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Abstract The age, growth, and maturity of bonnet-
heads, Sphyrna tiburo, inhabiting estuarine and coastal
waters of the U.S. Gulf of Mexico (GOM) were inves-
tigated. Based on results of a concurrent population
genetics study, two populations were examined, the
eastern GOM and western GOM. Vertebrae were col-
lected and aged from 1081 females and 811 males
ranging in size 261-1060 mm and 227-898 mm fork
length (FL), respectively. The von Bertalanffy growth
model provided the best fit to length-at-age data. East-
ern GOM von Bertalanffy parameters (length parame-
ters in mm FL) were L, =844, k=0.23, t,=-1.99, and
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L,=310 for females and L =680, k=0.39, t,=-1.44,
and L,=294 for males. Western GOM von Bertalanffy
parameters were L. =1005, k=0.20, z,=-1.81, and
L,=298 for females and L =807, k=0.30, t,=-1.44,
and L, =285 for males. Maximum observed age was
similar between populations with an overall maxi-
mum of 17.1 years for females, and 12.1 years for
males. Length and age at 50% maturity for the eastern
GOM was 661.5 mm and 4.9 years for females, and
564.1 mm and 3.5 years for males and for the west-
ern GOM 772.7 mm and 5.3 years for females, and
644.9 mm and 4.4 years for males. Bonnetheads in
the eastern GOM generally grow faster and to smaller
asymptotic lengths than those from the western
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GOM; however, longevity is similar between the two
populations.

Keywords Life history - Elasmobranch - Latitudinal
variation - Fecundity - Reproduction

Introduction

The bonnethead, Sphyrna tiburo Linnaeus 1758,
occurs in coastal waters of the western Atlantic
Ocean from North Carolina to Brazil (Compagno
1984; Castro 2011). In U.S. waters, bonnetheads are
found along the Atlantic Coast of the southern U.S.
(hereafter Atlantic), the Gulf of Mexico (GOM),
and the Caribbean Sea. The species has a short ges-
tation period of four to five months (Parsons 1993b;
Gonzales de Acevado et al. 2020), with parturition
occurring in the late summer to early fall and mating
occurring shortly thereafter; sperm is stored until late
spring when ovulation and fertilization occur (Manire
et al. 1995; Manire and Rasmussen 1997; Ulrich
et al. 2007). Bonnetheads are thought to mature
between 1 year (Lombardi-Carlson et al. 2003) and
7 years of age (Frazier et al. 2014) and females give
birth to 2-14 (mean ~9) fully developed pups annu-
ally (Gonzales de Acevado et al. 2020). Bonnetheads
in the Atlantic and GOM migrate seasonally and all
life stages are commonly found in bays, estuaries,
and nearshore waters from May to November (Cor-
tés et al. 1996; Ulrich et al. 2007). Unlike many other
coastal sharks, observed migratory behavior does not
appear to be associated with the use of nursery areas
(Heupel et al. 2007; Knip et al. 2010), but instead
may be related to food availability for gestating
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females and access to potential mates for males (Dri-
ggers et al. 2014).

The coastal distribution of bonnetheads makes
them susceptible to both commercial and recrea-
tional fisheries. Specifically, they have historically
been a component of the directed gillnet fishery in
the southeastern U.S., where they also are frequently
caught by recreational anglers and are a common
component of bycatch in Atlantic and GOM shrimp
fisheries (Scott-Denton et al. 2012, 2020; Zhang et al.
2013). In the U.S., bonnetheads are managed as a
component of the small coastal shark complex (SCS)
which also includes finetooth sharks, Carcharhinus
isodon Valenciennes 1839, and Atlantic sharpnose
sharks, Rhizoprionodon terraenovae Richardson 1836
(SEDAR 2013). While Atlantic sharpnose sharks are
the most commonly landed SCS, in some years bon-
netheads make up~50% of the total directed-com-
mercial catch (Cortés 2002). The current stock status
of bonnetheads is considered to be “unknown” with
separate stocks in the Atlantic and GOM (SEDAR
2013). The most recent assessment found bonnet-
heads were not thought to be overfished, nor experi-
encing overfishing (SEDAR 2013); however, assess-
ment results were rejected as populations in the
Atlantic and GOM were assessed as a single stock
despite preliminary genetic, life history, and tagging
data indicating the occurrence of distinct stocks in
the Atlantic and GOM. Furthermore, prior studies
employing both genetic and life history analyses only
involved samples from the eastern GOM, precluding
the possibility of detecting other stocks elsewhere
in the GOM. Finally, the assessment used combined
life history parameters, even though these param-
eters differed significantly between bonnetheads in
the Atlantic and those in the GOM. Averaging these
life history parameters had the effect of increasing
longevity as well as age and length at maturity, while
decreasing growth rates and average brood sizes for
GOM bonnetheads and led to projections of a more
productive stock in the GOM (SEDAR 2013). Given
the high mortality of bonnetheads in the GOM from
shrimp trawling (post release mortality is assumed to
be 100%, SEDAR 2013) and lower productivity indi-
cated by life history parameters, previous assessments
likely do not adequately represent the status of bon-
nethead stocks in the GOM.

