

Number of days
with locations

Total number
of locations

Number of
locations per day

1 117464 350 F Sub-adult 10-03-2012 -34.07 S,
22.21 E

-34.46 S,
21.20 E

500 117 504 4.3

2 117465* 312 M Sub-adult 23-03-2012 -34.12 S,
22.13 E

-34.63 S,
19.44 E

714 36 219 6.1

3 117466 309 M Sub-adult 23-03-2012 -34.12 S,
22.13 E

-34.19 S,
22.30 E

532 44 203 4.6

4 117467 360 F Sub-adult 12-04-2012 -34.64 S,
19.43 E

-34.15 S,
22.13 E

421 59 201 3.4

5 117468** 310 F Sub-adult 08-03-2012 -34.07 S,
22.21 E

-34.07 S,
22.20 E

348 87 197 2.3

6 117469 340 F Sub-adult 23-03-2012 -34.12 S,
22.13 E

-24.38 S,
35.41 E

277 12 37 3.1

7 117470 351 F Sub-adult 08-03-2012 -34.07 S,
22.21 E

-34.06 S,
22.22 E

717 23 87 3.8

8 117471 318 M Sub-adult 12-04-2012 -34.68 S,
19.40 E

-29.14 S,
31.91 E

1155 101 342 3.4

9 117472*** 371 F Sub-adult 08-03-2012 -34.07 S,
22.21 E

-24.80 S,
34.83 E

206 135 607 4.5

10 117473 297 F Juvenile 21-03-2012 -34.12 S,
22.13 E

-34.56 S,
19.27 E

83 37 232 6.3

11 117474 266 M Juvenile 21-03-2012 -34.12 S,
22.13 E

-25.04 S,
33.68 E

738 174 568 3.3

12 117475 259 F Juvenile 21-03-2012 -34.12 S,
22.13 E

-34.14 S,
24.79 E

36 26 81 3.1

13 117476 297 M Juvenile 12-04-2012 -34.64 S,
19.43 E

-28.63 S,
32.32 E

414 67 273 4.1

14 117477 251 F Juvenile 21-03-2012 -34.12 S,
22.13 E

-34.08 S,
22.27 E

205 96 420 4.4

15 117478 228 F Juvenile 10-03-2012 -34.07 S,
22.21 E

-34.14 S,
23.19 E

158 86 354 4.1

16 117479 265 F Juvenile 16-03-2012 -33.73 S,
25.86 E

-34.61 S,
21.70 E

476 86 394 4.6

17 117480 299 F Juvenile 07-03-2012 -34.07 S,
22.21 E

-34.36 S,
20.49 E

843 43 179 4.2

18 117482**** 295 M Juvenile 08-03-2012 -34.07 S,
22.21 E

-34.40 S,
24.51 E

215 79 310 3.9

19 117483 292 F Juvenile 21-03-2012 -34.12 S,
22.13 E

-34.47 S,
20.76 E

255 88 372 4.2

20 118845 420 M Adult 09-05-2012 -34.69 S,
19.42 E

-29.-1 S,
32.02 E

508 188 858 4.6

21 118846 418 F Sub-adult 09-05-2012 -34.69 S,
19.42 E

-34.47 S,
19.34 E

509 30 119 4.0

22 118847 417 F Sub-adult 15-04-2012 -34.14 S,
18.58 E

-34.49 S,
19.33 E

102 9 37 4.1

23 118848 431 F Sub-adult 16-04-2012 -34.14 S,
18.58 E

-29.34 S,
32.36 E

52 18 86 4.8

24 118849 505 F Adult 10-07-2012 -35.28 S,
20.84 E

-34.32 S,
23.10 E

352 35 177 5.1

25 118850 441 F Sub-adult 22-05-2012 -34.53 S,
20.46 E

-33.47 E,
18.53 E

300 68 336 4.9

26 118852 441 F Sub-adult 13-04-2012 -34.64 S,
19.43 E

-35.07 S,
20.77 E

1106 263 1367 5.2

27 118853 330 M Sub-adult 13-04-2012 -34.68 S,
19.40 E

-29.15 S,
32.02 E

240 90 435 4.8

28 118855 382 M Adult 23-05-2012 -34.53 S,
20.46 E

-27.56 S,
49.57 E

678 139 729 5.2

29 118859 295 M Juvenile 08-05-2012 -34.68 S,
19.40 E

-34.23 S,
22.84 E

224 145 632 4.4

30 118860 290 M Juvenile 08-05-2012 -34.68 S,
19.40 E

-31.25 S,
30.07 E

293 83 308 3.7

31 118861 457 F Sub-adult 16-04-2012 -34.14 S,
18.58 E

-34.43 S,
18.79 E

538 143 518 3.6

(Continued)
Frontiers
 in Marine Sc
ience
 | www
.frontiersin.o
rg
 7
 A
pril 2022 | Volum
e 9 | Article 811985

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Kock et al. Spatiotemporal Distribution of White Sharks
study period. Spatial and temporal overlap was highest, 14% and
10%, respectively, between white sharks and the demersal shark
longline sector, followed by 11% and 4% within the pelagic
longline sector, and 1% and 1% within the KZN shark nets and
drumlines (Table 2).

