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Abstract—Results from published age
and growth models for bonnetheads
(Sphyrna tiburo) indicate significant
differences in life history between pop-
ulations in the eastern Gulf of Mexico
(GOM) and those in estuarine waters of
the Atlantic coast of the southeastern
United States (hereafter referred to as
the Atlantic region). An age-indepen-
dent model, GROTAG, was used with
region-specific tag-recapture data to
generate estimates of von Bertalanffy
growth parameters and growth rates
for sharks in each of these regions, and
these estimates were compared with
age-based life history characteristics.
Results from the GROTAG model indi-
cate that female bonnetheads in the
GOM initially grew faster and attained
a smaller maximum size than females in
the Atlantic region. The final GROTAG
model for females in the Atlantic region
produced estimates of von Bertalanffy
parameters and growth rates similar to
those produced by the age-based growth
model. For the population in the GOM,
GROTAG model results indicate that
growth rates were slower and aver-
age maximum size and longevity were
greater than those from age-based mod-
els. Although models for males were
generated with tag-recapture data,
large 95% confidence intervals hin-
dered comparisons. For both sexes and
regions, calculated maximum longevity
and age at 50% maturity are larger than
published estimates, indicating that age
underestimation may have occurred in
both age and growth studies, with sig-
nificant differences in estimates of life
history characteristics for bonnetheads
in the GOM.
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Growth of wild fish is primarily esti-
mated by using 3 types of models:
age-based models in which length and
estimated age are known; length-based
models that use modal progressions
in length-frequency data; and models
that use length at capture, known time
at liberty, and length at recapture from
tag-recapture data to model growth
trajectories. Length-based models are
useful; however, they are suitable only
for estimating growth in younger age
classes because substantial overlap
in lengths of fish can occur in older
cohorts (Campana, 2001; Natanson
et al., 2018a). Methods based on the
use of age and tag-recapture data
often characterize growth of fish by
using the von Bertalanffy growth func-
tion (VBGF) (Ricker, 1975; Francis,
1988a). Growth of fish is most com-
monly estimated by using age-based
models; however, models developed
with tag-recapture data are often used
as alternative models for large, long-
lived species that may not be able to
tolerate high rates of fishing mortality

or for species for which age estimation
is difficult or imprecise (Cailliet et al.,
1992; Treble et al., 2008).

All methods of modeling growth
have limitations and potential biases.
Age estimation can be imprecise and
is difficult to validate for many species
(Beamish and McFarlane, 1983), espe-
cially elasmobranchs (Goldman, 2004)
and deepwater species (Rigby et al.,
2014). Validation of age estimates is
recommended for all age and growth
studies; however, validation of all age
classes is difficult and rarely achieved
(Cailliet et al., 2006). Although val-
idation of ages has been completed
for several species of elasmobranchs
(Campana et al., 2002; Ardizzone et al.,
2006; Kneebone et al., 2008), there is
a growing body of evidence that indi-
cates that age underestimation com-
monly occurs for long-lived species,
such as sharks (e.g., Francis et al.,
2007; Passerotti et al., 2014; Harry,
2018; Natanson et al., 2018b), as well
as recent evidence that age underesti-
mation may also occur in sharks with
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intermediate longevities (Frazier et al., 2014). For these
reasons, modeling of growth with tag-recapture data and
newer methods of modeling that combine tag-recapture
data with age estimates have been recommended (Eveson
et al., 2007; Aires-da-Silva et al., 2015; Francis et al., 2016;
Natanson and Deacy, 2019).

Growth models that use tag-recapture data also have
limitations and biases. To accurately represent growth
in a population, recapture data should include individ-
uals throughout the range of lengths found in the pop-
ulation. However, this goal is rarely achieved with most
data sets. Further, growth of fish may be affected by tag-
ging (Kelly and Barker, 1963; Saunders and Allen, 1967),
including elasmobranch growth (Gruber, 1982; Parsons,
1987; Davenport and Stevens, 1988; Kalish and John-
ston, 2001). Measurement error in body length of tagged
and recaptured fish can also bias models; however, some
methods of modeling data can incorporate measurement
error as a parameter (Francis, 1988b). When sufficient
tag-recapture data are available, models can be used to
verify or compare growth rates and estimates of longev-
ity (maximum age) and age at maturity with those from
traditional age-based models (e.g., Natanson et al., 2002;
Welsford and Lyle, 2005; Natanson and Deacy, 2019). One
advantage of models based on tag-recapture data is that,
if recapture data spans multiple seasons, information
about growth variability and seasonal changes in growth
can be determined (Francis, 1988b). Such information
can be especially useful when comparing region-specific
growth rates between or within populations.

The bonnethead (Sphyrna tiburo) is a relatively small
shark species, with individuals reaching a maximum
size of 150 cm total length, that is commonly found in
the coastal and estuarine waters of the western North
Atlantic Ocean from North Carolina to southern Brazil,
including the Gulf of Mexico (GOM) and the Caribbean
Sea (Compagno, 1984). Significant differences in life
history characteristics exist between bonnetheads cap-
tured off the Atlantic coast of the southeastern United
States (hereafter referred to as the Atlantic region)
and those caught in the eastern GOM (Frazier et al.,
2014). Regional variation in life history between popu-
lations in the Atlantic region and in the GOM has been
found for other coastal shark species, including the
Atlantic sharpnose shark (Rhizoprionodon terraenovae)
(Carlson and Loefer!), blacknose shark (Carcharhinus
acronotus) (Driggers et al., 2004), and finetooth shark
(C. isodon) (Drymon et al., 2006; Vinyard et al., 2019).

The regional differences observed in bonnetheads are
greater than those that have been described for any
adjoining populations of other elasmobranch species. Sig-
nificant differences in growth characteristics of bonnet-
heads have been found between populations in the GOM

! Carlson, J. K., and J. Loefer. 2007. Life history parameters for
Atlantic sharpnose sharks, Rhizoprionodon terraenovae, from the
United States South Atlantic Ocean and northern Gulf of Mexico.
Southeast Data, Assessment, and Review SEDAR13-DW-08, 7 p.
[Available from website.]

and the Atlantic region (Frazier et al., 2014). For the pop-
ulation in the Atlantic region, estimated maximum age
(males: 12.0 years; females: 17.9 years) and age at 50%
maturity (males: 3.9 years; females: 6.7 years) are more
than twice the estimates for the population in the GOM
(males: 5.5+ years for maximum age, 1.7 years for age at
50% maturity; females: 7.5+ years for maximum age, 2.9
years for age at 50% maturity) (Lombardi-Carlson et al.,
2003; Frazier et al., 2014). Previous age and growth stud-
ies of bonnetheads in the eastern GOM (Parsons, 1993;
Carlson and Parsons, 1997; Lombardi-Carlson et al.,
2003) found significant latitudinal variation in life his-
tory traits; however, latitudinal variation has not been
detected in the population off the Atlantic coast (Frazier
et al., 2014). High degrees of site fidelity have been doc-
umented for this species (Heupel et al., 2006; Driggers
et al., 2014), and tagging data indicate that there is no
mixing between populations in the GOM and Atlantic
region (Kohler and Turner, 2019).

