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Age and growth data are central to management or conservation strategies for any
species. Circumstantial evidence suggests that male whale sharks (Rhincodon typus)
grow to asymptotic sizes much smaller than those predicted by age and growth studies
and consequently, there may be sex-specific size and growth patterns in the species.
We tested this hypothesis by using stereo-video and photo-identification studies to
estimate the growth rates of 54 whale sharks that were resighted over a period of up
to a decade at Ningaloo Reef. We found that male growth patterns were consistent
with an average asymptotic total length (TL) of approximately 8-9 m, a size similar to
direct observations of size at maturity at aggregation sites world-wide and much smaller
than the sizes predicted by earlier modeling studies. Females were predicted to grow
to an average asymptotic length of around 14.5 m. Males had growth coefficients of
K = 0.088 year—', whereas limited resighting data suggested a growth coefficient of
K =0.035 year~" for females. Other data including re-sightings of an individual male over
two decades, records of sex-specific maximum sizes of individuals captured in fisheries
and data from juveniles growing in aquaria were also consistent with the suggestion
of sex-specific growth profiles for the species. We argue that selection for sex-specific
growth patterns could explain many of the otherwise enigmatic patterns in the ecology
of this species including the tendency of the species to form aggregations of juvenile
males in coastal waters.

Keywords: asymptotic size, sexual dimorphism, Ningaloo, Rhincodon typus, photo-identification

INTRODUCTION

Whale sharks are the world’s largest fish, growing to maximum known sizes of 18 m total
length (TL) (McClain et al,, 2015). The immense size of these animals implies slow growth
rates and great longevity (Speakman, 2005), factors that are likely to promote low resilience to
anthropogenic threats such as overfishing, warming oceans and ship strike. Indeed, declines in
abundance have led to whale sharks recently being classified as Endangered by the IUCN Red List
(Pierce and Norman, 2016).
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Data on the growth patterns of whale sharks is very limited.
It is mostly derived from age analysis of the vertebrae of a
few individuals (n = 15) that have been stranded on shorelines
in the western Indian Ocean (Wintner, 2000) and from sharks
(n = 92) that were captured during a fishery (now closed) off
the coast of Taiwan (Hsu et al., 2014). Interpretation of some
of these data is complicated by problems in estimating ages
from vertebrae (as is the case with other large sharks; Harry,
2018; Natanson et al., 2018). Furthermore, new research that has
validated aging techniques using a bomb radiocarbon approach
(Ong et al., 2020) shows that in analyses where biannual patterns
in the deposition of bands growth has been assumed, growth rates
were overestimated.

All growth rate studies of whale sharks, including a recent
photo-identification approach by Perry et al. (2018), have mostly
sampled juvenile males (3-7 m TL). Data from these animals
has been used to extrapolate growth patterns of adults, with
predicted asymptotic sizes sometimes exceeding the documented
maximum size of 18 m for the species. This idea is difficult
to reconcile with the direct observations of size at maturity
of male sharks reported by several studies, as these show that
(based on clasper morphology) males generally attain sexual
maturity at around 8 m (Norman and Stevens, 2007). This
implies that male size is more likely to asymptote at a much
smaller size range, given well-established trade-offs between
growth and sexual maturation in fishes (Roff, 1991; He and
Stewart, 2001). Further support for asymptotic rather than
indeterminate growth in whale sharks is provided by repeated
observations of a 7.4 m TL mature male shark at Ningaloo Reef
that has not changed in size in over two decades (Norman and
Morgan, 2016). If male sharks do asymptote in size at <10 m,
it is likely that only females grow to the much larger sizes
observed in the field. Again, this suggestion is supported by
direct observations where all the sharks that have been measured
reliably to be larger than 13 m have been females (Hsu et al,
2012; Ramirez-Macias et al., 2012; McClain et al., 2015), with
the exception of a single male from the equatorial Atlantic
(Macena and Hazin, 2016). Conversely, in Qatar (Robinson
et al., 2016) and Donsol in the Philippines (McCoy et al., 2018),
where coastal aggregations of whale sharks often have high
proportions of mature males, individuals over 10 m TL have
not been recorded.