Sharks most exposed to the demersal longlining were those
that were resident (71%), male (59%) and juvenile (82%). The
fishery with the second-highest overlap was the pelagic longline
sector, with those sharks that were transient (81%), female (67%)
and sub-adult/adult (51%) most exposed. The fishery with the
third-highest overlap was shark nets and drumlines with those
sharks that were transient (62%), female (69%) and juvenile
(69%) most exposed (Table 2).

Areas of highest fishing exposure included mainly inshore
areas within the vicinity of Algoa Bay, Jeffrey’s Bay, Sedgefield,
Stillbaai and Gansbaai (demersal shark longline), where resident
immature sharks were most exposed, as well as central to
southern KZN (shark nets and drumlines) where transient
immature, female sharks were most exposed (Figure 7). The
overlap with the pelagic longline sector was relatively widespread
and sporadic and overlapped most with transient female
sharks (Figure 7).
Frontiers in Marine Science | www.frontiersin.org 8
White shark catch records were hard to obtain as there is no
central database of white shark incidental catches, and
statistics are kept in different databases according to fishery
type. We could find no white shark reports in the pelagic shark
longline fishery, and only two white sharks (unknown size and
sex; one released alive) were reported in the demersal shark
longline fishery (DFFE, unpublished data). In the scientific
national demersal shark longline survey, 106 demersal shark
longlines (11933 hooks) were set between False Bay and Port
Alfred between 2008 and 2016. In total, two juvenile white
sharks (both female), 200 and 280 cm TL, respectively, were
caught in Algoa Bay during one summer survey. One died, and
one was released alive. No other white shark interactions were
reported. In contrast, 1317 white sharks were captured in the
KwaZulu-Natal shark nets and drumlines between 1978 and
2018 (mean 32 sharks/year). A total of 209 (16%) sharks were
released alive. More females were caught in the shark nets (527
males, 666 females, 47 unknown) and drumlines (30 males, 43
females, 4 unknown). Most white sharks caught were juveniles
of both sexes (Table 3). The average size of white sharks caught
in the shark nets is 265 cm TL and in the drumlines is
275 cm TL.
TABLE 1 | Continued

Shark
no.

Tag ID TL
(cm)

Sex Maturity
status

Deployment
date

Start
location

End
location

Deployment
Duration (days)