The population status of bonnetheads in U.S. waters
was most recently assessed as a single stock in 2013; how-
ever, because of observed differences in life history, tagging
data, and genetic population structure, the results of that
stock assessment were rejected and it was recommended
that regional populations (i.e., those in the GOM and
Atlantic region) be assessed as separate stocks (SEDAR,
2013). As such, the population status for both stocks is cur-
rently considered to be unknown (SEDAR, 2013).

Recent studies of bonnethead population structure
(Escatel-Luna et al., 2015; Portnoy et al., 2015) found
that the populations in the GOM and Atlantic region are
genetically distinct, with evidence of fine-scale genetic
structure within populations. Using a combination of
mtDNA and nuclear single nucleotide polymorphisms,
Portnoy et al. (2015) found evidence of female philopatry
with male-mediated gene flow. Results of further analysis
indicate that over half of a small sample of outlier single
nucleotide polymorphism loci has signatures of latitudinal
selection. Portnoy et al. (2015) proposed that philopatry
can lead to adaptive variation on a local scale and that,
when combined with sex-biased dispersal, adaptive vari-
ation can move among locations and environments. The
high degree of site fidelity and latitudinal variation in life
history observed for bonnetheads, in addition to localized
adaption to environmental conditions, could explain the
dissimilarities in life histories between populations in
the different regions. However, differences in aging tech-
niques, age estimation, or spatiotemporal biases could also
explain observed differences (Campana, 2001; Cailliet and
Goldman, 2004).

The objectives of this study were 1) to use 2 long-term
mark-and-recapture data sets and an age-independent
model, GROTAG, to estimate region-specific growth rates;
2) to generate estimates for age-independent life history
parameters and compare results to region-specific esti-
mates based on length-at-age data for verification of current
life history information; and 3) to estimate region-specific
seasonal growth and growth variability of bonnetheads in
the GOM and the Atlantic region.
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Materials and methods
Data collection

Data sets from long-term mark-and-recapture studies
were available from 2 regions (the northeastern GOM and
estuarine waters of the Atlantic coast of the southeastern
United States), corresponding to the areas within each
region where published, region-specific age and growth
studies occurred. Mark-recapture data were provided for 2
surveys conducted in the GOM. Mote Marine Laboratory
provided data from fishery-independent gill-net surveys
conducted from 1993 through 2006 in the eastern GOM
(primarily from Yankeetown to Charlotte Harbor, Flor-
ida). Detailed descriptions of the survey methods used
by Mote Marine Laboratory can be found in Hueter and
Tyminski? and in Hueter and Tyminski (2007). Data for
the northeastern GOM were obtained for the period from
2003 through 2014 from the National Marine Fisheries
Service from its Gulf of Mexico Shark Pupping and Nurs-
ery (GULFSPAN) survey. A fishery-independent survey
conducted with gill nets made of multiple stretched-mesh
panels, the GULFSPAN survey is used to assess popula-
tions of juvenile sharks from Cat Island, Mississippi, to
Anclote Key, Florida, from April through October each
year. Additional details about the GULFSPAN survey can
be found in Bethea et al. (2015).

For the population in the Atlantic region, bonnethead
mark-recapture data collected from 1998 through 2019
were available from the South Carolina Department of
Natural Resources as part of its Cooperative Atlantic
States Shark Pupping and Nursery (COASTSPAN) sur-
vey. The COASTSPAN survey is conducted in estuarine
waters along the coast of South Carolina from Saint
Helena Sound to Bulls Bay during April-September each
year. Detailed descriptions of COASTSPAN survey meth-
ods can be found in Ulrich et al. (2007).

For all surveys, upon capture, the precaudal length, fork
length (FL), total length, and stretch total length of each
shark were measured in a straight line along the axis of
the body to the nearest half centimeter (for sharks from
the GOM) or nearest millimeter (for sharks from the
Atlantic region). If healthy, sharks were tagged externally
either with a nylon dart tag (142-mm tag, Hallprint Fish
Tags®, Hindmarsh Valley, Australia) or a FT-1-94 or T-bar
Anchor Tag (Floy Tag Inc., Seattle, WA), at the base of the
first dorsal fin (for both populations: GOM and Atlantic
region), or with a 3.5-cm rototag (Dalton ID Systems Ltd.,
Henley-on-Thames, UK), inserted through the cartilage
of the leading edge of the first dorsal fin (for the popula-
tion in the Atlantic region only). A limited number of indi-
viduals in the Atlantic region were double tagged with a

2 Hueter, R. E., and J. P. Tyminski. 2002. U.S. shark nursery
research overview, Center for Shark Research, Mote Marine
Laboratory 1991-2001. Mote Mar. Lab. Tech. Rep. 816, 31 p.
[Available from website.]

3 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.

rototag and a 12-mm, 125-kHz internal passive integrated
transponder (Biomark Inc., Boise, ID) at the base of the
first dorsal fin prior to release.

Upon recapture during a survey, the date of capture,
tag number, capture location (latitude and longitude), and
all aforementioned length measurements were recorded
before a shark was rereleased. If a bonnethead was recap-
tured by a commercial or recreational fisherman (not
during a survey), lengths, tag number, date of capture, and
general capture location were requested. A subset of bon-
netheads recaptured in the Atlantic region were sacrificed
as part of age validation research (Frazier et al., 2014).

Effects of tagging on growth

Recaptured bonnetheads sacrificed and aged for age-
based modeling of growth in a previous study (Frazier
et al., 2014) were used in this study to test if there was
any effect of tagging and tag type on growth. The residu-
als at recapture (i.e., at sacrifice, calculated as expected
FL at age minus observed length at estimated age) used
for analysis were from use of the final VBGF in Frazier
et al. (2014). Residuals at initial capture (i.e., at tagging)
were determined by using FL at initial tagging and esti-
mated age at initial tagging (calculated as estimated age
at sacrifice minus time at liberty) to remodel the data set.
The change in residuals at initial capture and in resid-
uals at recapture of sacrificed bonnetheads were plotted
against time at liberty. If tagging or tag type had a nega-
tive effect on growth, most data points would be less than
zero with the slope of the trendline significantly differ-
ent from zero, indicating slower than predicted growth
in tagged sharks.

