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Abstract The silvertip shark, Carcharhinus albimargi-
natus, is a coral reef-associated shark with a wide distri-
bution across the Indo-Pacific. Yet, unlike common reef
shark species, limited knowledge exists on its movement
patterns. Here, we tracked 28 individuals for 4 years with
acoustic telemetry in New Caledonia to estimate home range
sizes and to investigate individual and seasonal patterns of
space use. Comparisons were made with grey reef sharks,
C. amblyrhynchos, a closely related but more documented
species, tagged on the same acoustic network during the
same period. We report similar home range (HR) for both
species, with adult males displaying greater HR than females
and juveniles. An increased mobility of adult males was
observed during the austral summer for the silvertip shark,
and the austral winter for the grey reef shark, corresponding
to putative mating seasons. Our study brings new insight
on the ecology of the silvertip shark and provides essential
material to inform targeted conservation measures.
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Introduction

Sharp declines in reef shark populations have been observed
worldwide in response to human pressure such as fishing and
habitat degradation (Robbins et al. 2006; Juhel et al. 2017;
MacNeil et al. 2020). This in turn has prompted an increased
focus on targeted conservation policies (Chapman et al.
2013; Dulvy et al. 2017; MacKeracher et al. 2019). Efficient
protection measures such as Marine Protected Areas (MPAs)
implementation require an in-depth understanding of animal
behaviour and movement patterns (Green et al. 2015; Di
Franco et al. 2018; Dwyer et al. 2020). For instance, estimat-
ing the home range of species can help define the minimum
MPA size suitable for their protection (Abecasis et al. 2014;
Weeks et al. 2017; Krueck et al. 2018).

While the movement patterns of common shark species,
such as the grey reef shark (Carcharhinus amblyrhynchos)
and the blacktip reef shark (C. melanopterus), have been
widely documented (Papastamatiou et al. 2010; Heupel and
Simpfendorfer 2014; Espinoza et al. 2015a; Bonnin et al.
2019, 2021), other less commonly observed species, whose
conservation status may be of even greater concern (Green
et al. 2015), remain poorly described. The main reasons for
such lack of data lie in factors such as species lower abun-
dance, avoidance behaviour to sampling (Juhel et al. 2019),
large home range, and the associated difficulties in gathering
sufficient numbers of individuals.

Among such species, the silvertip shark, C. albimargi-
natus, is a large-bodied coral reef-associated species dis-
tributed throughout the Indo-Pacific (Compagno 1984), but
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«Fig. 1 Acoustic array and reef shark sampling in New Caledonia,
Southwestern Pacific. Red dots indicate the location of VR2W acous-
tic receivers, deployed on the outer barrier reef slope. Silvertip and
grey reef sharks were sampled and equipped with V16 acoustic trans-
mitter in D’Entrecasteaux atolls (lower left panel) and in the Great
Northern Lagoon (lower right panel). Numbers indicate the individ-
ual silvertip (S) and grey reef (GR) sharks retained for analyses

with highly fragmented populations (Gonzalez-Medina et al.
2015), which increase its vulnerability to overexploitation.
Due to significant population decline across its range, this
species has been classified as “Vulnerable’ by the [IUCN Red
List of Threatened Species (Gonzéalez-Medina et al. 2015;
Ferretti et al. 2018).

Few studies have focused on silvertip shark movement
patterns. They showed high levels of residency and site fidel-
ity (Barnett et al. 2012; Espinoza et al. 2015b), and larger
space use than common reef shark species (Espinoza et al.
2015c; Carlisle et al. 2019; Tickler 2021). These studies
revealed high levels of individual variations in space use and
emphasized the need for estimating differences across sexes
and ontogeny. Seasonal patterns of silvertip shark activity
have been suggested (Espinoza et al. 2015b; Williamson
et al. 2021), without, however, revealing any underlying bio-
logical mechanism. For instance, in the closely related grey
reef shark (Dunn et al. 2020), adult male expand their home
range seasonally, presumably for mating purpose, thus with
important implications for the species management (Bonnin
et al. 2019, 2021).