Number of days
with locations

Total number
of locations

Number of
locations per day

32 118862 320 M Sub-adult 08-05-2012 -34.68 S,
19.40 E

-34.62 S,
19.39 E

110 23 88 3.8

33 118863 390 F Sub-adult 09-05-2012 -34.69 S,
19.42 E

-27.62 S,
56.30 E

694 313 1447 4.6

34 118864 251 M Juvenile 13-04-2012 -34.64 S,
19.43 E

-25.06 S,
35.00 E

397 180 850 4.7
A
pril 2022 | Volum
*Coastal movement data was insufficient to include in the analysis, but offshore data was included.
**Excluded from the analyses because none of the track segments was longer than 25 locations.
***Captured in an artisanal gill net, Quissico, Mozambique.
***Captured on a KZN Sharks Board drumline, KwaZulu-Natal, South Africa.
FIGURE 2 | Estimated state-dependent distribution of step length (km) and turning angle (radians). The resident state (purple) is made up of smaller steps and
bigger turns (slow, undirected movement), while the transient state (sea green) is made up of bigger steps and smaller turns (fast, directed movement). The marginal
distribution (lime) shows the sum of the two densities, while the data appear as a grey histogram.
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White Shark Movement and Marine
Protected Area Overlap
Inside the South African EEZ, the 32 individual white sharks spent
50,260 hours and covered 68,878 km (73% of the time and 41% of
the distance in a resident state). The percent of time spent and
distances covered within the current MPA estate were 23% and
21%. Figure 8 shows the relationship between hours spent and the
current MPA estate.
Frontiers in Marine Science | www.frontiersin.org 9
Results for hypotheses 1 to 4 are presented in Table 4. White
sharks spent significantly more time (and covered significantly
longer distances) in MPAs than can be expected based on the size
of MPAs relative to the planning domain used by sharks. This
was the case for existing and current MPAs. Males and females,
and age classes, did not use MPAs differently. At a finer scale in
current MPAs, sharks spent significantly more time in De Hoop
(existing) (p = 0.012), Tsitsikamma (existing) (p = 0.022) and
FIGURE 3 | Predicted shark locations coloured by Viterbi-decoded states. The tracks are separated by state (resident in purple: left column, transient in sea green:
right column) and sex (females: top row, males: bottom row). Country codes are shown on the map: SA, South Africa; NA, Namibia; BW, Botswana; ZW, Zimbabwe;
MZ, Mozambique; MG, Madagascar.
FIGURE 4 | Predicted shark locations are coloured by the probability of a given location belonging to the transient state, where lighter locations indicate a high
probability of being transient. This illustrates the level of uncertainty in state assignment; the closer the colour to either end of the colour scale, the greater the
certainty in state assignment. The tracks are separated here by life stage based on size (juvenile: left column, subadult: middle column, adult: right column) and by
sex (females: top row, males: bottom row). Country codes are shown on the map: SA, South Africa; NA, Namibia; BW, Botswana; ZW, Zimbabwe; MZ,
Mozambique; MG, Madagascar.
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Addo Elephant National Park (proclaimed in 2019) (p = 0.006)
MPAs than can be expected based on the size of these MPAs
relative to the planning domain used by the sharks that visit these
MPAs. Sharks cover significantly longer distances in De Hoop
(p = 0.011), Stillbaai (existing) (p = 0.007), Tsitsikamma (p =
0.012), Addo Elephant National Park (p = 0.003), Pondoland
(existing) (p = 0.018), Protea Banks (proclaimed in 2019) (p =
0.015) and Aliwal Shoal (proclaimed in 2019) (p = 0.014) MPAs
than can be expected. Aliwal Shoal existed before 2019 as a small
MPA (125 km2) and was expanded to a much larger MPA in
2019 (678 km2); we thus do not treat it as an existing MPA.

Results of the point density analysis show important areas
used by white sharks on the Cape south coast (adjacent to the
tagging locations of Gansbaai, Struisbaai and Mossel Bay, as can
be expected), with a previously unknown cluster in the northern
restricted zone of the uThukela MPA (newly proclaimed), which
is >1150 km away from the closest tagging site (Figure 9).

Figure 10 shows the percentage of time spent by sharks in
individual MPAs when all tracks are combined (all) or if only
resident or transient state tracks are used. The cluster noted in
Figure 9 in the uThukela MPA is also supported here.
DISCUSSION

Satellite tracking improves our understanding of species movement
across their range. It is alsoapowerful tool for identifying theoverlapof
pressures and threats with species’ spatial and temporal distribution
and opportunities to focus our conservation and management
interventions. In this study, we used statistical modelling of satellite
tracking data to describe the spatiotemporal movement patterns of
white sharks in the southwest IndianOcean, estimate their exposure to
capture risk and their relativeuseofprotectedareas.By comparing sex-
specific, size-specific and seasonal movement with relevant fishing
effort and South Africa’s MPA network, we have identified
opportunities for improved conservation, spatial planning actions
and management interventions.

White sharks tagged in this study moved extensively along the
coastal areas of SouthAfrica, crossing borders intoMozambique and
even Madagascar. These sharks thus crossed several countries’
respective EEZs and spent time in Areas Beyond National
Jurisdictions (high seas). The extent of their movements was
similar to that reported by Bonfil et al. (2005), which identified
temporary residency to coastal bays and long-distance coastal
migrations along the Southern African coast. These diverse
movement strategies have been identified for white sharks in
Australia and the United States (Jorgensen et al., 2010; Bradford
et al., 2020) and highlight this species’ adaptability and their role in
connecting a diverse range of habitats and ecosystems. However,
unlike Bonfil et al. (2005), we recorded no transboundarymovement
between South Africa and Australia. Our results, coupled with
previously published movement and genetic results (Pardini et al.,
2000; Bonfil et al., 2005; Andreotti et al., 2016), suggest that
transboundarymovementbetweenSouthAfricaandAustralia is rare.