Sex-specific life history strategies are typical of many sharks,
with numerous examples of species where females grow to
larger sizes than males, including great hammerhead (Sphyrna
mokarran; Piercy et al, 2010), bonnethead (Sphyrna tiburo;
Carlson and Parsons, 1997), blacknose (Carcharhinus acronotus;
Driggers et al., 2004), and shortfin mako (Isurus oxyrinchus;
Semba et al., 2009) sharks. In these species, sexual dimorphism
in size is accompanied by differences in growth rate, with males
having higher growth coeflicients than females so that they
more rapidly approach a smaller asymptotic size. If this is the
case for whale sharks, as predicted by direct observations and
life history strategies in other sharks, we might thus expect
males to grow faster than females, at least during the early
juvenile phase. This might have important implications both for
conservation strategies and for calculations of longevity for the

species if male growth trajectories are extrapolated to maximum
adult body sizes.

Here, we record the growth patterns of free-swimming whale
sharks over a decade at an aggregation site in nearshore waters
at Ningaloo Reef, Western Australia. This population, which is
dominated by juvenile males of 3-7 m TL, has been the subject
of long-term (10 years) research including photo-identification
and stereo-video measurements of size (Meekan et al., 2006;
Sequeira et al., 2016). We combine these data to identify repeat
measurements of individual sharks over time and use them to
estimate growth patterns, testing the hypothesis that male sharks
show a clear pattern of rapid growth to a comparatively smaller
asymptotic size. We review available evidence both from our
study and from animals held in aquaria to examine the question
whether female sharks have an initially slower growth trajectory
than males but ultimately are likely to attain larger asymptotic
sizes. We then examine the implications of sex-specific patterns
in size and growth of whale sharks on the biology, ecology and
conservation of the species.

MATERIALS AND METHODS

Whale sharks have spot and stripe patterns on the body that
are unique to individuals and photographs of these patterns
taken by snorkelers or divers can be used as an identifying
tag in mark-recapture studies (Meekan et al., 2006; Holmberg
et al., 2009). We combined this photo-identification approach
with stereo-video and photogrammetry (Sequeira et al., 2016)
in order to calculate the body size of individuals through
time. The use of this non-invasive approach to estimate growth
rates is viable for whale sharks because they form predictable
aggregations in shallow coastal waters in tropical and warm
subtropical regions and display a high degree of site fidelity to
these aggregations, with some recorded sporadically over periods
of up to 20 years (Meekan et al., 2006; Norman and Morgan, 2016;
Sequeira et al., 2016).

Data Collection

We collected yearly length measurements of whale sharks at
Ningaloo Reef, Western Australia (22°41'39” S, 113°37'54” E),
from 2009 to 2019, during the peak of the annual whale shark
aggregation (Taylor, 1996), typically in the first week of May each
year (Supplementary Figure 1). Upon locating sharks (usually
by aerial survey), snorkelers entered the water and (i) took high-
resolution identification (ID) photos of the flank above each
pectoral fin from the fifth gill slit to the posterior point of
the pectoral fin on both sides (Speed et al., 2007), (ii) assessed
sex by examining the presence or absence of claspers, and
(iii) recorded full-body video sequences using a diver-operated
stereo-video system (DOVs)' to conduct measurements of body
length. All observations of whale sharks received an individual
identification code. We used the ID photos to identify repeated
sighting and measurements of individual whale sharks within
and between years, based on distinguishing patterns of spots or
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stripes (Meekan et al., 2006). The DOVs contained two Canon
HFG25 (25 frames per second, 1920 x 1080 pixel resolution,
wide field of view) or GoPro Hero 4 Black cameras (30 frames
per second, 1920 x 1080 pixel resolution, medium field of
view) mounted ~0.85 to 1 m apart at an inwardly converged
angle (~4°), and set in a custom housing designed to maintain
calibration stability. The separation distance between the cameras
used here was larger than conventional systems designed for
finfish as the larger separation distance allows for more accurate
measurements of targets likely to be further away (Boutros et al.,
2015). Before each field trip, camera calibrations were conducted
on a large calibration square (~2 x 2 m) set on the bottom of
a pool and measured at a distance of >5 m to reflect the likely
ranges of targets in the field. Calibrations were conducted using
the CAL software (see “Footnote 1”) and calibration accuracy
was verified by measuring known lengths on a scale bar post-
calibration in the swimming pool. We measured the fork length
(FL; 2009-2019) and TL (2009-2011) of individual whale sharks
using the EventMeasure software (see “Footnote 17). We found
that FL was a more consistent and reliable measurement, as
TL was more prone to bias from tail flexion. However, to
enhance comparability with other published studies on whale
sharks, we converted estimates of all resighted individuals to TL
using the derived relationship between FL-TL (calculated using
2009-2011 paired estimates across individuals fit with a linear
model; Figure 1).