In this study, 28 silvertip sharks were tracked with acous-
tic telemetry for 4 years within an array of 55 receivers in
New Caledonia, Southwestern Pacific Ocean. Home range
sizes were estimated and individual and seasonal patterns of
space use were investigated, as were variations across sexes
and ontogeny. To assess how the silvertip sharks behaved
relative to a closely related but more documented species,
comparisons were made with 63 grey reef sharks tracked
on the same network and at the same time. Our study pro-
vides a better understanding of the ecology of this relatively
understudied species and provides valuable insight to inform
targeted conservation management measures.

Material and methods
Acoustic array and shark tagging

Fifty-five VR2W acoustic receivers (VEMCO Ltd., Hali-
fax, Canada) were deployed from July 2015 to September
2019 in New Caledonia, most densely set in two regions:
D’Entrecasteaux atolls (32 receivers) and the Great Northern

Lagoon (12). Receivers were also deployed less densely
along the west coast of the main land (8) and at the most
northeastern corner of the Great Northern Lagoon (3)
(Fig. 1). Range tests were performed over 27 receivers of
the array and revealed decreasing detection probability with
distance, following a sigmoidal curve with 50% of emissions
detected at 172 m (Fig. ESM1). Thirty silvertip sharks and
81 grey reef sharks were captured and tagged along the outer
slope of barrier reefs of D’Entrecasteaux atolls and the Great
Northern Lagoon, at locations where some of the receivers
were deployed. Detailed information on tagged individu-
als is available in Table ESM1. Sharks were caught with
barbless circle hooks attached to a floating drum line and
baited with large pieces of fish (mostly skipjack and albacore
tuna, collected from local fisheries waste). Animals were
processed immediately after capture, in a tonic immobility
state alongside a small runabout, where total length (TL),
sex and maturity stage were determined. Maturity stage was
determined for males based on the extension and calcifica-
tion of the claspers. For females it was extrapolated from
total length, using average values of length at maturity for
silvertip (Lm =209 cm, Smart et al. 2017) and grey reef
sharks (Lm =136 cm, Robbins 2006). Sharks were internally
fitted with V16 acoustic coded transmitters (68 X 16 mm;
frequency: 69 kHz; high power output; VEMCO Ltd., Hali-
fax, Canada), with transmission delay times ranging from
30t0 90s.

Among the 111 tagged individuals, 20 showed no
detection after a two-week post-capture period and were
therefore discarded from analyses. Analyses were thus
performed on 28 silvertip sharks, including 14 juvenile
females (total length range: 117-199 cm), 7 juvenile males
(119-170 cm), 2 adult females (213-222 cm) and 5 adult
males (172-209 cm), and 63 grey reef sharks, includ-
ing 11 juvenile females (77-128 cm), 9 juvenile males
(87-133 cm), 17 adult females (141-169 cm) and 26 adult
males (141-169 cm). Monitoring duration ranged from 73 to
1494 days for silvertip sharks (median duration=1012 days),
and from 15 to 1502 days for grey reef sharks (median dura-
tion=_898 days). Raw acoustic data were filtered out using
the FDA analyser tool from the Vemco VUE software in
order to limit false detections resulting from code collisions
(Steckenreuter et al. 2015). Individual residency indices (RI)
were calculated as the proportion of days one individual was
detected at its tagging site receiver.

Two other arrays of acoustic receivers in other parts of
the New Caledonian Archipelago, Nouméa reefs (southwest
New Caledonia, 12 receivers) and the Chesterfield atoll (8
receivers) were also deployed during the same period but
were not included in the analysis as no silvertip sharks were
tagged in these regions, and no sharks from D’Entrecasteaux
atolls and the Great Northern Lagoon were detected on these
arrays (Fig. ESM2).
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Analysis of individual home range

Individual utilization distributions (UD) were calculated
as one-dimensional convex hulls defined by the portions of
outer reef slope delimited by the locations of visited receiv-
ers. The 95th and 100th percentile of daily positions were
used to determine UD boundaries, then the surface of outer
reef slope encompassed by the corresponding reef portions
were calculated. This resulted in two different metrics of
home range, UDys and UD,,, corresponding to core home
range and total home range (Bonnin et al. 2021). Habitat
maps from (Andréfouét et al. 2004) were used to define the
outer reef slope, the preferred habitat for both species (Com-
pagno 1984; Robbins 2006).