Recent research suggests bonnetheads have fine-
scale population structure in U.S. waters. Several
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studies have documented significant differences in
life history across small geographic regions. Differ-
ences found between bonnetheads from the eastern
GOM include size at age, growth rate, and size and
age at maturity (Parsons 1993a, b; Carlson and Par-
sons 1997; Lombardi-Carlson et al. 2003). In addi-
tion, studies in both the Atlantic and eastern GOM
have shown site fidelity by adult bonnetheads (both
sexes) to specific estuaries or bays during the sum-
mer months, on inter- and intra-annual time scales
(Heupel et al. 2006; Driggers et al. 2014), results
supported by Portnoy et al. (2015) using genomic
techniques. Further, results of tag-recapture and
acoustic monitoring in the eastern GOM indicate that
individuals in some locations may remain resident for
large portions of the year (Heupel et al. 2006). Sev-
eral published studies now exist on stock structure of
bonnetheads in the western North Atlantic; however,
no studies to date have sampled the entirety of the
range of bonnetheads in U.S. waters. Two studies
examined genetic structure using mtDNA, with the
first study demonstrating genetic differences between
the eastern GOM, Atlantic and southern GOM (Mex-
ico) and the second showing genetic structure present
within the GOM (Escatel-Luna et al. 2015; Fields
et al. 2016). More recent work by Diaz-Jaimes et al.
(2021) using microsatellites and single nucleotide
polymorphisms confirmed well-defined structure in
the Atlantic, eastern GOM and southern GOM (Mex-
ico); however, samples were lacking for the north-
western GOM. Life history work by Frazier et al.
(2014) found large differences in life history param-
eters for bonnetheads in the Atlantic and the eastern
GOM. For example, maximum longevity and age at
50% maturity were observed to be almost twice as
large for bonnetheads in the Atlantic as compared to
the GOM, and significant differences were found for
length at 50% maturity, fecundity and key von Ber-
talanffy growth function parameter estimates (e.g.,
asymptotic average length and coefficient of growth).
However, recent research using age-independent
methods (mark and recapture) suggest that life his-
tory parameters from the eastern GOM are more
similar to the Atlantic than the current literature sug-
gests (Frazier et al. 2020).

To date, no studies have examined the life history
of bonnetheads in the western GOM. Therefore, given
the disparities among bonnethead life history param-
eters between the eastern GOM and Atlantic and the

lack of life history data from the western GOM, the
objectives of this study were to describe the age and
growth, maturity, and fecundity of the bonnethead
using samples collected throughout the U.S. GOM.
A concurrent population genetics study, using paired
samples, was used to define populations for life his-
tory analyses.

Materials and methods
Sample collection

Life history data from bonnetheads were collected
by collaborators throughout the U.S. GOM with col-
lections occurring from 2012 to 2019. Sharks were
captured using fishery-dependent and -independent
methods with gear types that included longline, rod
and reel, gillnet, seine, and otter trawl. Following cap-
ture, specimens were euthanized if not already dead,
measured to fork length (FL) to the nearest mm or
0.5 cm, and if present, umbilical scars of neonates
were noted as “umbilical remains,” “fresh,” “partially
healed,” “mostly healed,” or “well healed” following
Pratt et al. (1998). Laboratory analysis consisted of
assessment of the reproductive stage. Females were
considered mature if they had developing pups. If they
were not gravid, uterine scarring, vitellogenic oocytes
(> 10 mm) and/or developed uteri and oviducal glands
were used (Parsons 1993b). For gravid females, total
brood size was counted, and embryos were sexed and
measured. Males were considered mature if they had
fully calcified, rotating claspers, functional siphon
sacs, and functional rhipidions (Clarke and von
Schmidt 1965). Outer clasper length (tip of the clasper
to insertion of the pelvic fin) and degree of clasper
calcification were recorded for all males. Finally, a
section of 10-12 vertebrae were removed from the
cervical region of the vertebral column (i.e., between
the occiput and first dorsal fin), frozen and shipped
on ice to the South Carolina Department of Natural
Resources. Archived samples (1998-2001) from pre-
vious studies in the eastern GOM were also obtained
and used for life history analyses.

Age estimation

To prepare vertebrae for analysis, excised samples
were thawed and excess tissue removed from the
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vertebral column using a scalpel. Individual verte-
bra were then separated by severing connective tis-
sues (e.g., intervertebral ligaments). Vertebrae were
then soaked in 5% sodium hypochlorite for 3-15 min
to remove remaining muscle tissue, rinsed under run-
ning tap water for five minutes, and stored in 95%
ethanol. Cleaned vertebrae were then mounted to a
glass slide using Crystalbond 509™ and a 0.4 mm
sagittal section containing the focus was removed
using a Buehler Isomet low speed saw. The result-
ing section was monitored while drying to ensure a
preferred viewing state before being permanently
mounted and preserved on a glass slide using
Cytoseal™-XYL. This step was taken because some
band pairs may become less visibly apparent if sec-
tions are allowed to fully dry, leading to underesti-
mation of age (Frazier et al. 2014). Each mounted
vertebra was examined using a Nikon SMT-2 T
dissecting microscope at 20X magnification with a
transmitted light source.