Modeling growth with tag-recapture data

Growth increment data were modeled by using the Francis
(1988b) method (i.e., by using the GROTAG model). In the
event that a single individual was recaptured multiple
times, only data from the initial capture and final recap-
ture were used in analyses to give equal weight to each fish
and to maximize time at liberty (Welsford and Lyle, 2005).
Data for all recaptured sharks (excluding data as previ-
ously mentioned for sharks recaptured multiple times)
were used in the model regardless of time at liberty, neg-
ative growth, or potential outliers because the GROTAG
model can use these data to inform several calculated
parameters. Growth has been found to be significantly dif-
ferent between sexes in previous growth studies (Parsons,
1993; Carlson and Parsons, 1997; Lombardi-Carlson et al.,
2003; Frazier et al., 2014); therefore, sex-specific growth
was modeled for both regions.

The GROTAG model, which includes an implementa-
tion of a maximum likelihood approach, was used to fit
the VBGF (von Bertalanffy, 1938) to data for change in FL
from initial capture to final recapture (AL) and for change
in time at liberty (AT). The GROTAG model is a reparame-
terization of the Fabens growth model (Fabens, 1965) that
incorporates seasonal growth. Mean annual growth (g),
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measured in millimeters FL per year, was estimated at 2
user-defined reference lengths, oo and B (where o<f). Ref-
erence lengths were chosen to ensure that the majority of
lengths at initial capture (L,) fell between the 2 defined ref-
erence lengths by taking the mean length of the 3 smallest
and 3 largest individuals at initial capture (o and 3, respec-
tively; Dureuil and Worm, 2015) in each region-specific data
set. These parameters have better statistical properties
than the asymptotic length, or the theoretical maximum
length (L.), and the growth constant (%) because they are
not highly correlated. Further, they allow easier interpre-
tation of growth from tagging data (Francis, 1988b). The
growth rates relate to the parameters of the von Berta-
lanffy growth curve as follows:

L, = Pg. ~ gy and (1)
80— 83

gt =180 @)
o-p

Seasonal growth is parameterized as w, the time of year
when growth is at its maximum, and as u, with a u value
of 0.0 indicating no seasonal growth and a u value of 1.0
indicating strong seasonal growth with growth likely ceas-
ing at some point during the year:
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The GROTAG model is fit by minimizing the negative
log-likelihood function (-A). Growth variability (v) is incor-
porated into the model by the parameter u;, the expected
mean growth increment of the ith individual where u; is
normally distributed with a standard deviation (SD) of
o;. In this study, o; was assumed to be a function of the
expected growth increment 6;=vu;. An additional parame-
ter p, the probability of outlier contamination, was also fit.
For each data set, made up of i=1 to n growth increments
where R is the range (largest and smallest) of observed
growth increments, the following equation was used:

where ¢;=u ri=1,2.

r=3, ln{(l - P + %}, (4)

- (AL, — —m)? /((Si2 +5?)

where }"i = exp [21]:(02 " 82)]1/2
i

The likelihood function estimates the population mea-
surement error in AL as being normally distributed with
a mean of m and an SD of s. The initial model estimated
8o 8p» and v with additional parameters (m, s, w, u, and
p) added, increasing model complexity (Table 1). Unfitted
parameters were held at zero. Optimal model parameter-
ization was determined for each region by using likeli-
hood-ratio chi-square tests to determine if improvement
in model fit was significant (P<0.05). Francis (1988b) sug-
gested that the introduction of an additional parameter

Table 1

Parameters fitted for the GROTAG models used to esti-
mate region-specific growth rates of bonnetheads (Sphyrna
tiburo) in the Gulf of Mexico during 1993-2006 and in the
Atlantic Ocean off the southeastern United States during
1998-2019: growth rate estimates at reference lengths o
and B (g, and gp), mean (m) and standard deviation (s) of
the measurement error, magnitude (z) and timing (w) of
seasonal growth, growth variability (v), and outlier con-
tamination probability (p).

GROTAG model Parameters estimated
1 8o g[57 S
2 8a» 8B S, U
3 8o 8p S, U, M
4 8o 8pp S5 Us M, Uy, W, D
5 8o g[57 S, P

should increase the log-likelihood value by at least 1.92.
Likelihood ratio tests were also conducted to determine
significant differences in von Bertalanffy growth curves
between regions (Kimura, 1980).

Age-based growth model

To allow direct comparison of growth estimates based
on age data and those based on tag-recapture data,
region-specific length-at-age data from Lombardi-Carlson
et al. (2003) and Frazier et al. (2014) were remodeled (the
authors of both publications used the Beverton and Holt,
1957, method of modeling VBGF parameters) by using an
alternative parameterization of the VBGF recommended
by Francis (1988a), in which mean length (L) of fish of age
t is determined with this equation:

Uy - zq,)(1 _ r“%—@)

L=1,+ 2

) (%)

where r = by—lx
Ix =l
where X = (@ + V)/2;
ly = mean length at age @;
Iy = mean length at age X; and
ly = mean length at age V.

b

Values for ® and ¥ were chosen to encompass the range
of ages represented in the published length-at-age data
from both regions (Lombardi-Carlson et al., 2003; Frazier
et al., 2014). The Francis (1988a) parameterization yields
estimates of VBGF parameters that better represent the
growth information modeled from length-at-estimated-
age and tagging data. The growth estimates generated
from this model allow comparison of the mean growth rate
of fish of an estimated age with that of fish of a length
equal to the mean length at that age (Francis, 1988a).
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Bootstrapping (with 5000 iterations) was used to develop
95% confidence intervals (Cls) for VBGF parameter esti-
mates. Model estimates and Cls were generated by using
the FSA package (vers. 0.3.2; Ogle, 2012) in R (vers. 3.6.0;
R Core Team, 2019).

Comparisons of tag-recapture and age-based growth

To compare growth rates between models, annual growth
rates were estimated by using the parameters of the age
and growth models to calculate mean length at estimated
age. These values were used to create trend lines of the
relationship between mean growth and FL, allowing
comparison of the growth rates based on the GROTAG
reference lengths. Parameter values from bootstrapping
were used to calculate 95% ClIs for the age-based growth
rates.

To allow statistical and visual comparison of growth
rates between the populations in the Atlantic region and
GOM, we calculated growth at 2 reference lengths corre-
sponding to the mean of the 3 smallest L; of sharks from
the Atlantic region and a length less than the smallest
age-based bootstrap L., estimate (g,, g3). Region-specific
bootstrap values (from the use of 5000 iterations) were
used to calculate average growth and 95% Cls at the
shared reference lengths. To allow comparisons of growth
between age-based and length-based models, we calcu-
lated mean growth rates for age-based models (g’,, g'p)
corresponding to growth rates from length-based models
(84s 8p)- These were calculated by using bootstrapped esti-
mates of parameters /4, /y, and [y to solve for age-based
growth rates (g, g'p). The resulting values equate to the
expected annual growth rate of fish at the age when mean
length is equal to reference length o or . The length-based
(84 8p) and age-based (g’;, g’p) growth rates were plot-
ted with 95% CIs to allow comparisons of growth within
and between regions and models. All GROTAG models
were generated by using the fishmethods package (vers.
1.4-0; Nelson, 2013) in R.