Variations of home range with species, sex and ontogeny
were investigated with permutation linear model using the
Imp function from the ImPerm R package (R Core Team
2020). The effect of species, sex and maturity stage over
UDys and UD,,, was assessed using the Anscombe criterion
(Anscombe 1953), which stops sampling when the estimated
standard error of the p-value is less than a fraction (here
0.01) of the estimated p-value. If significant interactions
were identified, pairwise tests between estimated marginal
means of the linear model were then computed with the
emmeans R package to identify which groups were signifi-
cantly different from the others (Lenth et al. 2022). Signifi-
cant differences between groups were assessed using 1000
permutations of samples, providing distributions of T-ratios
associated with each pairwise test and enabling to compute
permutational p-values. In order to prevent the false inter-
pretation of significant differences associated with the test-
ing of multiple pairs of marginal means, p-values were then
adjusted using the False Discovery Rate approach (FDR;
Benjamini and Hochberg 1995) and the p.adjust R func-
tion. The potential bias induced by local array geometry was
assessed through an alternative model with the tagging site
included as an additive factor.

Home range estimates for the different species, sex and
maturity stages were provided using estimated marginal
means of the linear model and their associated 95% confi-
dence interval.

Analysis of seasonal mobility

To investigate seasonal variations in individual mobility,
minimum travelled distance was calculated on a monthly
basis as the sum of straightline distances between suc-
cessively visited acoustic receivers. A permutation linear
mixed-effect model was used to investigate variations of
mobility associated with species, sex, maturity stage and
calendar month. To this purpose, monthly mobility was
modelled with individual as a random effect and with the
interaction of sex, maturity stage, calendar month and
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species as fixed effects. The local geometry of the array was
not formally included in the model since already accounted
for in the individual random effect.

Mobility ~ (Sex * Mat.stage * Calendar month * Species)
+ Random(Individual)

The model was computed with the /me function from the
nlme R package (R Core Team 2020), using the Restricted
Maximum Likelihood method (REML). Permutational sta-
tistics were calculated using 1000 permutations of samples,
providing distributions of F-values associated with each
factor and enabling us to compute permutational p-values.
If significant interactions were identified, pairwise permu-
tation tests between marginal means of the linear mixed-
effect model were then used to identify which groups were
significantly different from the others, using the same meth-
odology as described in the “Analysis of individual home
range” section.

Results and discussion

The 91 tracked individuals were detected a total of
3,310,933 times on the acoustic receivers during the dura-
tion of the study, with 78,621 detections of silvertip sharks
and 3,232,312 detections of grey reef sharks (Fig. ESM3).
Tagging site residency indices (RI) ranged between 0 and
0.81 for silvertip sharks (average RI=0.2), and between
0 and 0.98 for grey reef sharks (average RI=0.31). Diel
patterns of detections showed that silvertip sharks were
mostly detected on the reef during the day, while grey reef
sharks were detected during both day and night (ESM4).
This suggests that silvertip sharks are moving offshore
(Williamson et al. 2021) and/or to deeper waters (Bond
et al. 2015) at night.

No silvertip sharks nor grey reef sharks tagged in
D’Entrecasteaux atolls or the Great Northern Lagoon were
detected on Nouméa reefs or Chesterfield atoll acoustic
receivers, located at more than 400 km from the tagging
sites, respectively, along both a continuous reef habitat
and oceanic habitat (Fig. ESM2). Boussarie et al. (2022)
recently reported that deep oceanic areas act as strong bar-
riers to genetic dispersal in grey reef sharks, supporting
that direct movement from D’Entrecasteaux or the Great
Northern Lagoon to Chesterfield is unlikely. In contrast,
in a previous study of 147 tagged grey reef sharks, Bonnin
et al. (2019) reported six animals moving up to 340 km
from their tagging site along the continuous reef habitat
of the main island’s west coast. Given the larger size of
silvertip sharks compared to grey reef sharks, long-range
movements may be expected, albeit rare, along areas of
continuous habitat.
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Table 1 Outputs of the permutation linear models of shark home range values