Vertebral slides were selected at random and the
number of translucent bands on the corpus calcar-
eum were counted independently by two readers, each
without knowledge of the other’s reading, previous
readings or of the sex, size or date of capture of the
shark from which the sample was removed. Opaque
bands representing summer growth and translucent
bands representing winter growth were identified
following the description and terminology of Cail-
liet and Goldman (2004). If there were discrepancies
between readings, the section was re-read simultane-
ously by both readers to resolve the difference. If no
agreement was reached, the sample was discarded
from all analyses.

A birth date of September 1 was assigned to all
individuals based on evidence that bonnethead par-
turition occurs over a period of several weeks from
early August through September (Parsons 1993b;
Gonzales de Acevado et al. 2020). Due to variability
in presence of a translucent birthmark, the change in
the angle of the corpus calcareum was counted as a
birthmark/band for individuals without a discernible
band (Goldman 2004). The second band represent-
ing winter growth was assumed to form five months
later, and subsequent band pairs were assumed to
form 12 months thereafter (Parsons 1993a; Fra-
zier et al. 2014). Therefore, for all band counts of
two and over, assigned age=(band pair count-1.5).
In addition to assigned ages, fractional ages were

@ Springer

calculated by setting the birth month as month zero
and dividing the numeric capture month by 12.

Reader precision and bias

Multiple methods were used to examine reader
bias and precision. Overall percent agreement
(PA =[number agreed between readers/number
read] X 100) and percent agreement + 1 year were
calculated to evaluate precision. Percent agree-
ment was also examined in 100 mm FL groups
as recommended by Goldman (2004). Age agree-
ment tables were generated and tested for sym-
metry using Bowker’s test of symmetry (Hoenig
et al. 1995). Age bias plots (Campana et al. 1995)
were used to evaluate bias between readers as well
as between age estimates of this study and age
estimates of vertebrae used in Lombardi-Carlson
(2007). A subset of 100 randomly selected speci-
mens was also re-read by Reader 1 to examine
within-reader bias. The index of average percent
error (I,pp; Beamish and Fournier 1981) was cal-
culated to assess between-reader error:

R ’Xz/ _X.i|

1
Lipp =100 * [ = —_—
APE * R Zi:l X; (1

where R=number of times each fish is aged, Xi/‘ =
ith age estimation of jth shark, and X; = mean age
estimate of the jth shark. While /,,; assumes stand-
ard deviation of age estimates are proportional to the
mean of the age estimates, Chang (1982) instead sug-
gested that the coefficient of variation (CV) should be
used to measure precision:

Tests of precision and bias were generated using
the FSA (Ogle et al. 2021) package in R (R Core
Team 2021).

Data analysis

Measured FL and age estimates were used to generate
sex-specific von Bertalanffy (von Bertalanffy 1938),
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Gompertz (Ricker 1975), and logistic (Ricker 1979)
growth models. The von Bertalanffy growth model,
as adapted by Beverton (1954) and Beverton and Holt
(1957), is:

L= Loo<1 - e_k(’_"’)), 3)

where L, is length-at-age ¢ and L. (asymptotic
length), k (coefficient of growth) and ¢, (theoretical
age at which length equals zero) are fitted parameters.
The original von Bertalanffy growth model was also
fit to data as recommended by Cailliet et al. (2006):
Lz = Loo - (Loo - Lo)e_kt’ (4)
where L, (mean length at birth) is a fitted parameter.
Mean length-at-birth was determined for males and
females through measurements of free-swimming
neonates with an umbilical stage of open, partly
healed or mostly healed. The modified form of the
Gompertz growth model was also generated (Ricker
1975; Mollet et al. 2002) using the equation:

Ll — Lo(eG(l_e(fkr)))’ (5)
where:
G =In(L,/Ly) 6)

is a fitted parameter. Finally, a logistic growth model
was generated using the equation (Ricker 1979):

L, = Lo, /(1 +e7), 7

where L, k, and a (time at which the absolute rate of
increase in weight begins to decrease or the inflection
point of the curve, equivalent to ¢, in Ricker 1979) are
fitted parameters. Confidence intervals for all model
parameters were generated by bootstrapping (5,000
replicates). Models and confidence intervals were
generated using the FSA (Ogle et al. 2021) package in
R (R Core Team 2021). Model fit and selection were
assessed by examination of residuals, Akaike informa-
tion criterion (AIC, Akaike 1973) and residual sums
of squares. Examination of residuals and residual
sums of squares were used to assess relative strength
of models fit to assigned or fractional age data sets.
Maximum likelihood ratio tests (Kimura 1980) gen-
erated using the Fishmethods (Nelson 2021) package
in R (R Core Team 2021) were used to detect if there
were significant differences between male and female