Notably, only three of the 34 tagged sharks (and none of the
32 white sharks tagged in Bonfil et al. (2005)) moved
FIGURE 6 | The effect of total length on the probability of finding a shark in a
given state. The effect of length is shown here by sex (females: left column,
males: right column) and season (summer: top row, winter: bottom row). We
define seasonality according to the peak of mature transient movement and
the trough of immature resident movement, as seen in Figure 5. Therefore,
we define summer as day 40 of the year (9 February) and winter as day 220
(8 August). The shading around the state line represents the 95% confidence
interval around the mean effect.
FIGURE 5 | The effect of day of the year on the probability of finding a shark
in a given state, shown here by sex (females: left column, males: right column)
and life stage (adult: top row, subadult: middle row, juvenile: bottom row).
The shading around the state line represents the 95% confidence interval
around the mean effect.
April 2022 | Volume 9 | Article 811985

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Kock et al. Spatiotemporal Distribution of White Sharks
extensively westwards of Cape Point. Cape Point is a transition
zone between the warmer Agulhas Shelf ecoregion and the
colder Southern Benguela Shelf ecoregion (Sink et al., 2019) and
acts as an oceanographic barrier for many marine species from
invertebrates to teleosts, elasmobranchs and marine mammals
(Elwen et al., 2010; Griffiths et al., 2010; Scott et al., 2012). As
regional endotherms, white sharks have high metabolic
demands (Ezcurra et al., 2012) and high energy requirements
(Carey et al., 1982; Watanabe et al., 2019). We propose that the
cold, upwelled, and often oxygen-depleted waters along the
west coast of South Africa (Jarre et al., 2015) may not provide
Frontiers in Marine Science | www.frontiersin.org 11
suitable conditions for white sharks, especially for extended
periods (see also Hammerschlag et al., 2017). Therefore, even
though the west coast is highly productive with abundant prey,
including several extensive Cape fur seal colonies, it might be
too energetically expensive for white sharks to forage or breed
in this region.

Movement Influenced by Sex,
Size and Season
We found that sex and size influence the spatiotemporal
movement of white sharks in Southern Africa, consistent with
behaviour described from Australia and the United States
(Jorgensen et al., 2010; Domeier and Nasby-Lucas, 2012;
Hoyos-Padilla et al., 2016; Franks et al., 2021; Lee et al.,
2021). Subadult and adult females ranged across 45 degrees of
longitude in the southwest Indian Ocean and regularly
occurred offshore. On the other hand, juvenile and subadult
males stayed almost exclusively in the coastal region. This is
similar to white sharks’ behaviour in southwestern Australia
(Bradford et al., 2020) and western North Atlantic (Franks
et al., 2021), where large females covered broader longitudinal
ranges and spent more time in offshore waters, while males
mainly stayed on the continental shelf. Our results support
Bonfil et al. (2005) conclusion that connectivity between white
shark populations is facilitated by females rather than males, as
Pardini et al. (2001) proposed. However, we rarely record adult
white sharks in South Africa, especially females (Ryklief et al.,
2014; Hewitt et al., 2018), with only three tagged in our study
and Bonfil et al. (2005). In this study, large white sharks are
more likely to be in a transient state near the coast, possibly
resulting in fewer opportunities to be recorded or tagged, and
this may also partially explain why we see fewer adults at these
coastal aggregation sites. However, very large and sometimes
pregnant female white sharks have been caught in gillnet
fisheries eastwards in Kenya, Tanzania and Madagascar and
are suspected to originate from South Africa (Cliff et al., 2000;
Zuffa et al., 2002). The current information suggests that South
Africa is an important area for juveniles and subadults and that
the waters further east and offshore are important when they
reach maturity. Focus areas for adult white sharks in Southern
Africa remain unknown and present a significant knowledge
gap in need of attention.

Feeding is considered an important driver of shark
occurrence at coastal aggregation sites as these encompass
pinniped colonies and other productive and biodiverse coastal
areas (Martin et al., 2005; Dicken and Booth, 2013; Jewell et al.,
FIGURE 7 | (A) Normalized shark density in the South African EEZ between
2012 and 2014. (B) Total fishing effort within the EEZ by fishing sector
between 2012 and 2014. (C) White shark fishing exposure within the EEZ
represented by fishery sector. MPAs in existence during tracking are referred
to as “existing” MPAs; others were proclaimed in 2019.
TABLE 2 | The spatial and temporal overlap between white sharks (Carcharodon carcharias) and longline and gillnet fishing effort in the South African Exclusive
Economic Zone.