UDys
Df R sum Sq R mean Sq Iter. Perm. p-value

Species 1 113.4 113.43 8041052 0.111
Mat. stage 1 187.6 187.58 16862325 0.056
Species * mat. stage 1 141.7 141.7 11282041 0.081
Sex 1 182.1 182.15 14494689 0.065
Species * sex 1 118.7 118.72 7418327 0.119
Mat. stage * Sex 1 348.9 348.86 34656196 0.028
Species * mat. stage 1 103 103 6213433 0.139

* Sex
Residuals 83 4711.8 56.77
UD,49

Df R sum Sq R mean Sq Iter. Perm. p-value

Species 1 70.2 70.17 1487605 0.402
Mat. stage 1 120.6 120.64 2657810 0.273
Species * mat. stage 1 11.1 11.11 51 1
Sex 1 110.7 110.67 2469396 0.288
Species * sex 1 35.7 35.71 849266 0.541
Mat. stage * sex 1 921 921.04 85118430 0.012
Species * mat. stage 1 238.3 238.26 6641523 0.131

* sex
Residuals 83 8900.7 107.24

p-values lower than a threshold of 5% were considered as describing a significant effect and are displayed in bold

Permutation linear models were computed to investigate the effect of species, sex and maturity stage and their interaction over home range
(UDys and UD, ;). ANOVA tables of the permutation linear model are presented here. p-values lower than a threshold of 5% were considered as

describing a significant effect and are displayed in bold

Home range estimates and variability

Permutation linear modelling showed a significant Sex
x Maturity stage interaction effect over both home range
metrics, UDgys and UD,y, (UDgys p-value =0.028, UD,,

p-value=0.012; Table 1). The model including the tagging
site factor showed the same results, with no significant effect
of the tagging site (Table ESM2). Pairwise comparisons of
estimated marginal means showed that adult males of both
species had greater home range values than other groups,

UD100

e —
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.

Shark home range (km)

a a

Juvenile females Juvenile males Adult females Adult males

Fig. 2 Comparison of home range values of sharks between sexes
and maturity stages. Dots represent the estimated marginal means of
UDy; and UD,, from the linear models for juvenile and adult males

Juvenile females Juvenile males  Adult females Adult males

and females, while vertical bars indicate 95% confidence intervals.
Significant differences (p <0.05) between groups are represented with
different lower case letter indicators
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Table 2 Outputs of the permutation linear mixed-effect model of monthly travelled distance

Numerator Df Denominator Df F-value Perm. p-value

Fixed effects of the permutation linear mixed-effect model
Species 1 83 0.226 0.62
Mat. stage 1 83 1.104 0.305
Sex 1 83 0.993 0.315
Month 11 3990 3.658 0
Species * mat. stage 1 83 0 0.977
Species * sex 1 83 1.859 0.174
Mat. stage * sex 1 83 0.49 0.463
Species * month 11 3990 5.069 0
Mat. stage * month 11 3990 1.864 0.043
Sex * month 11 3990 3.999 0
Species * mat. stage * sex 1 83 3.216 0.079
Species * Mat. stage * 11 3990 2.779 0.004

month
Species * sex * month 11 3990 1.738 0.061
Mat. stage * sex * month 11 3990 1.923 0.035
Species * mat. stage * sex 11 3990 3.201 0.004

* month

p-values lower than a threshold of 5% were considered as describing a significant effect and are displayed in bold

A permutation linear mixed-effect model was fitted to monthly travelled distances with the interaction between species, sex, maturity stage and
calendar month as a fixed effect, and individuals as a random effect. Permutation ANOVA tables of the linear mixed-effect model are presented

here. Significant effects (p <0.05) are displayed in bold

with UDys values significantly different from adult females,
and juvenile males and females; while UD,, values signifi-
cantly differed from adult males to juvenile males (Fig. 2;
Table ESM3). Silvertip sharks showed an overall UDys of
4.88 km? (95% CI: 1.3-8.5 km?) and an overall UD, of 7.9
km? (95% CI: 2.9-12.8 km?), while grey reef sharks showed
an overall UDgys of 1,95 km* (95% CI: 0—4.0 km?) and an
overall UD,, of 5.5 km* (95% CI: 2.7-8.4 km?).