parameter estimates, latitudinal groups, or differences
between populations. Results from a concurrent popula-
tions genetics study using fin clips sampled along with
vertebrae indicated that the U.S. GOM is differentiated
into two populations (Portnoy and Fields, Unpublished
Data) and specimens were assigned either to the eastern
or western GOM population based on catch location,
with the dividing line set at longitude -87.75° just east
of Mobile Bay, AL. To examine previously described
latitudinal variation (e.g., Parsons 1993a; Carlson and
Parsons 1997; Lombardi-Carlson et al. 2003), popula-
tions were binned into low (<26.5°), medium (26.5°
—29.0°) and high (>29.0°) latitude groupings. Length-
at-age data from Lombardi-Carlson (2007) were used
to regenerate eastern GOM von Bertalanffy parameters
for comparison. To facilitate comparisons with the cur-
rent study, age and length data from Lombardi-Carlson
(2007) were remodeled using FL at estimated age (total
length at band count was originally used to model
growth in that study) allowing direct comparison of
growth between these studies. If FL. was missing from
an aged GOM individual, a GOM-specific total length
(TL) to FL regression from Lombardi-Carlson (2007)
was used to convert measurements.

Maturity and fecundity

To determine median FL (Ls,) and age (As,) at which
50% of the population was considered mature, a logistic
model was fit to binomial maturity data using nonlinear
least squares regression:

Y =1/(1+ e @), ®)

where O=immature, and 1=mature. Median Ls,
and A5, was determined by —a/b (Mollet et al. 2002).
Models and confidence intervals were generated using
the FSA (Ogle et al. 2021) package in R (R Core
Team 2021). Confidence intervals were generated
by bootstrapping (5,000 replicates). The parameters
generated by this study were compared to previous
eastern GOM Ly, and Ay, generated by Frazier et al.
(2014) using original raw FL and age data from Par-
sons (1993a) and Lombardi-Carlson (2007), as well
as to Atlantic Ly, and As, from Frazier et al. (2014).
Comparisons were considered significant if confi-
dence intervals did not overlap. For each region, the
mean and standard deviation of brood size was calcu-
lated. Regions were compared using Welch’s t-tests,
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and differences in brood size by latitude grouping
were tested using analysis of variance. Region-spe-
cific relationships between maternal length and brood
size were tested using general linear models.

Results
Sample collection

Vertebrae from 2,266 bonnetheads from the U.S. GOM
were received from collaborators and historical archives,
including specimens previously used by Lombardi-Carl-
son et al. (2003) for life history (Fig. 1). Of those, 1,902
had sufficient data (sex, lengths, and location) to gener-
ate life history models. Based on genetic results, speci-
mens were assigned to the eastern or western GOM,
delineated at longitude -87.75° just east of Mobile Bay,

AL (A. Fields, unpublished). Results from genetic anal-
yses also indicate low latitude FL. Keys bonnetheads
belong to the eastern GOM population, in agreement
with NMFS management units. All three defined lati-
tude groupings were present for the eastern GOM; only
medium and high latitude groupings were available for
the western GOM (Fig. 1). Sample size by sex, region
and latitude grouping are reported in Table 1.

Age estimation, precision and bias

Of the 1,902 specimens aged, only ten specimens
(< 1%) were discarded due to inability to reach a con-
sensus age estimate. Readers agreed on age estimates
of 55.1% of samples examined, and percent agree-
ment was 91.8%+ 1 band. Percent agreements were
higher between reader 1 and consensus age and reader

95°W 90°W 85°W 80°W
1 1 1 1
Oklahoma
Arkansas South Carolina
Mississippi Alabama Georgia
Louisiana Abigntc
Texas Ocean
z °
:%“ . ° . e . '] o -
High o e ® °® . " High
E Florida
.Q."Medium Western | Eastern * Medium
&
L
. — s r—
°e
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Gulf of Mexico s
z
e
Number of bonnethead
specimens
e 1-5
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@ 51-100
. 275
>100 kilometers

Fig. 1 Map of the Gulf of Mexico with bonnethead, Sphyrna
tiburo, life history specimen catch locations and abundance
indicated by black circles. The vertical bar denotes the bound-
ary between populations in the eastern and western Gulf of
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Mexico, and horizontal bars denote latitudinal groupings used
to test for latitudinal variation in growth, no low latitude speci-
mens were obtained for the western population
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2 and consensus age (Table 2). Bowker’s test of sym-
metry results indicated no bias between reader 1 and
reader 2, as well as between readers and consensus
ages (Table 2). Results from Beamish’s I,pg, and
Chang’s CV indicate estimated ages were relatively
precise although CVs were above 5% between reader
1 and reader 2, indicating lower precision between
readers (Table 2). Age bias plots for reader 1 and
reader 2 revealed no systematic differences between
readers among age classes (Supplementary Fig. 1).
Significant differences were detected between age
estimates from Lombardi-Carlson et al. (2003) and
this study (Bowker’s test, X2 = 165, df 41, p<0.001)
with agreement from age O to 2 years, but thereafter
age estimates in this study were significantly older
(Supplementary Fig. 2).

Growth models

Significant differences in growth were detected
between males and females for all aged bonnet-
heads (X2 = 227.1, df 3, p<0.001); therefore, sex-
specific growth curves were necessary. Sex- and
region-specific growth models were generated for
three growth models (von Bertalanffy, Gompertz,
and Logistic). Each model was also generated sepa-
rately using assigned ages and fractional ages. The
AIC and residual sums of squares were lower using
fractional ages; therefore, all results are presented

using fractional ages. The von Bertalanffy growth
model provided the best fit for all models except for
females in the western GOM (Table 3); therefore, all
growth comparisons were based on the von Berta-
lanffy model.