For the GROTAG model, an additional parameter
needed to produce von Bertalanffy growth curves, theoret-
ical age at length zero (), was calculated by using mod-
el-specific L. and %k as well as observed mean size at birth
(Ly) with age (¢=0):

_ 1 (L,,— Ly)
ty = t+[k]1n{—Lm } (6)

Region-specific mean L, was 263 mm FL for sharks from
the Atlantic region (Frazier et al., 2014) and 252 mm FL
for sharks from the GOM (R. Hueter, unpubl. data).

Longevity and age at 50% maturity

Estimated maximum ages from the region-specific age
and growth studies provided initial values of maximum
age; however, these values are likely underestimated in a
fished population (Bishop et al., 2006). For the age-based
and length-based models, longevity was estimated for

each region and sex. The recaptured shark with the great-
est time at liberty was assigned an age at initial capture
by using L; and model-specific VBGF parameters recon-
figured to solve for age where

ln[l - IL}]
Age: Tw +t0. (7)

This calculated age at initial capture was then added to
time at liberty to estimate longevity.

The GROTAG-derived VBGF parameters were used to
solve for sex-specific age at 50% maturity by using equa-
tion 7 with L; set to estimates of length at 50% maturity
of sharks from the Atlantic Ocean (male: 617.8 mm FL;
female: 818.5 mm FL; Frazier et al., 2014) and the GOM
(male: 630.8 mm FL; female: 716.4 mm FL; Lombardi-
Carlson*), allowing calculation of age at 50% matu-
rity without introducing bias from age estimation.
Confidence intervals for longevity and age at 50% matu-
rity were generated by using the 95% Cls for the VBGF
parameters. For the published estimates of age at
50% maturity, 95% Cls are recorded as published for the pop-
ulation in the Atlantic region; however, no measurements of
uncertainty were reported for the population in the GOM.

Results
Data collection

A total of 139 and 190 recaptured bonnetheads were avail-
able from the GOM and the Atlantic Ocean off the south-
eastern United States, respectively (Fig. 1). Ranges of
lengths at capture and recapture and range and mean of
time at liberty, by region and sex, are reported in Table 2.
Sex- and region-specific recapture data sets did not encom-
pass the range of lengths that have been reported as pres-
ent in each region’s population (Ulrich et al., 2007; Bethea
et al., 2015). Large females were lacking in the GOM data
set (n=99, only 2 females greater than 880 mm FL avail-
able; Suppl. Table), and there was no representation of
small females in the Atlantic region data set (n=172, no
females less than 550 mm FL present; Table 2). Sample
sizes for males from the GOM (n=40) and the Atlantic
region (n=18) were relatively small, and lengths did not
adequately represent the range of individuals found in the
population, especially in the Atlantic region (Table 2,
Suppl. Table). In comparison, the smallest and largest
bonnetheads in the data used in the age-based models for
fish in the Atlantic region are 245 and 825 mm FL (males)
and 262 and 1043 mm FL (females) (Frazier et al., 2014),
and those in the data used in the GOM age-based models

* Lombardi-Carlson, L. A. 2007. Life history traits of bonneth-
eads, Sphyrna tiburo, from the eastern Gulf of Mexico. South-
east Data, Assessment, and Review SEDAR13-DW-24, 7 p.
[Available from website.]
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CI-0.042-0.052], P=0.805, df=12). There-
fore, there is no evidence to indicate that
tagging or tag type affected growth, and
growth increments from tag-recapture
- 32°N data were considered suitable for model-
ing growth in a population.

Models based on tag-recapture data

The GROTAG model (Francis, 1988b)
produced biologically reasonable param-
eter estimates for males from both
regions (Table 3); however, 95% CIs are
large, indicating that the sample size
was insufficient to produce robust esti-
mates of growth. The best-fit model for
males in the GOM (model 3) included
- 28°N parameters for mean growth rates at
reference lengths (g,7¢, 8737), mean and
SD of measurement error, and growth
variability; the model failed to con-
verge when the model 1 configuration
was used (Table 4). The final model for
L o6°N males in the Atlantic region (model 2)
included parameters for mean growth
rates at reference lengths (g519, S765),
SD of measurement error, and growth
variability; model 3 failed to fit the data
for this region (Table 4). Estimates of

- 30°N

Figure 1

heads by region.
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Map showing the locations where bonnetheads (Sphyrna tiburo) were recap-
tured in the northeastern Gulf of Mexico between 1993 and 2006 and in
the estuarine waters of the Atlantic coast of the southeastern United States
between 1998 and 2019. Circle size indicates the number of bonnetheads
recaptured at a location. Data from these tag-recapture efforts were used in
an age-independent model, GROTAG, to estimate growth rates of bonnet-

growth variability and seasonal growth
for males are uninformative because the
low sample size produced large 95% Cls
for estimates, with upper and lower lim-
its of 95% Cls above parameter bounds
in the GOM model. Although confidence
intervals are large and overlap, the SD of
measurement error of the GOM model is
3 times that of the Atlantic region model.

Region-specific models for female bon-

are 300 and 760 mm FL (males) and 340 and 960 mm FL
(females) (Lombardi-Carlson et al., 2003).

Effects of tagging on growth

A total of 22 recaptured individuals were aged by Frazier
et al. (2014), and resulting data were available for analysis
of the effect of tag type on growth (8 sharks were tagged
with a nylon dart tag, and 14 sharks were tagged with a
rototag). The changes in residuals from mean age at ini-
tial capture (i.e., tagging) and estimated age at recapture
were plotted against time at liberty (Fig. 2). The slope (b)
of the line is not significantly different from zero for tag
types combined or for individual tag types, and 95% ClIs for

netheads converged for all models run.