Fork length

14

121

101

TL =1.0877(FL) + 0.0865

Total length (m)
©

61 r2 = 0.9596
o 2009
41 o 2010
v 20M
2 4 6 8 10 12 14

Fork length (m)

FIGURE 1 | Linear relationship predicting total length from fork length for
whale sharks, based on 3 years of sampling and 124 paired shark
measurements. Whale shark outline redrawn from Rohner et al. (2011).

Analysis of Growth

We estimated sex-specific growth profiles for whale sharks using
size differences between resightings by fitting the von Bertalanfty
growth model (VBGM) to estimate the parameters Lo, (the
mean asymptotic TL in m) and the growth coefficient K (which
describes the curvature of growth toward Lyo; in units year™!).
We used the VBGM formulation arranged for tagging data
(Fabens, 1965; Francis, 1988):

AL = (Lo — L1)(1 — e K8

where L; is the TL at first sighting, AL is the difference in
TL between first and final sighting, and At is the time at
liberty (in decimal years) between first and final sightings for
an individual. We solved variables K and Ly, for each equation
using non-linear least-squares estimation facilitated through the
nls() function in R (Baty et al,, 2015). Plots of growth models
were constrained (y-intercept) to 0.6 m TL to reflect estimates
of size at birth (Joung et al., 1996) and growth parameters
were estimated for males and females separately because the
numerical dominance of males precludes the interpretation of
the result as a combined growth profile. Models were fitted
with parameter ranges fixed at 0.0-0.5 year~! for K and 6-
25 m for L. Confidence intervals were determined through
10,000 iterations of bootstrap resampling. To examine whether
differences in sex-specific growth were simply caused by the low
number and range of female observations, we repeated this model
fitting for males while including only individuals that matched
the initial length range (4-7 m TL) and time at liberty (1-5 years)
of female observations.

We compared our data set of individual growth trajectories
with published estimates of whale shark growth profiles
(Wintner, 2000; Hsu et al., 2014; Perry et al., 2018; Ong
et al, 2020). For those studies providing growth parameter
estimates, we plotted the individual shark growth trajectories
from Ningaloo as line segments overlaid on respective von
Bertalanfty growth curves, whereby length and age combinations
for initial observations were presumed to fall on the estimated
age-at-length predicted by the growth model. We performed
a similar exercise to examine the concordance between our
growth parameter estimates and observed growth trajectories
from whale sharks in captivity (National Museum of Marine
Biology and Aquarium, Taiwan; Okinawa Expo Aquarium and
Osaka Aquarium Kaiyuken, Japan) using published data with
growth intervals ranging from <1 year to nearly two decades
(five males, two females, and one unsexed individual, ranging
from 0.6 to 4.9 m TL at initial size; Chang et al., 1997; Uchida
et al., 2000; Wintner, 2000; Nishida, 2001; Matsumoto et al., 2019)
and also new data from the Georgia Aquarium (two males, two
females - ranging from 4.1 to 4.7 m TL at initial size and observed
for over a decade).

RESULTS

A total of 54 (6 females, 48 males) whale sharks were resighted
and successfully measured across the 10-year sampling period.
Males were more commonly encountered and resighted (n = 48),
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ranging in TL (considering both initial and final sightings)
from 3.65 to 8.9 m, and in time at liberty from 1 to 10 years
(Supplementary Figure 2). Only six females were remeasured
across years, and these ranged in TL from 4.00 to 8.04 m, with
times at liberty spanning 1-5 years.