Previously reported differences in growth for
the eastern GOM (Parsons 1993a; Carlson and
Parsons 1997; Lombardi-Carlson et al. 2003) were
confirmed with significant differences for females
between low/medium latitude groupings (X* = 52.8,
df 3, p<0.001), medium/high latitude groupings
(X* = 17.4, df 3, p=0.001), and low/high latitude
groupings (X* = 102.8, df 3, p <0.001). Differences
in growth were driven by significant differences in
L., among all groupings and significant differences
in k between medium-high, and low-high group-
ings (Fig. 2 and Table 4). There were no significant
differences in estimated L,. For males in the eastern
GOM, significant differences were found between
low/medium (X2 = 20.2, df 3, p<0.001) and low/
high groupings (X? = 52.0, df 3, p<0.001). No sig-
nificant differences were found between medium/
high groupings (X? = 7.4, df 3, p=0.061). Signifi-
cant differences in male groupings were driven by
differences in L, No significant differences in k and
L, were found between groupings for eastern GOM
males (Fig. 2).

Latitudinal variation was also investigated for
the western GOM; however, only medium, and high

Table 1 Sample size

. Population Sex Latitude Overall
of Gulf of Mexico
bonnetheads, Sphyrna Low Medium High (>29.00°)
tiburo, available for age (<26.50°) (26.51°-28.99°)
and growth analyses by sex,
population, and grouped by Eastern GOM M 163 209 459
latitude F 216 207 520
Western GOM M 190 162 352
F 276 285 561

Table 2 Results for tests of precision and bias of bonnethead,
Sphyrna tiburo, age estimation including: percent agreement,
percent agreement plus or minus (+) one year, Bowker’s Test

(2, degrees of freedom and p-value), Beamish’s Average Per-
cent Error (/) and Chang’s Coefficient of Variation (CV)

Reader Comparison Percent Agree- Percent Agree- degrees of p value LipE Chang’s CV
ment ment (1) freedom

Reader 1 vs. Reader 2 55.1 91.8 339 44 0.864 5.62 7.95

Reader 1 vs. Final 75.7 97.2 472 34 0.066 2.81 3.96

Reader 2 vs. Final 71.9 95.6 50.6 39 0.101 3.19 4.51
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Fig. 2 von Bertalanffy growth models for female (a) and male
(b) bonnetheads, Sphyrna tiburo, inhabiting the eastern Gulf of
Mexico, fit to fork length (mm) at fractional age (years). Speci-
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mens were binned into low (<26.5°), medium (26.5°-29.0°)
and high (>29.0°) latitude groupings to investigate latitudinal

variation

Table 4 Results from the von Bertalanffy and logistic maturity models generated to fork length (mm) at fractional age (years) for
bonnetheads, Sphyrna tiburo, inhabiting the eastern and western Gulf of Mexico

Region Sex  Grouping L, (mm) k L, (mm) Ls, As
Eastern Gulf of Mexico M Low 627.8 0.440 282.7 539.8 33
(606.4-655.4) (0.348-0.550)  (251.2-312.7)  (526.2-552.1)  (3.0-3.6)
Medium 680.4 0.394 287.3 572.3 3.8
(659.4-706.2) (0.321-0.473)  (256.2-315.8)  (550.3-584.7)  (3.5-4.1)
High 684.9 0.433 290.1 574.0 34
(672.6-699.5) (0.375-0.497)  (266.5-311.1)  (556.1-587.9)  (3.2-3.6)
F Low 728.8 0.310 289.2 631.5 5.2
(704.5-760.9) (0.249-380) (255.4-321.0)  (617.7-645.3)  (4.7-5.5)
Medium 838.9 0.252 294.6 662.4 4.5
(811.9-872.9) (0.212-0.294)  (265.7-321.9)  (649.5-675.4) (4.2-4.8)
High 928.7 0.190 3204 704.4 5.3
(891.1-977.3) (0.159-0.223)  (299.2-340.5)  (690.9-718.1)  (5.1-5.5)
M Medium 817.1 0.280 291.1 643.5 42
Western Gulf of Mexico (786.2-586.3) (0.230-0.336)  (261.9-318.7)  (633.6-653.4) (4.04.2)
High 795.3 0.326 280.6 663.9 4.8
(761.5-838.1) (0.272-0.386)  (265.3-296.0)  (654.8-673.0)  (4.5-5.1)
F Medium 1061.4 0.154 320.7 775.0 5.6
(982.7-1165.2)  (0.125-0.185)  (306.6-334.6)  (761.9-788.3)  (5.4-5.8)
High 966.2 0.241 266.4 7712 4.9
(939.2-999.6) (0.211-0.271)  (232.8-298.4)  (757.9-784.6) (4.7-5.2)