The final model for females in the GOM
(model 2) included parameters for mean growth rates at
reference lengths (g445,8915), SD of measurement error, and
growth variability (Table 4). The final model for females in
the Atlantic region (model 4) is more complex, with the
parameters for mean growth rates at reference lengths
(8555 81000), Mmean and SD of measurement error, growth
variability, and seasonal variation included (Table 4). The
estimates of growth variability for females are large from
both the GOM model (v=0.63) and the Atlantic region
model (v=0.56), indicating that individuals in the pop-
ulation could be expected to grow 0.37-1.63 (GOM) or
0.44-1.56 (Atlantic region) times the estimated average
growth rate per length class. The model for females in the
Atlantic region has a strong seasonal growth component
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Table 2

Summary of data collected for bonnetheads (Sphyrna tiburo) tagged and recaptured in the
northeastern Gulf of Mexico (GOM) during 1993-2006 and in the Atlantic Ocean off the
southeastern United States (Atlantic region) during 1998-2019. The number of individuals
recaptured (n), the range of fork lengths (FLs) of fish at initial capture and recapture, and
the range, mean, and standard deviation (given in parentheses) of times at liberty for recap-
tured sharks are provided by region and sex.

Initial Recapture Time at Mean time at
Region Sex n FL (mm) FL (mm) liberty (d) liberty (d)
GOM F 99 430-930 450-958 1-2028 308 (366)
M 40 400-750 520-780 1-1639 259 (319)
Atlantic region F 172 550-1013 642-1014 10-3263 458 (518)
M 18 532-767 543-805 13-2659 401 (823)

(©=1.0, w=0.58), indicating that growth likely ceases at
some point during the year and that it peaks in June. The
SD of the measurement error for the model for females in
the GOM (s=11.9 mm FL) is more than double that of the
model for females in the Atlantic region (s=4.8 mm FL)
with 95% CIs that do not overlap, indicating significant
differences in measurement error between the 2 regions.
The model for females in the Atlantic region had a negli-
gible mean measurement error of —-0.5 mm FL. The con-
tamination probability parameter was not included in 3
of the 4 models and is very low (p<0.001) in the model for
females in the Atlantic region; therefore, the occurrence of
outliers is scarce in all data sets.

Age-based growth model and regional comparisons

The Francis (1988a) age-based model produced nearly
identical estimates of VBGF parameters to those produced
by using the Beverton and Holt (1957) modeling method
reported in Frazier et al. (2014).

For both regions, the age-based models for males pre-
dicted faster mean annual growth at smaller lengths and
slower growth than the length-based models as bonneth-
eads approached estimated L_ (Fig. 3). For males in the
Atlantic region, 95% ClIs for age-based estimates of growth
rates overlap at GROTAG-predicted rates for both gg4
and g5 (Fig. 3). For males in the GOM, 95% ClIs overlap
at GROTAG-predicted rates for g,;(; however, at g;57, 95%
CIs do not overlap and rates are significantly different
from those from the age-based model, with the age-based
model predicting near zero growth by an FL of 708 mm
(Fig. 3).

For females from the Atlantic region, the age-based
model predicted a faster growth rate at smaller lengths
but very similar growth rates at larger lengths compared
with predicted rates from the GROTAG model (Fig. 4),
and 95% Cls overlap at both gs55 and gyggy. For females
in the GOM, the age-based model predicted nearly iden-
tical growth rates at the smaller GROTAG reference
length (g,45); however, the age-based model predicted a

much smaller L_ than the estimate from the GROTAG
model (Fig. 4). The predicted growth rate at the larger ref-
erence length (gg;5) is significantly higher than the esti-
mate from the age-based model, with no overlap in 95%
CIs. The significant differences in estimated growth rates
for both males and females at g;5; and gg;5 between the
GROTAG and age-based models indicate sampling bias or
age underestimation in the GOM age-based model.

Plots of growth rates and 95% CIs estimated for males
with the GROTAG model do not indicate significant dif-
ferences in growth between populations in the Atlantic
region and the GOM (Fig. 3); however, results from like-
lihood-ratio tests (x2=40.8, df=3, P<0.001) indicate signifi-
cant differences in growth between regions.

Plots of growth rates with 95% CIs estimated for
females as well as results from likelihood-ratio tests
(x2=3 1.2, df=3, P<0.001) for the best-fit GROTAG models
indicate that growth was significantly different between
regions, with a significant difference in average growth
rates occurring in individuals larger than ~850 mm FL
(Fig. 4). Plots of von Bertalanffy growth curves by sex,
region, and model further illustrate the difference in pre-
dicted lengths at age (Fig. 5); however, caution should be
used when comparing curves between the GROTAG and
age-based models because of different definitions of L_
(Francis, 1988a).

To allow comparisons of growth within and between
models and regions, growth rates were calculated for 2 ref-
erence lengths (g555, £530) by using the GROTAG and age-
based models. Plots of bootstrap parameter estimates
from the GROTAG model indicate clear differences in gg3,
between regions with no overlap in 95% ClIs (Fig. 6). Plots
of GROTAG bootstrap parameter estimates indicate less
variation in growth with greater length for both regions.
Overall, given the estimates from both models, the varia-
tion in predicted growth is much higher for the population
in the GOM than for the population in the Atlantic region.
At the set reference lengths, growth rates do not signifi-
cantly differ between the age-based and GROTAG models;
however, as presented in Figure 3, estimated growth rates
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overlap (Table 3). For sharks in the GOM,
published estimated maximum ages are
significantly below calculated maximum
ages from models based on age and on
tag-recapture data, with published val-
ues below 95% Cls for all models with the
exception of the GROTAG model used for
estimating growth of males; a lower limit
of the 95% CI could not be estimated
because of the size of the tagged shark
used in relation to the lower limit of the
95% CI for the estimate of L_.. For bonnet-
heads in the Atlantic region, calculated
maximum ages are also significantly

1500 2000 2500

Change in residuals
-50
o

-100

-150

—200

Time at liberty (d)

Figure 2

von Bertalanffy growth curve from Frazier et al. (2014).

3000

y=0.0054x—14.886, R?=0.0053

Changes in residuals for ages of recaptured bonnetheads (Sphyrna tiburo) in
the estuarine waters of the Atlantic coast of the southeastern United States
plotted against their times at liberty, by type of tag: nylon dart (squares) and
rototag (triangles). If tagging has a negative effect on growth, the majority
of data points should be negative and the slope of the dashed line should be
significantly different from zero. The equation for the trend line and the coef-
ficient of multiple determination (R?) are provided. Residuals were calculated
by using lengths at initial tagging and at recapture and by using ages and the

1 larger than published estimates, with the
3500 lower limit of the 95% CI falling above
maximum estimated age for all models.

Published estimates of age at 50%
maturity are lower than those calculated
by using the GROTAG models (Table 3).
We were unable to calculate the lower
limit of the 95% CI for age at 50% matu-
rity of males with either GROTAG
model, and 95% Cls based on the GOM
data were not published; therefore, we
cannot determine if differences are sig-
nificant for these estimates. Upper and
lower confidence intervals for estimates
from both length-based and age-based
models were available only for females
in the Atlantic region. Although the
GROTAG model for females in the Atlan-
tic region produced an estimate of age at
50% maturity that is slightly larger than
that from the age-based model, 95% Cls
for the estimates overlap.