Model fitting using least squares estimation provided good
model fits for males (Figure 2). Model validity for females was
more difficult to determine given the low number of observations.
Male and female growth profiles differed substantially with males
having slightly faster growth in the first decade but slowing to
reflect asymptotic growth in the later stages of the life span
(von Bertalanffy growth parameters: K = 0.088 year—! [0.057-
0.125 95% CIJ; Loo = 8.45 m TL [7.91-9.53 95% CI]; Figure 3).
Conversely, our growth model suggests females display slower
initial growth rates that are sustained to a degree throughout their
life span, resulting in a more indeterminate growth pattern with
larger size-at-age past approximately 20 years (von Bertalanffy
growth parameters: K = 0.035 year—! [0.017-0.084 95% CIJ;
Loo = 14.55 m TL [9.65-23.26 95% CIJ; Figure 3). Despite
having only six females, bivariate data clouds from bootstrap re-
estimation of growth parameter pairs demonstrated that male
and female estimate distributions barely overlapped (Figure 3B),
indicating that growth profiles differed considerably between
the sexes. This discrepancy between sexes was sustained when
growth parameters were modeled with the limited set of male
observations that matched the ranges of initial lengths and

times at liberty of females (male parameters K = 0.191 year™!;

Leo =7.17 m TL).

Two males were observed to have anomalously high growth
from initially small sizes (Figure 2A). These observations
were double-checked and confirmed as appropriately paired
identifications through time with stereo-video measurements of
high precision. Nevertheless, we reran the growth model with
these two individuals omitted to see what influence they had on
the growth model; growth parameters changed to Lo, =8.91 m TL
and K = 0.058 year~!, demonstrating a considerable influence of
these two individuals on growth estimates.

Observations of growth of whale sharks kept in aquaria were
largely congruent with our sex-specific growth models (Figure 4).
Where male and female growth trajectories overlapped at
approximately 5-6 m TL, male growth rates declined faster
than those of females. However, the growth trajectories of
individuals we observed in the field at Ningaloo Reef did not
conform to growth profiles derived from other studies, all of
which displayed patterns that were much more indeterminate
(Supplementary Figure 4).

DISCUSSION

Our analysis of the growth patterns of 54 whale sharks that were
resighted for up to a decade at Ningaloo Reef suggested that males
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FIGURE 2 | Sex-specific growth profiles (in gray) with individual shark growth trajectories plotted in blue for 48 male (A) and yellow for 6 female whale sharks (B) with
associated residual plots (C,D) from the von Bertalanffy growth model fitted to whale shark resighting data.
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approximately 1-18 years; and one observation (unsexed; Chang et al., 1997) is from the National Museum of Marine Biology and Aquarium (Taiwan) spanning

30

in this population attained average asymptotic (total) lengths
of approximately 8.5-9.0 m. This size range is much smaller
than estimates based on prior vertebral analyses (Wintner,
2000; Hsu et al., 2014) and resighting data (Perry et al., 2018)
(summarized in Table 1). For example, Perry et al. (2018)
estimated male asymptotic size to be over 18 m, whereas
Hsu et al. (2014) calculated sizes of 18 and close to 20 m

depending on the rate of band deposition in the vertebrae.
Wintner (2000) estimated a size (15 m) that was closer to our
estimates for females when theoretical data points were added to
the calculation of the VBGM, but a size of almost 20 m when
the relationship was unconstrained by these points. Similarly,
Ong et al. (2020) predicted asymptotic sizes of 22 m for whale
sharks off the coast of Taiwan using a von Bertalanfty model
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TABLE 1 | von Bertalanffy growth parameter estimates from different studies and regions based on resighting or vertebral data.

Study/Location Method Male parameters Female parameters Combined parameters
Ningaloo Reef, Western Australia Re-sightings Lo =85 Lo =145 -
K =0.088 K =0.035 -
n=48 n==6 -
Taiwan (Ong et al., 2020) Annual rings - Lo =219
- K =0.014
- n=17
Maldives (Perry et al., 2018) Re-sightings Lo =18.1 - Lo =19.6
K =0.023 - K =0.021
n =40 - n=44
Taiwan (Hsu et al., 2014) Annual rings Lo =18.0 Lo =15.8 Lo =153
K =0.017 K =0.021 K =0.021
n=44 n=31 n=95
Taiwan (Hsu et al., 2014) Biannual rings Lo =19.7 Lo =20.5 Lo =16.8
K =0.030 K =0.029 K =0.037
n=44 n=31 n=295
South Africa (Wintner, 2000) — A Annual rings - Lo =15.0
- K =0.032
- n=15
South Africa (Wintner, 2000) — B Annual rings - Lo =19.7
- K =0.021
- n=15