Spatial shark overlap (%) Temporal shark overlap (%) State (%) Sex (%) Maturity

Resident Transient Male Female Sub-adult/adult Juvenile

Pelagic longline 11 4 19 81 33 67 51 49
Demersal shark longline 14 10 71 29 59 41 18 82
Shark nets and drumlines 1 1 38 62 31 69 31 69
Total 25 15
April 2022
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2013; Kock et al., 2013; Towner et al., 2016; Kock et al., 2018).
The dominance of resident movement near the coast by the
mostly sexually immature sharks that make up our dataset, and
the increase in the probability of transient movement with shark
size, suggest a change in needs and constraints with maturity.
Therefore, we propose that the resident movement state most
likely represents feeding, patrolling or resting at or near
important feeding areas, analogous to area-restricted search
behaviour (Towner et al., 2016; Bailey et al., 2019), while the
transient state likely represents migratory or travelling
behaviour, but without precluding feeding. Muscle and blood
samples were also collected for stable isotope analysis from the
sharks tagged in this study, which, upon later analysis, may
provide further insight into the relationship between movement
strategies and trophic ecology. The coast may provide more
predictable, concentrated foraging opportunities but more
competition with conspecifics or other top predators than the
open ocean, where sharks may have to travel longer, farther and
deeper to find prey. Larger, maturing sharks can expand their
foraging range offshore to take advantage of open ocean
resources and avoid competition with conspecifics and other
Frontiers in Marine Science | www.frontiersin.org 12
large predators. Mature sharks may also need to travel wider and
further to find suitable mates.

The seasonal occurrence of white sharks is pronounced at all
major aggregation sites worldwide (Klimley et al., 2001; Martin
et al., 2005; Anderson et al., 2011; Dicken and Booth, 2013; Kock
et al., 2013; Bruce and Bradford, 2015; Skomal et al., 2017). In our
study, the season also influenced the behavioural state of white
sharks, with juvenile females and subadult males more likely to
be in a resident state during the austral winter months. This
coincides with the predictable feeding opportunities and highest
predation rates at Cape fur seals colonies (Martin et al., 2005;
Dicken and Booth, 2013; Towner et al., 2016). Overall, juvenile
female and subadult male white sharks are the most frequently
recorded age classes at South African aggregation sites (Ryklief
et al., 2014; Hewitt et al., 2018). Juvenile males are more likely to
be in a resident state all year round, while the opposite is true for
subadult and adult females and adult males. This may explain
why they are recorded at South African aggregation sites less
frequently than other demographic categories (Ryklief et al.,
2014; Hewitt et al. , 2018), which can help improve
population modelling.
TABLE 3 | Catches of white sharks (Carcharodon carcharias) in the KwaZulu-Natal beach safety program from 1978 – 2018 (shark nets) and 2007 – 2018 (drumlines).

Maturity Shark nets Drumlines Total

Female Juvenile 495 33 528
Sub-adult 155 10 165
Adult 1 0 1

Male Juvenile 430 18 448
Sub-adult 63 11 74
Adult 14 1 15

Total 1158 73 1231*
April 2022 | Volume 9 | Article 8
*86 white sharks had no age class or sex information and were excluded from the table.
FIGURE 8 | Time spent (in hours) of all white sharks in planning units within South Africa’s EEZ in relation to marine protected area (MPA) boundaries. Shark hours
are shaded on natural breaks in the data. MPAs in existence during tracking are referred to as “existing” MPAs and are indicated with a * in Figure 10; others were
proclaimed in 2019.
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White Shark Movement and
Fishing Effort Overlap
White sharks overlapped with longline and gillnet fisheries
within 25% of South Africa’s Exclusive Economic Zone and
Frontiers in Marine Science | www.frontiersin.org 13
spent 15% of their time exposed to these fisheries during the
study period. The spatial and temporal overlap was highest for
the demersal shark longline fishery, followed by the pelagic
longline fishery and the shark nets and drumlines. Sharks most
TABLE 4 | Research hypotheses and results of white shark Carcharodon carcharias use of marine protected areas (MPAs) using time spent and track length.

Research hypothesis Statistical hypothesis Test Statistics Conclusions

1a. White sharks spent
more time and covered
greater distances in
existing MPAs than
would be expected.

H0: m = 0.036H1: m >
0.036(where H0

represents the proportion
of the planning domain
within the existing MPA
estate = 3.6%)

Time:t = 3.5174,df = 31,p
= 0.00068Track length:t =
3.5829,df = 31,p =
0.00057

Reject both null hypotheses and conclude that the mean proportion of time (and
track length) within existing MPAs is higher than what would be expected
proportionately based on the size of the MPAs relative to the planning domain used
by sharks.