Discussion

This study confirms previously pub-
lished significant differences in region-

deviate between models as individuals grow beyond the
upper reference length.

Longevity and age at 50% maturity

For the population in the GOM, data for recaptured bonnet-
heads from long-term tag-recapture studies, a male and a
female with times at liberty of 1639 and 1833 d and initial
FLs of 600 and 800 mm, respectively, were used to calcu-
late maximum age in each model. For the population in the
Atlantic region, data for a recaptured male and a recap-
tured female, with times at liberty of 2659 and 3263 d and
FLs of 763 and 980 mm, respectively, were used. Calculated
ages from the GROTAG model are larger than those from
the age-based models for both regions, although 95% Cls

specific growth and life history
characteristics of bonnetheads between
the northeastern GOM and the Atlantic region by using
age-independent methods of modeling growth. Growth
rates, age at 50% maturity, and longevity all differ for both
sexes between these 2 regions. Despite low sample sizes and
poor coverage of ranges of lengths for males, we were able
to produce reasonable growth estimates for the populations
in the northeastern GOM and the Atlantic region by using
the GROTAG model; however, we were unable to determine
significance of some life history characteristics because of
the high uncertainty in estimates of growth and growth
parameters. The low sample sizes of males from the Atlan-
tic region available for growth modeling is reflective of the
nearshore distribution of male bonnetheads, with tagging
effort heavily skewed toward females in estuarine waters
where most fishery-independent sampling and tagging
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Table 3
Estimates of von Bertalanffy growth function (VBGF) parameters, maximum age, and age at 50% maturity from GROTAG models
based on tag-recapture data and from age-based models for male and female bonnetheads (Sphyrna tiburo) from the northeast-
ern Gulf of Mexico (GOM) and the Atlantic Ocean off the southeastern United States (Atlantic region). The VBGF parameters,
asymptotic length (L,.), coefficient of growth (), and theoretical age at length zero (¢,), are provided with 95% confidence intervals,
which were generated by using bootstrapping (with 5000 iterations). Also provided are published estimates of maximum age
(Lombardi-Carlson et al., 2007; Frazier et al., 2014). Ages at 50% maturity were estimated in GROTAG models by using lengths at
50% maturity published in Lombardi-Carlson et al. (2007) and Frazier et al. (2014). Data used in the models are from sharks tagged
and recaptured in the GOM during 1993-2006 and in the Atlantic region during 1998-2019. FL=fork length.
Published
Age at 50%  Maximum  maximum
L ¢ maturity age age
Model Region Sex n (mm FL) k (years) (years) (years) (years)
GROTAG GOM M 40  769.6 0.254 -1.56 5.2 8.9
604.2-823.5 0.470-0.087 —(1.14-4.19) 00—12.5 -15.3
F 99  948.3 0.243 -1.27 4.5 114
921.2-967.9 0.313-0.184 —(1.02-1.64) 3.8-5.7 9.7-14.3
Atlantic region M 18 814.8 0.166 -2.35 6.2 21.5
533.4-1135.6  0.386-0.070 —(1.76-3.76) 0o—7.5 19.4—
F 172 1039.5 0.170 -1.75 7.4 24.0
1027.7-1048.5 0.191-0.145 —(1.54-1.99) 6.8-8.5 23.5-25.8
Age based GOM M 245 703.3 0.538 -1.60 2.0+ 6.5 5.5+
663.8-765.2 0.753-0.386  -(1.10-2.25) 6.4-6.6
F 254 895.0 0.282 -2.13 3.0+ 10.8 7.5+
842.9-970.3 0.334-0.226 —(1.82-2.55) 10.2-12.1
Atlanticregion M 216  779.8 0.296 -1.51 3.9 18.7 16.0
761.5-799.7 0.320-0.274 —(1.35-1.68) 3.5-4.2 16.8—
F 329 1032.3 0.188 -1.76 6.7 23.0 17.9
1011.6-1053.9 0.179-0.198 —(1.59-1.94) 6.4-7.1 21.9-24.9

occurs (Ulrich et al., 2007). In the GOM, the lower num-
ber of male bonnetheads that were recaptured is a result
of the primary habitat of male bonnetheads being outside
of or on the periphery of the area where sampling occurred
and where tags were deployed. Therefore, fewer males than
females were tagged and consequently recaptured. Future
efforts should focus on sampling and tagging male bonneth-
eads, especially those in early life stages, to decrease uncer-
tainty in results from length-based models.

Although it is difficult to determine the effects of tagging
on growth in wild fish populations, our results do not pro-
vide evidence indicating that tagging and tag type affected
growth. Growth was variable in the first year after tagging,
with a larger number of individuals experiencing slower
growth than expected. This slow growth, however, could be
due to the short-term effects of the stress from being cap-
tured rather than the effect of the tag on the individual
(Gruber, 1982; Parsons, 1987; Davenport and Stevens, 1988;
Skomal and Bernal, 2010). Over the long term, we found no
evidence of effects of tagging on growth of captured bonnet-
heads, and all individuals at liberty for over 4 years grew
older and larger than the age and length predicted by the
age-based growth model. These findings contrast with those
of studies on lemon sharks (Negaprion brevirostris) (Manire
and Gruber, 1991; Oliveira, 2001) and northern pike (Esox
lucius) (Scheirer and Coble, 1991) that indicate that growth

could be impaired by up to 50% in tagged individuals when
a variety of tag types were used. Results of other growth
studies (e.g., Jensen, 1967; Jolivet et al., 2009) indicate
that there were no significant effects of tagging on growth;
therefore, it is possible that there may be effects specific
to species, life stage, or tag type. Caution should be used
in interpreting growth data from recaptured individuals to
the population level without investigating these effects.
The final GROTAG models for males in both regions
included SD of measurement error and growth variability,
and the GOM model has the added parameter of mean
measurement error. Estimates of growth variability are
unreliable because of low sample size, and 95% Cls con-
tain values that are not above and below parameter limits;
therefore, no comparisons can be made with these param-
eters. The final GROTAG models for males and females in
the GOM both have large estimates of SD of measurement
error compared with those from the models for males and
females in the Atlantic region; however, this result was not
unexpected. For individuals from the GOM, length was
measured to the nearest half centimeter, and several biol-
ogists and interns measured fish; whereas, bonnetheads
from the Atlantic region were measured to the nearest
millimeter by only 2 individuals. The use of fewer individ-
uals to measure all captured specimens and the smaller
measurement increment likely led to more precise
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Figure 3