Specimens were binned into low (<26.5°), medium (26.5° — 29.0°) and high (>29.0°) latitude groupings to investigate latitudinal
variation. Sex-specific (M =male, F=female) asymptotic average length (L,), growth coefficient (k), and length at birth (L)) are
reported (+95% confidence intervals), and length (Ls,) and age (As,) at 50% maturity (+ SE) are reported
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latitude groupings were available. We were unable
to sample enough low latitude bonnetheads as they
occur in Mexican waters, which were not sampled
for this study (Fig. 1). Significant differences were
detected between medium/high latitude females in the
western GOM (Fig. 3, X% = 14.73, df 3, p=0.002).
Differences were driven by significant differences
in k and L, likely due to sampling bias, as medium
latitude female bonnetheads actually had a higher L
than high latitude bonnetheads; the opposite to what
would be expected. No significant differences were
found between medium/high latitude male bonnet-
heads for the western GOM (Fig. 3, X?=0.45, df=3,
p=0.930).

Growth model results suggest bonnetheads in the
western GOM grow to significantly larger asymp-
totic lengths, and at a slower rate than those in the
eastern GOM for both females (Fig. 4, X? = 177.7,
df=3, p<0.001), and males (Fig. 4, X* = 187.5,
df=3, p<0.001). Parameters for length-at-birth
were similar between regions and sexes (Table 3).
Maximum estimated ages for eastern GOM bonnet-
heads were more than double previous estimated ages
from Lombardi-Carlson et al. (2003) for both males
(11.7 versus 5.5+ years, respectively), and females
(16.9 versus 7.5+years, respectively), and there
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Fig. 3 von Bertalanffy growth models for female (a) and male
(b) bonnetheads, Sphyrna tiburo, inhabiting the western Gulf
of Mexico, fit to fork length (mm) at fractional age (years).
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were no differences in maximum observed longevity
between regions (Table 5). Results from this study
found significantly different growth parameters for
the eastern GOM than previously published for both
females (Fig. 5a, X* = 18.0, df=3, p<0.001) and
males (Fig. 5b, X> = 28.5, df=3, p <0.001). For both
sexes, estimates of parameters L,, k, t,, and L, were
all lower than previously published (Lombardi-Carl-
son et al. 2003), despite similar observed maximum
lengths between the two studies. Model estimated
lengths-at-birth for the current study were within
the range of lengths of free swimming bonnetheads
(215-297 mm) and were ~ 100 mm shorter than pre-
vious estimates from Lombardi-Carlson et al. (2003),
which were well above observed lengths of free-
swimming neonates (Table 5).

Results from this study were also compared to
growth models for bonnetheads in the Atlantic pop-
ulation. Growth models between the eastern GOM
and the Atlantic were significantly different for both
males (X? = 83.4, df=3, p<0.001) and females (X>
= 151.1, df=3, p<0.001) with large differences in
L, and k. Estimates of ¢, and L, were similar between
regions. Growth models were also significantly dif-
ferent between the western GOM and Atlantic for
females (Fig. 4a, X*> = 14.4, df=3, p<0.001) and
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Specimens were binned into medium (26.5°-29.0°) and high
(>29.0°) latitude groupings to investigate latitudinal variation
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Fig. 4 von Bertalanffy growth models for female (a) and male
(b) bonnetheads, Sphyrna tiburo, inhabiting the eastern, and
western Gulf of Mexico, fit to fork length (mm) at fractional
age (years). Eastern and western populations were delineated

males (Fig. 4b, X? =235, df=3, p<0.001). Growth
models were much more similar between the western
GOM and Atlantic as compared to the eastern GOM,
despite the geographic distance between these popu-
lations. Generally, bonnetheads in the western GOM
and Atlantic were found to grow more slowly, and to a
larger average length than those in the eastern GOM,
despite similar longevities among all three regions.

Maturity models

Latitudinal variation in maturity parameters was
investigated for the eastern and western GOM. In
the eastern GOM, significant latitudinal differences
were observed for female Ls), but not Ay, (Table 4
and Fig. 6a, b). Estimates of As, were lower for the
medium latitude grouping; however, low and high
latitudes estimates of A, were similar. For males in
the eastern GOM, significant differences in Ly, were
found between low latitude bonnetheads, and medium/
high latitude bonnetheads (Table 4 and Fig. 6c, d),
with no significant differences between medium and
high latitudes. No latitudinal variation in As, was
observed among eastern GOM male groupings, with
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just east of Mobile Bay, AL (longitude -87.75°). A growth
model from the U.S. east coast (Atlantic, dashed line) from
Frazier et al. 2014 was plotted to compare growth between
populations

slightly higher estimates of A, for medium lati-
tude bonnetheads. For the western GOM, there were
significant difference in Ls, between groupings for
males; however, there were no significant differences
for females, with medium latitude females having a
slightly higher Ls, (Table 4 and Fig. 7). Estimates of
Ay, were lower for medium latitude males (4.2 versus
4.8 years) and higher for females (5.6 versus 4.9 years)
compared to the high latitude group.