1b. White sharks spend
more time or cover
greater distances in
current MPAs than would
be expected.

H0: m = 0.148H1: m >
0.148(where H0

represents the proportion
of the planning domain
within the current MPA
estate = 14.8%)

Time:t = 2.4267,df = 31,p
= 0.01062Track length:t =
1.9836,df = 31,p =
0.02811

Reject both null hypotheses and conclude that the mean proportion of time (and
track length) within current MPAs is higher than what would be expected
proportionately based on the size of the MPAs relative to the planning domain used
by sharks.

2. The mean proportion
of time spent (or
distances covered) by
white sharks in current
MPAs differs between
males and females.

H0: mfemale = mmaleH1:
mfemale ≠ mmale

Time:t = 0.059194,df =
16.997,p = 0.9535Track
length:t = 0.14394,df =
17.107,p = 0.8872

Fail to reject both null hypotheses and conclude that the use of current MPAs does
not differ between males and females.

3. The mean proportion
of time spent (or
distances covered) by
white sharks in current
MPAs differs between
age classes.

H0: mfjuvenile = msubadultH1:
mjuvenile ≠ msubadult

Time:t = 0.030695,df =
28.756,p = 0.9757Track
length:t = -0.071653,df =
28.171,p = 0.9434

Fail to reject both null hypotheses and conclude that the use of current MPAs does
not differ between age classes.

4. White sharks spend
more time in individual
current MPAs than would
be expected.

H0: m = m0H1: m > m0
(where m0 represents the
hypothesized proportion
of time for each individual
MPA)

Reported in the text Reject both null hypotheses and conclude that the mean proportion of time (and
track length) within some current MPAs is higher than what would be expected
proportionately based on the size of the current MPA relative to the planning domain
used by sharks who visited that current MPA. Results were significant for three
current MPAs (with respect to time spent) and seven current MPAs (with respect to
track length).
FIGURE 9 | Point densities of white sharks in relation to marine protected areas (MPAs). MPAs in existence during tracking are referred to as “existing” MPAs and
are indicated with a * in Figure 10; others were proclaimed in 2019.
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exposed to the demersal shark longline fishery were
disproportionately resident, immature male sharks that spend
the most time inshore in areas of the highest fishing effort.
However, there have only been two reported white shark
captures in this fishery (DFFE, unpublished data). Non-
reporting of threatened and protected species is a concern in
commercial fisheries (Campana, 2016) and needs to be
considered when interpreting catch reports. However, the
catches from the demersal shark longline fishery’s scientific
equivalent (presented in this paper) support the low number of
white shark captures, with only two white sharks caught over
eight years and >11 000 set hooks. Furthermore, in Australia and
the United States, white sharks are rarely caught on the demersal
longline fishing gear component of demersal shark fisheries (gill
nets capture most white sharks), providing further support for
low captures in this fishery (McAuley and Simpfendorfer, 2003;
Morgan et al., 2009; Dewar et al., 2013; Curtis et al., 2014;
Braccini and Waltrick, 2019). The demersal shark longline
fishery targets soupfin and smoothhound sharks and generally
uses relatively small baited hooks with nylon traces (no steel) that
most white sharks could bite through, although entanglement in
longlines is possible.

The exposure risk of white sharks to pelagic longline fisheries
within the South African EEZ was lower than for the demersal
shark longline fishery and occurred over a larger area and in
offshore areas. The exposure risk was disproportionately high for
subadult and adult female sharks in a transient movement state.
Pelagic longline fisheries use larger hooks than the demersal
shark longline fishery. However, no steel traces are permitted,
similar to the demersal shark fishery (DFFE permit conditions),
although entanglements are also possible. No white shark
captures have been reported in this fishery by the industry or
independent observers (DFFE, unpublished data; Petersen et al.,
2009; Attwood et al., 2011; Reed et al., 2020), but as with other
Frontiers in Marine Science | www.frontiersin.org 14
commercial fisheries, species misidentification (possibly with
mako sharks) and non-reporting of threatened and protected
species remain concerns. However, like with the demersal shark
longline fishery, it is unlikely that substantial white sharks are
caught in this fishery and likely present a relatively low risk to
white sharks.