Growth rates of male bonnetheads (Sphyrna tiburo) estimated with the opti-
mal GROTAG models, which are based on tag-recapture data, and mean
growth rates calculated with the age-based (Francis, 1988a) von Bertalanffy
growth function, with associated 95% confidence intervals (dotted lines).
Growth rates are shown for bonnetheads tagged (A) in the northeastern Gulf
of Mexico (GOM) and (B) in the estuarine waters of the Atlantic coast of the
southeastern United States (Atlantic region). Also provided are (C) estimates
of growth rates from the optimal GROTAG model for each of the 2 regions.
Age-based models were generated by using original length-at-age data from
Lombardi et al. (2007) for sharks in the GOM and from Frazier et al. (2014)
for sharks in the Atlantic region. Data used in the GROTAG models are from
bonnetheads tagged and recaptured in the GOM during 1993-2006 and in the
Atlantic region during 1998-2019. Error bars indicate 95% confidence inter-
vals generated by bootstrapping (with 5000 iterations). FL=fork length.

and differences in these growth rates
may be an artifact of sample size given
the observed 95% Cls. Regardless, these
variability estimates are among the
highest published values for elasmo-
branchs with values ranging from 0.06
for the tope (Galeorhinus galeus) (Fran-
cis and Mulligan, 1998) to 0.58 for the
spotted estuary smooth-hound (Mustelus
lenticulatus) (Francis and Francis, 1992),
with most falling in a range of 0.15-0.40
(e.g., Simpfendorfer, 2000; Meyer et al.,
2014; Natanson and Deacy, 2019).
Results from the final GROTAG mod-
els indicate a strong seasonal growth
pattern in the population in the Atlantic
region (z=1) but not in the population in
the GOM (the seasonal growth parame-
ter was not included in the final GOM
model). Latitudinal variation in growth
has been previously detected for bon-
netheads in the GOM but not for those
in the Atlantic region (Parsons, 1993;
Carlson and Parsons, 1997; Lombardi-
Carlson et al., 2003; Frazier et al., 2014).
The more variable growth for sharks
in the GOM and lack of a seasonal sig-
nal may indicate that there are differ-
ences within the population in growth
along the western coast of Florida,
where sampling for this study occurred.
Site fidelity has been established for
bonnetheads in both the Atlantic region
and the GOM (Heupel et al., 2006;
Driggers et al., 2014), and bonnetheads
are known to make predictable tem-
perature-driven migrations in response
to declining water temperatures (Ulrich
et al., 2007; Driggers et al., 2014). In the
Atlantic region, all bonnetheads were
tagged and recaptured within their
established summer range. In the GOM,
bonnetheads were also predominantly
captured and recaptured during sum-
mer months; however, capture and
recapture of sharks took place at multi-
ple locations along the coast. Because
these sampled subpopulations likely
have site fidelity to their area of cap-
ture, they likely experience differential
growth due to differences in water tem-
peratures (Carlson and Parsons, 1999;
Pistevos et al., 2015), in food availabil-

ity or energetic value of food (Bethea et al., 2007,
Vucic-Pestic et al., 2011), and in energetic needs during
winter migrations necessary to find optimum water tem-
peratures for overwintering (Carlson and Parsons, 1999;
Hoffmayer et al., 2006). However, the lack of a detection
of seasonal growth patterns and greater growth

measurements at tagging and recapture and consequently
lower chances of errors in measurement.

Results from the final GROTAG models for females indi-
cate that growth is more variable for bonnetheads from
the GOM (v=0.63) than for those from the Atlantic region
(v=0.56); however, these differences are not significant
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Figure 4

Growth rates of female bonnetheads (Sphyrna tiburo) estimated with the
optimal GROTAG models, which are based on tag-recapture data, and mean
growth rates calculated with the age-based (Francis, 1988a) von Bertalanffy
growth function, with associated 95% confidence intervals (dotted lines).
Growth rates are shown for bonnetheads tagged (A) in the northeastern Gulf
of Mexico (GOM) and (B) in the estuarine waters of the Atlantic coast of the
southeastern United States (Atlantic region). Also provided are (C) estimates
of growth rates from the optimal GROTAG model for each of the 2 regions.
Age-based models were generated by using original length-at-age data
from Lombardi et al. (2007) for sharks in the GOM and from Frazier et al.
(2014) for sharks in the Atlantic region. Data used in the GROTAG mod-
els are from bonnetheads tagged and recaptured in the GOM during 1993—
2006 and in the Atlantic region during 1998-2019. Error bars indicate 95%
confidence intervals generated by bootstrapping (with 5000 iterations).
FL=fork length.

Results from GROTAG models con-
firm previously published differences
in growth between the 2 regions. Both
males and females in the GOM had
faster average growth at smaller lengths
and slower growth with a smaller L_
than bonnetheads from the Atlantic
region. Visual inspection of 95% Cls
does not reveal significant differences
between regions because of large uncer-
tainty caused by low sample sizes, but
results of likelihood-ratio tests confirm
differences in growth. Significant differ-
ences in growth have been detected for
other coastal migratory sharks (Carlson
and Baremore, 2003; Driggers et al.,
2004; Vinyard et al., 2019); however, the
reasons for these regional growth differ-
ences are unknown.

Growth curves derived from GROTAG
and age-based models are not directly
comparable; instead, Francis (1988a)
suggested that comparisons of growth
rates between data types are more
appropriate. All GROTAG models pre-
dicted slower initial growth and faster
growth at longer lengths compared with
estimates from age-based models. The
slower estimated initial growth rates
likely result from a lack of tagged young-
of-the-year bonnetheads in all 4 data
sets, likely a combination of gear bias
and variation in spatial distribution of
young-of-the-year bonnetheads (Drig-
gers et al., 2014). The GROTAG model for
females in the GOM is based on the larg-
est sample size of tagged and recaptured
juvenile bonnetheads (including indi-
viduals tagged as small as 400 mm FL)
and, consequently, the best agreement
between model growth rates at small
lengths. However, growth rates are
significantly different at long lengths.
Estimates from the GROTAG model for
females in the Atlantic region have excel-
lent agreement with those from the age-
based model, especially as lengths reach
predicted L_. Parameters of the VBGF
are not significantly different between
models, confirming estimated growth
from the age-based model for females in
the Atlantic region. Although the VBGF
parameters are defined differently for

variation may also be artifacts of sample size. Future
efforts should focus on continued tagging of bonnetheads
in these regions because a more robust data set would
allow age-independent comparisons of growth and, there-
fore, determination of latitudinal differences in growth
within the GOM.

the length-at-age data and tag-recapture data, the results
of other studies indicate that models based on tag-recap-
ture data can produce growth curves that are similar to
those from age-based models (Natanson et al., 2002).