Significant differences in Ls, were observed for
both males and females between the eastern and
western GOM (Table 5 and Fig. 8a, c). Similar to
the growth models, bonnetheads in the eastern GOM
matured at a significantly smaller length than those
from the western GOM and Atlantic for both sexes.
For females, L, was largest in the Atlantic (Table 5
and Fig. 8a); for males, Ly, was largest in the west-
ern GOM (Table 5 and Fig. 8c). Age-at-50% maturity
was significantly younger (4.9 years) for the eastern
versus western GOM (5.3 years) for female bonnet-
heads based on non-overlapping confidence intervals;
however, estimates of As, were significantly older
(6.7 years) for the Atlantic (Table 5 and Fig. 8b). For
male bonnetheads, Ay, estimates were significantly
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Carlson et al. 2007; Frazier et al. 2020#), and U.S. east coast
(Atlantic, Frazier et al. 2014) for comparison

Table 5 Life history parameters for bonnetheads, Sphyrna
tiburo, from the current study (eastern and western Gulf of
Mexico, GOM) as well as historical eastern GOM (Lombardi-

Current Study Lombardi-Carlson Frazier et al. 2020¢  Frazier et al. 2014
et al. 2007

Parameter Eastern GOM Western GOM Eastern GOM Eastern GOM Atlantic
Sample Size 459 (M) 352 (M) 245 (M) 40 (M) 218 M)

520 (F) 561 (F) 254 (F) 99 (F) 329 (F)
L, 680+12 (M) 861 +24 (M) 703+51 (M) 769+110 (M) 780+21 (M)

844 +23 (F) 1005 +31 (F) 894 +95 (F) 948.3+23 (F) 1032+26 (F)
k 0.39+0.04 (M) 0.30+0.04 (M) 0.54+0.20 M) 0.25+0.19 (M) 0.30+0.04 (M)
0.23+0.03 (F) 0.20+0.02 (F) 0.28+0.10 (F) 0.24+0.06 (F) 0.19+0.02 (F)

t, -1.44+023 (M) -144+0.19M) -1.60+0.31 (M) -1.56+1.53 (M) -1.51+0.21 (M)

-1.98+0.30 (F) -1.81+0.21 (F) -2.13+0.63 (F) -1.27+0.31 (F) -1.75+0.24 (F)
L, 294+16 (M) 285+14 (M) 406 +25 (M) 281+13 (M) 281+13 (M)

31017 (F) 298+ 15 (F) 404 +24 (F) 291+19 (F) 291+19 (F)

As 3.5+0.2 (M) 44+03 M) 1.7+0.2 (M)¥ 52+6.5 M) 3.9+0.3 M)
(years) 4.9+0.2 (F) 5.3+0.2 (F) 29+0.2 (F)f 4.5+1.0(F) 6.7+0.3 (F)
Ly, 564.1+7 (M) 644.9+15 M) 572+11 M)t - 618+ 12 (M)

661.5+9 (F) 772.7+13 (F) 663+10 (F)T - 819+ 14 (F)
Observed 760 (M) 898 (M) 808 (M) 780 (M) 825 (M)
maximum size (FL) 960 (F) 1060 (F) 952 (F) 958 (F) 1043 (F)
Observed 11.7 yrs (M) 12.1 yrs (M) 5.5+yrs (M) 8.9 yrs (M) 16.0 yrs (M)
maximum age 16.9 yrs (F) 17.1 yrs (F) 7.5+yrs (F) 11.4 yrs (F) 17.9 yrs (F)

Results from von Bertalanffy growth models generated to fork length (FL, mm) at estimated age (years) and logistic models for age
(Asq) and length (Ls) at 50% maturity are shown. Sex (M =male, F=female) asymptotic average length (L,,), growth coefficient (k),
and length at birth (L) are reported (+95% confidence intervals), and length (Ly,) and age (As,) at 50% maturity (+ SE) are reported

T Parameters for Ls, and As, were calculated using original FL at age data from Parsons (1993a) and Lombardi-Carlson (2007) by

Frazier et al. (2014). # Parameters from Frazier et al. 2020 are based on tag recapture data

Fig. 5 A comparison of

von Bertalanffy growth

curves fitted to fork length
at assigned age for (a) male,
and (b) female bonnetheads,
Sphyrna tiburo from the
present study and previous

studies from the eastern

Gulf of Mexico (parameter

values are presented in

Table 5)
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Fig. 6 Fork length (mm) and fractional age (years) at maturity
ogives for female (a, b, respectively) and male (c, d, respec-
tively) bonnetheads, Sphyrna tiburo, in the eastern Gulf of
Mexico. Specimens were binned into low (<26.5°), medium

different between the eastern (3.5 years) and western
GOM (4.4 years) with estimates of Ay for the Atlan-
tic (3.9 years) intermediate to the GOM estimates
(Table 5 and Fig. 8d).