Size ranges of whale sharks used in each study are displayed in the Supplementary Material (Supplementary Figure 3).

of growth (but only 11 m using a logistic growth model).
As these researchers noted, these asymptotic sizes of males
are likely to largely reflect the selective sampling of whale
shark populations in each location. All data sets for growth
analyses (including the present study) have been dominated by
juvenile males, with few adults to constrain the upper portion
of the curve. No growth study to date has included sharks
over ~10 m (Supplementary Figure 3). When the data sets
lack such individuals, very large asymptotic sizes may be an
analytical by-product of the relatively fast growth rates of the
smallest sharks; indeed, the analysis by Wintner (2000) shows
how the addition of larger (theoretical) individuals to a data set
has a major impact that reduces estimates of asymptotic size.
Unlike the aggregation in the Maldives, which was documented
by Perry et al. (2018), the aggregation at Ningaloo Reef is not
completely composed of juveniles, but also includes some adult
males. These adults serve to anchor the top end of the growth
curve data, so that our estimates of asymptotic length correlate
well with reported sizes at first maturity for males both at
this (Norman and Stevens, 2007) and other (Ramirez-Macias
et al., 2012; Rohner et al., 2015) aggregation sites. Importantly,
observations of a mature male resighted over decades at Ningaloo
Reef also supports our much smaller estimates of asymptotic
length. This individual did not continue to grow through time
but plateaued in size at around 7.4 m for at least 20 years
(Norman and Morgan, 2016).

In contrast to our results and direct observations, earlier
studies have depicted lifetime profiles of growth of whale sharks
that are largely indeterminate; that is, growth rate changes
minimally across size and age classes, leading to predicted sizes

often in excess of the largest individuals ever recorded. Our
suggestion that male whale sharks exhibit more asymptotic (or
determinate) growth profiles than previously reported stems
from a more representative range of size observations between
juvenile and mature stages (Supplementary Figure 3) coupled
with the clear change in individual growth trajectories observed
with increasing shark size (Figure 2). Acknowledging the
potential for regional variation in growth rates and profiles, the
pairing of Ningaloo growth trajectories with predicted growth
profiles from other studies shows a consistent pattern for males,
whereby observed trajectories switch from higher to lower than
predicted as shark size increases (Supplementary Figure 4).
Using a back-calculation approach on vertebral increments,
Wintner (2000) demonstrated that the earliest growth trajectories
may be J-shaped, implying a slow initial start that results
in a growth profile that conforms better to a logistic rather
than von Bertalanffy model. Indeed, use of a logistic model
in Ong et al. (2020) produced estimates of asymptotic length
(10.7 m) more similar to our estimates for males, and a slower
initial growth rate in general might account for the differences
in predicted age-specific growth rates between our study and
others. Although there are very few published observations of
growth rates for whale shark pups, a full-term embryo (sex
not provided) raised for 120 days in Taiwan (taken from a
commercially harvested mother; Chang et al,, 1997) and a
male embryo raised for 1157 days in the Okinawa Churaumi
Aquarium (Nishida, 2001) displayed linear growth trajectories in
excess of rates predicted even by the present study (Figure 4).
This may not be surprising given that aquarium-kept animals
often have greater growth rates than wild conspecifics because
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of the constant availability of energy-rich food in a situation
where there are minimal metabolic costs for prey acquisition.
However, these early growth trajectories did reasonably reflect
early growth patterns predicted by our models, whereas the
observed age-at-size for the older juvenile (terminal age of
3.2 years) was approximately 6-13 years lower than ages
predicted by vertebral counts for similar-sized whale sharks
in other studies. In contrast, observations of the growth of
much larger juveniles kept in aquaria, some for more than
a decade (six males and four females; Uchida et al., 2000;
Wintner, 2000; Matsumoto et al, 2019; data from Georgia
Aquarium) conformed very well to our predicted sex-specific
growth profiles (Figure 4) constructed from the wild population
at Ningaloo.