The GROTAG models for males and females predicted
significantly faster growth at longer lengths, larger L.,
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model for females in the GOM may be an
artifact of sample size, although the
model produced much greater variation
in growth estimates at ggs, contrary to
the estimates from other models indicat-
ing a source of variation other than sam-
ple size. These results indicate that there
may be significant underestimation of
ages of bonnetheads in the GOM with
the age-based models.

Sampling, fishing pressure, or gear
bias could have affected results of the
age-based models; however, estimates of
age at 50% maturity calculated by using
age-independent, length-based growth
estimates also point to significant dif-
ferences in maturity. These estimates of
age at 50% maturity indicate that female
bonnetheads mature at an average of
1.5 years and males mature at an average
of 3.2 years later than females and males
do according to age-based estimates,
providing further evidence of age under-
estimation in the GOM data set. The GRO-
TAG model does not produce comparable

400

200
1

0

estimates of average age at length; how-
ever, data from long-term tag-recapture
studies were available. When these data
were combined with results from growth
models, calculated longevity for female
and male bonnetheads in the GOM are
8.9 and 11.4 years from the GROTAG
models and 6.5 and 10.8 years from the
i | age-based models; these ages are con-
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0 2 4 6 8 10 12 14 16 18
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Figure 5

Comparison of growth curves from GROTAG models, which are based on tag-
recapture data, and from age-based von Bertalanffy growth functions based
on data from Lombardi et al. (2007) and Frazier et al. (2014) for (A) female
and (B) male bonnetheads (Sphyrna tiburo) tagged in the northeastern Gulf of
Mexico (GOM) during 1993-2006 and off the Atlantic coast of the southeastern
United States (Atlantic) during 1998-2019. Age-based models were generated
by using original length-at-age data from Lombardi et al. (2007) for sharks in
the GOM because published models used total length and band count.

20 22 siderably older than the maximum age
estimates of 5.5+ and 7.5+ reported by
Lombardi-Carlson et al. (2003).

Data from long-term tag-recapture
efforts and longevity estimates calcu-
lated from GROTAG models confirm the
report of age underestimation for bon-
netheads in the Atlantic region by Fra-
zier et al. (2014). However, for females,
length-based estimates of age at 50%
maturity are not significantly different
from age-based estimates. If age under-

and faster rates at which % is reached compared with esti-
mates from age-based models. Plots of bootstrapped
growth estimates for females from the GOM age-based
model indicate large uncertainty in growth estimates at
the upper reference length. Comparatively, results from
GROTAG models for bonnetheads in the Atlantic region
and in the GOM and from the age-based model for bonnet-
heads in the Atlantic region indicate less uncertainty at
the upper reference length compared with the lower refer-
ence length at which growth is expected to be more vari-
able (Erzini, 1994). The large uncertainty in the age-based

estimation was common in the age-based

study for sharks in the Atlantic region, it
may be rare or only in individuals at or near L_ given the
agreement between growth models and life history param-
eters for females.

Although age and growth studies are not necessarily
expected to encounter the oldest individuals in a popula-
tion because of their relative scarcity (Bishop et al., 2006),
there is increasing evidence that age is frequently under-
estimated in many studies of age and growth of elasmo-
branch species, especially in those of long-lived species
(e.g., Kalish and Johnston, 2001; Francis et al., 2007,
Frazier et al., 2015; Harry, 2018; Natanson et al., 2018b).
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more reliable, estimates of longevity
and age-independent estimates of matu-
rity. Although methods of modeling
growth with tag-recapture data have
historically been considered inferior to
age-based methods (Harry, 2018), given
recent doubts about the suitability of
vertebrae for aging, methods based on
tag-recapture data may be more reliable
than age-based methods (Harry, 2018;
Natanson and Deacy, 2019). When pos-
sible, more computationally advanced
methods, such as those of Aires-da-Silva
et al. (2015) and Francis et al. (2016),
which incorporate all available growth
data (length based, tag and recapture,
and age based) that can be integrated
directly into stock assessment models,
should be considered because they can
combine all available data sources to
estimate growth characteristics of a
population. Additionally, methods that
involve tag-recapture data may be useful
in providing growth information for spe-
cies that are difficult to age and for pop-
ulations for which sacrifice of specimens
is not preferred or fishery-dependent
catch are not available for sampling (e.g.,
for protected species).

Given the large discrepancies between
the age-based model and the model based
on tag-recapture data for bonnetheads in

0 10 20 30
Ag,, in length (mm Fl/year)

Figure 6

the GOM, the length-based tag-recapture
estimates generated in our study (espe-
cially age at 50% maturity and longevity)
likely more accurately describe growth of

50

Plot of bootstrap estimates of growth rates (g) at the 2 reference lengths of
555 and 830 mm fork length (FL), parameters g555 and ggs), from GROTAG
models based on tag-recapture data for female bonnetheads (Sphyrna tiburo)
tagged in the northeastern Gulf of Mexico (GOM) during 1993-2006 and off
the Atlantic coast of the southeastern United States (Atlantic region) during
1998-2019 and from region-specific, age-based von Bertalanffy growth func-
tions generated by using original length-at-age data from Lombardi et al.
(2007) for sharks in the GOM and from Frazier et al. (2014) for sharks in the
Atlantic region. Mean growth rates for age-based models were calculated from
bootstrapped estimates of lengths at ages @, X, and ¥ (parameters [y, Iy, ly).
Estimates are shown with 50%, 80%, and 95% polygon ellipsoid confidence
intervals. Bootstrapping was done with 5000 iterations.

bonnetheads in the GOM than age-based
estimates. Parameters of the VBGF are
commonly used in modeling estimates
of mortality, maturity, and longevity
and in modeling for stock assessments.
Use of current age-based parameters
for the population in the GOM should
be carefully considered until growth in
the population can be reexamined. Using
parameters that underestimate age and
maturity can lead to overly optimistic
estimates of growth and mortality rates,
increasing the potential for overexploita-
tion of stocks. Results of this study indi-

Results of recent studies indicate that in some species of
sharks, band-pair formation may be a function of growth
and body girth, not age (Natanson et al., 2018b). The
results of our study indicate that the use of tag-recapture
methods can produce estimates of growth that are similar
to those produced with age-based methods.

When sufficient tag-recapture data are available, mod-
els should be used to verify growth estimates from age-
based models and provide independent, and perhaps

cate that bonnetheads in the GOM may be more susceptible
to overexploitation than previously believed. The status of
the stocks of bonnetheads in the northeastern GOM and
off the Atlantic coast of the southeastern United States are
currently considered to be unknown, and no stock assess-
ments are pending. Given these results, we recommend
that region-specific assessments be conducted and that
they incorporate these new age-independent estimates of
life history characteristics.
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