Interestingly, the permutation linear model showed no
significant differences between home range values of the
two species, suggesting similar requirements with respect
to MPA size. In New Caledonia, MPAs with more than 100
km? of suitable reef habitats (corresponding to an MPA size
generally larger than 3500 km?) are considered suitable to
protect the grey reef sharks (Bonnin et al. 2021). Our results
suggest that silvertip sharks would benefit from MPA’s of
similar size. However, this result has to be interpreted with
caution as the home range values reported here are based
on a small sample size of mature silvertip sharks, with
only five adult males and two adult females, and depend to
some extent on the network geometry, making comparison
with other studies difficult. A study combining satellite and
acoustic tracking in the Chagos Archipelago, Indian Ocean,
reported an order of magnitude higher home range values
for this species, while also reporting larger space use than
the grey reef shark (Carlisle et al. 2019).

@ Springer

Seasonal mobility

Permutation linear mixed-effect modelling showed a sig-
nificant effect of the quadruple interaction Species x Sex x
Maturity x Month on monthly travelled distance (P =0.004,
Table 2). Pairwise comparisons of estimated marginal means
further showed a significant change in distance travelled
by adult males of both species during two specific months
(Fig. 3; Table ESM5). Silvertip shark adult males showed
increased mobility during the months of November and
December, at the beginning of austral summer (Fig. 3; Table
ESM5). Grey reef adult males displayed the same pattern
during the months of July and August, in austral winter. For
both species, juveniles of both sexes and adult females did
not show any significant change in travelled distance in any
month of the year.

Although only five adult male silvertip sharks were con-
sidered here to establish this pattern, the similarity with
grey reef sharks, albeit with a different timing, suggests that
reproduction might be the driver of the seasonal increase in
space use. The fact that only adult males were observed to
increase their movements during these specific months sug-
gest that this phenomenon is unlikely linked to a response
to prey dynamics, which would affect both sexes. Moreo-
ver, in grey reef sharks, mating has been reported to start
around the month of August in the region (Robbins 2006),
thus coinciding with the increase in mobility reported in
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Fig. 3 Effect of species, sex, maturity stage and calendar month on
monthly travelled distance. A permutation linear mixed-effect model
was fitted to monthly travelled distances with the interaction between
species, sex, maturity stage and calendar month as a fixed effect, and
individuals as a random effect. Dots represent estimated marginal
means of the model, while vertical bars indicate 95% confidence
intervals. Within each group defined by species, sex and maturity

our study. Evidence of the existence and potential timing
of a mating season in silvertip sharks is limited, yet Stevens
(1984) suggested it may occur around the month of Novem-
ber in the Aldabra atoll, southern Indian Ocean. Parturition
is indicated to occur between December and January in the
Indian Ocean, after a gestation period of 12 months, which is
consistent with a mating season around this time of the year
(Bass et al. 1973; Stevens 1984). The increased mobility of
adult silvertip sharks in November—December in our study
provides further support for the existence of a summer mat-
ing season, and may also explain the reduced detections of
tagged silvertip sharks within a receiver array on the Great
Barrier Reef between September and January (Espinoza
et al. 2015b).Our results also suggest female philopatry and
male-biased dispersal for both species, a strategy common
to many shark species (Chapman et al. 2015; Portnoy et al.
2015), where males assume the function of dispersing genes
across large spatial scales.

While bringing new insight on the movements of the sil-
vertip shark, a poorly documented species, our results also

stage, pairwise permutation tests were performed to assess significant
differences of travelled distance between pairs of calendar months.
Within each group, significant differences (p <0.05) between pairs
of calendar months are represented with different lower case letter
indicators. No significant differences between months were found for
juveniles and adult females

provide valuable information to inform protection measures.
Marine Protected Areas sized appropriately for species such
as grey reef sharks appear broadly compatible with silvertip
sharks, however the higher vulnerability associated with sea-
sonal increases in mobility indicates that this species would
benefit from seasonal protection measures, such as fishing
gear restrictions (Shiffman and Hammerschlag 2016) or sea-
sonal fishing closures to reduce the risk of bycatch.
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