The shark nets and drumlines set along the KwaZulu-Natal
coast had much lower spatial and temporal overlap (1%) than
the demersal shark and pelagic longline fisheries but caught a
substantial number of white sharks (on average 32 sharks/year).
The exposure risk was highest for juvenile female sharks in a
transient state. Indeed, the catch composition from the shark
net and drumline programme confirms that juvenile female
sharks had the highest catch rates, providing support for this
being a meaningful exposure risk estimate. The biggest
difference between the shark nets and drumlines and the
longline fisheries is that the KZN bather protection program
targets large sharks and uses fishing gear capable of catching
white sharks such as gillnets and large, baited hooks with steel
traces (chain) to prevent sharks’ biting through the traces. Our
results emphasise the need to combine spatiotemporal shark
movement and fisheries overlap with reliable catch reports to
assess risks to shark populations accurately. Our results show
that the KZN shark nets and drumlines pose the largest relative
risk to white sharks out of the fisheries assessed in this
study, even though it had the lowest overlap with white
shark movement.

One of the fisheries not assessed here, but where we know
white sharks are caught, is the recreational sport and trophy
angling. Given the high coastal occurrence of juvenile sharks of
both sexes in a resident movement state, combined with a fishery
that uses equipment to target large sharks, captures are likely
sizeable. The Oceanographic Research Cooperative Fish Tagging
Project’s catch records support this, with 510 records of white
FIGURE 10 | The average percentage of time spent by white sharks Carcharodon carcharias in the 29 marine protected areas they visited, depending on
whether data were combined (all), or divided into resident versus transient states. MPAs in existence during tracking are indicated with a *; others were
proclaimed in 2019.
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sharks caught over the past 35 years (1984-2020), most before
protecting the species in 1991 (Jordaan and Mann, 2020).
Furthermore, in one of the identified focus areas, Algoa Bay, a
total of 58 white shark catches (1.5-2.5 m total length) were
recorded from interviews with shore anglers between July 2009
and December 2011 (Dicken and Booth, 2013). White sharks are
caught and released in most cases, but post-survival is unknown,
with some records of white sharks washing ashore dead after
capture and release (DFFE, unpublished data). The increasing
use of technology, i.e. drones and heavy tackle, to target large
sharks for sport (Gallagher et al., 2017; Winkler et al., 2022)
means that this fishery could be an unknown source of mortality,
warranting further investigation.

In addition to the direct risk of capture, fisheries may also
have indirect consequences for predator populations in the
form of altered trophic interactions or resource competition
(Stevens et al., 2000; Piroddi et al., 2011; Grémillet et al., 2018).
Negative impacts on marine species from fisheries have mainly
been demonstrated for specialist predators or central place
foragers that feed on forage fish, e.g. African penguins
(Pichegru et al., 2009). However, no published studies so far
have demonstrated similar effects on shark populations to the
best of our knowledge. Unlike specialist predators, white sharks
are generalist predators feeding on a variety of invertebrates,
teleosts, chondrichthyans and marine mammals and predate on
prey that is most abundant and easy to catch (Cliff et al., 1989;
Martin et al., 2005; Kerr et al., 2006; Hussey et al., 2012; Kim
et al., 2012; Tamburin et al., 2020). Fishing pressure on prey
populations may influence food availability, which could
influence shark movement and distribution, but the extent is
unknown and needs further investigation. Whether or not
fishing impacts white shark survival through resource
competition is currently unknown and untested. However,
white sharks’ generalist diet and diverse movement strategies
across several ecosystems, coupled with large, stable Cape fur
seal colonies and a range of prey options, increase their
resil ience to impacts from fisheries. In addition to
implement ing an ecosys tem approach to fisher ies
management that considers predators’ needs (Shannon et al.,
2010; Parker et al., 2020), an additional way to mitigate any
potential risks from the indirect effect of fisheries is by
establishing and effectively managing MPAs.

White Sharks Spend More Time in Marine
Protected Areas
Given that white sharks are protected in South Africa, we
assume that sharks visiting MPAs benefit from diverse,
healthy ecosystems that potentially increase prey availability
and have less disturbance. White sharks of both sexes and all
age classes spent significantly more time and travelled greater
distances inside South African MPAs than can be expected by
chance, suggesting a preference for protected areas. This
included existing MPAs at the time of tracking and those
proclaimed in 2019. In the case of sharks visiting areas that
later became MPAs, it is relevant to note that these newer
MPAs were designed to expand existing MPAs or represent
Frontiers in Marine Science | www.frontiersin.org 15
highly productive areas that contribute to biodiversity
conservation goals with the least impact on competing
industries (primarily fishing and mining). Significant use of
areas that later became the new MPAs is thus not unexpected,
given that their design criteria included known areas of
diversity and productivity. There is much scientific debate
about the effectiveness of MPAs to conserve large, wide-
ranging predators (Breen et al., 2015) like white sharks.
However, studies have shown that if positioned in essential
breeding or feeding habitats, they can benefit megafauna
(Williams et al., 2009; Boerder et al., 2017; Daly et al., 2018).
Benefits will depend on the MPA’s size, level of protection, the
amount of time spent inside MPAs, and the life-history stage
protected (Hays et al., 2019; Peñaherrera-Palma et al., 2020). In
this study, given that most white sharks were immature, it is
likely that these MPAs are important for feeding due to
increased prey availability, or for resting, due to less
disturbance from anthropogenic activities. Our results
contribute to the growing body of evidence that well designed
MPAs can benefit large, mobile marine megafauna.