Although based on very limited data for females, due to the
male bias in sex ratios of sharks in the aggregation at Ningaloo
(as occurs in most other aggregations worldwide), we predicted
that female whale sharks grew to an average asymptotic length
of around 14.5 m. Females also had lower growth coefficients
than males (K = 0.035 year—! vs. K = 0.088 year™!, respectively)
implying they approach asymptotic size more slowly, but keep
growing over a much longer time period than males. This
pattern is consistent with observations of other sharks that
display sex-specific asymptotic sizes (Carlson and Parsons, 1997;
Driggers et al., 2004; Semba et al., 2009; Piercy et al., 2010).
Our contention that males do not grow as large as females and
have average asymptotic sizes of 8.5-9 m is also supported by
records of the largest sharks either observed in situ or captured
by fisheries. In nearly all these cases, individuals over 12 m
in TL have been females, including the largest individuals ever
recorded estimated to be 18 m in length (McClain et al., 2015).
This is further circumstantial evidence that our estimates of
K and asymptotic length for males are biologically realistic. In
this context, it is important to note that the parameter Lo
represents average values of asymptotic length for both males and
females; this parameter is sometimes confused with maximum
size. Therefore, in species with determinate growth patterns,
this implies that approximately half of all individuals will be
larger than this value, and thus occasional observations of very
large males are entirely consistent with the model, although
attainment of such large sizes will likely require a very long
life span. Indeed, our bootstrapped estimates of asymptotic size
for males and females (Figure 3B) show that a wide range
of values is possible and for females, could easily include
individuals of the largest sizes (18 m TL) observed in the wild
by other studies. It is notable, however, that inclusion of the
four observations of female growth trajectories in aquaria to
our original growth model yields an even smaller predicted
asymptotic length of 12.1 m TL.

Differences in growth and size between sexes might explain
several otherwise enigmatic patterns in the biology of whale
sharks. For example, the need for males to grow faster than
females could account for the sex-specific distributions of whale
sharks, with coastal aggregations dominated by juvenile males
despite evidence for equal sex ratios of males and females at
birth (Joung et al, 1996). These aggregations form in areas
where there are predictable bursts of planktonic productivity

and thus probably assist males to maintain higher growth
coefficients (Meekan et al., 2015). Such high rates are likely
to be more difficult to achieve in the open ocean where
diving during the day to access food in the cool waters
of the deep scattering layer is accompanied by the need to
bask in surface waters to maintain body temperatures (Thums
et al., 2013; Meekan et al., 2015). Vertical movements in the
warm, well-mixed water column on the shelf of Ningaloo Reef
do not impose this metabolic cost. In contrast, the slower
growth rates of females may be maintained irrespective of the
cost of feeding in the deep scattering layer during the day,
without the need to inhabit coastal waters where there may
be a heightened risk of predation (Fitzpatrick et al, 2006;
Lester et al.,, 2020) and/or harassment of immature females
by larger males for mating. For females, very large maximum
body sizes could be advantageous given the potential need to
provision and brood a multitude of pups-up to 300 at one time
(Joung et al., 1996).

In summary, we found good evidence that male whale sharks
attain asymptotic sizes of around 8.5-9 m at Ningaloo Reef,
which suggests that females are more likely to reach the largest
sizes (>12 m) observed in the species. This idea is consistent
with direct observations of male and female size by other studies
and with the growth rates of juvenile males and females held
in aquaria for more than a decade. We cannot exclude the
possibility that a sampling bias toward slow-growing sharks
occurs in our study, if fast-growing individuals attain maturity
more quickly and depart the aggregation, so are less likely
to be re-sighted. Similarly, data from a fishery may also be
biased toward smaller, slower-growing sharks because a rapid
reduction in average sizes of individuals is a characteristic feature
of fisheries that have targeted the species (Rowat and Brooks,
2012; Pierce and Norman, 2016). However, as noted above,
our models are consistent with independent observations of
the growth rates of sharks both in aquaria and in the field at
Ningaloo and with sizes at maturity recorded across a range of
localities worldwide.

Sex-specific life-history patterns in whale sharks could
provide plausible explanations for many of the features of
the ecology of the species, such as the tendency to form
aggregations of juvenile males in shallow coastal waters of the
tropics. Ultimately, these may be linked to the remarkable
biology of the species that involves gigantothermy and large
litters of pups.
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