Several coastal MPAs were used by white sharks significantly
more than others, namely, the De Hoop, Stillbaai, Tsitsikamma,
Addo Elephant, Pondoland, Protea Banks, Aliwal Shoal and
uThukela MPAs. We also identified several areas significantly
used by white sharks in a resident state that are not yet part of the
MPA network. These areas are clear focus areas for marine
spatial planning, located in or adjacent to the primary tagging
locations of Gansbaai, Struisbaai and Mossel Bay, and not
included in MPAs. They may indicate high biodiversity or prey
availability, which can be used in MPA expansion, delineating
Ecological or Biological Significant Areas (EBSAs) or Critical
Biodiversity Areas (CBAs), and in marine area plans as required
by South Africa’s marine spatial planning legislation. However,
some focus areas may not have been identified in this study, e.g.
False Bay is a well-known aggregation site year-round (Hewitt
et al., 2018; Kock et al., 2013), but only three of the sharks in
this study were tagged at this site, and thus it may be
under-represented.

Management and Policy
Recommendations
South Africa should lead a regional conservation and
management plan, given that white sharks move extensively
between several Southern African countries. Encouragingly,
Mozambique has recently formally protected white sharks
from all fisheries alongside other large megafauna (Maritime
Fisheries Regulation (REPMAR) — Decree 89/2020). National
Plans of Action for Sharks and Shark Biodiversity Plans could
be the vehicles for such a plan. Regional marine spatial plans
can also facilitate cooperation amongst countries, e.g. the
regional marine spatial planning strategy is currently being
developed for the Western Indian Ocean by the Nairobi
Convention Secretariat of the United Nations Environment
Programme. As the fishery reporting the highest catches of
white sharks, the KZN bather protection program should
continue its ongoing efforts to reduce the number of nets
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and drumlines, where possible (Guyomard et al., 2019). In the
long-term, lethal methods should be replaced with non-lethal
methods (McPhee et al., 2021) and coupled with an education
program around shark risk as used in other regions such as
Cape Town (Shark Spotters, Kock et al., 2012) or Western
Australia (Shark Smart, McAuley et al., 2017). This would have
a positive impact on threatened species, including white
sharks. Given that the demersal shark longline fishery
overlaps with white shark movement, mainly in the resident
state, and uses fishing gear that may catch small juveniles, good
observer coverage is needed to monitor catches. In the absence
of physical observers, a newly established electronic
monitoring pilot programme in the demersal shark longline
sector should be extended within the sector and to the pelagic
longline sector to shed more light on fisheries interactions
between these fleets and white sharks. A centralised national
database of white shark fishing bycatch risk and mortality
across fisheries is also needed to improve population modelling
and projections. Lastly, MPAs with a high white shark presence
should include white sharks in their biodiversity monitoring
programs. Enforcement of current MPAs to safeguard high
biodiversity and future MPA expansion efforts may mediate
the direct (i.e. capture) and indirect (e.g. resource competition
and disturbance) impacts on the Southern African white shark
population. Since this study, white sharks have abruptly
d i s a pp e a r e d f r om th e F a l s e B a y and Gan s b a a i
(Hammerschlag et al., 2019, Towner et al. submitted)
aggregation sites with sporadic sightings. The reasons for the
disappearance are under investigation but emphasise the need
for continued monitoring of movement patterns related to
environmental and biological drivers and existing and
emerging threats. However, the main results from this study
and consequently the management recommendations
remain relevant.
CONCLUSIONS

By combining animal movement modelling and spatiotemporal
analyses of risk exposure from fisheries and protection from
MPAs, we have provided policy-relevant results that can be used
to inform management interventions. We determined
demographic differences in risk exposure, identified the
fisheries with the greatest impact relative to spatial or temporal
shark exposure and provided a behavioural context for that
impact. Our inferences can further refine place-based
conservation to protect the most vulnerable demographic
groups and ultimately contribute to safeguarding this species
from extinction in the southwest Indian Ocean.
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