Fecundity

A total of 176 broods of bonnetheads were avail-
able to estimate fecundity in the GOM, comprised of
117 from the eastern GOM and 59 from the western
GOM. The mean fecundity was 9.6 pups per brood
(range 2-18, S.D.=3.4) for the eastern GOM and 8.5
pups per brood (range 2-14, S.D.=2.4) for the west-
ern GOM with significant differences between the
regions (Welch’s t-test t=2.63, df =154.9, p=0.009).
There was no significant difference in brood size by
latitude for the eastern GOM (ANOVA, p=0.961,
F=0.04, df=2). There was a significant relationship
between maternal fork length and brood size for the
eastern GOM; however, the R? value was low indi-
cating length is not a good predictor of brood size

b
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o J
T T T 1
9 12 15 18
d
[}
2
o 4
T T T 1
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Age (Years)

(26.5°-29.0°), and high (>29.0°) latitude groupings to inves-
tigate latitudinal variation. The solid line is the expected pro-
portion mature at a given fork length or age, symbols indicate
observed data points

(Fig. 9a, p=0.001, F=12.7, R*=0.11). Brood size
appeared to be slightly larger in larger females for
the western GOM, but the relationship was not sig-
nificant (Fig. 9b, p=0.076, F=3.3, R2=0.04). This
likely resulted from the majority of samples being
from the northern portion of the western GOM pop-
ulation. Surveys in TX did not encounter pregnant
bonnetheads as they sampled in the spring and fall,
prior to fertilization, and after parturition; therefore,
samples were lacking from this area.

Discussion

This is the first study to examine growth and maturity
of bonnetheads across the U.S. GOM. We detected
significant differences between life histories for pop-
ulations in the eastern and western GOM, with bon-
netheads from the western GOM having life histories
more similar to bonnetheads from the Atlantic rather
than the adjacent population from the eastern GOM.

@ Springer
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Fig. 7 Fork length (mm) and fractional age (years) at maturity
ogives for female (a, b, respectively) and male (c, d, respec-
tively) bonnetheads, Sphyrna tiburo, in the western Gulf of
Mexico. Specimens were binned into medium (26.5°-29.0°)

Significant differences in growth were observed
between previously published growth models for the
eastern GOM and the current study, likely due to
differences in estimated ages. Vertebrae from many
of the specimens aged by Lombardi-Carlson et al.
(2003) were provided for use in this study. Significant
differences were found between the original estimated
ages and the estimated ages from those vertebrae in
this study. These differing age estimates could either
be due to differences in preparation of vertebrae for
age estimation or different interpretation of band
pairs. Unfortunately, we did not have access to the
slides used to estimate age in the original study; there-
fore, we cannot determine which may have occurred.
However, similar results were noted in a study by
Vinyard et al. (2019), which found significant differ-
ences in age estimates of finetooth sharks when using
vertebrae from Drymon et al. (2006). Ages estimated
from original slides were similar; however, ages from
newly sectioned vertebrae were significantly older,
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and high (>29.0°) latitude groupings to investigate latitudinal
variation. The solid line is the expected proportion mature at a
given fork length or age, symbols indicate observed data points

leading the authors to determine that differences in
estimated age were due to differences in processing,
not interpretation of growth structures (Vinyard et al.
2019).

Annual band formation in bonnetheads was previ-
ously confirmed using marginal increment analysis as
well as marking and recapturing bonnetheads injected
with oxytetracycline (OTC) in the GOM (Parsons
1993a) and in the Atlantic (Frazier et al. 2014).
Results from both studies indicate that band formation
is annual; however, results from Frazier et al. (2014)
found evidence of age underestimation as some OTC
injected individuals failed to form annual bands.
Despite the significant increase in age estimates in
this study relative to previous studies, it is possible
that ages of some specimens are still underestimated.
Recent research has found age underestimation is
likely more common than previously thought, as
annual band formation may cease or become less vis-
ible once individuals reach asymptotic length (Harry
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Fig. 8 Fork length (mm) and fractional age (years) at maturity ogives for female (a, b, respectively) and male (c, d, respectively),
bonnetheads, Sphyrna tiburo, in the eastern Gulf of Mexico, western Gulf of Mexico, and the U.S. east coast (Atlantic)

2018; Natanson et al. 2018). If age underestimation
occurred in this study, it should have minimal effect
on maturity estimates and growth parameters as most
age underestimation occurs in individual approaching
asymptotic length; however, maximum age estimates
may be affected (Natanson et al. 2018).

Despite differences in age estimates between this
study and previous studies, growth models confirmed
previously documented latitudinal variation in growth
along the eastern GOM (see Parsons 1993a; Carlson
and Parsons 1997; Lombardi-Carlson et al. 2003 for
discussion). However, sample sizes for low latitude
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bonnetheads in the eastern GOM were lower than
other groupings leading to greater uncertainty to the
extent of these differences. A clear pattern was not
detected in the western GOM. However, it is important
to note that we were unable to obtain samples from
low latitudes in Mexico where differences would be
most apparent, and therefore we cannot be certain
whether latitudinal variation occurs in the western
GOM. Recent research by Cafia-Hernandez et al.
(2023) modeled growth of bonnetheads in the
southwestern GOM (latitudes 21° to 18°); however,
results from this study are not directly comparable as
they used stretch total length at age to model growth.
Morphometric conversions of the asymptotic average
length of female (960 mm FL) and male (678 mm FL)
bonnetheads in their study are inconclusive as males
in the southwestern GOM study are significantly
smaller on average than in the current study (non-
overlapping 95% C.1.), but female asymptotic lengths
are not significantly different in the two studies. Based
on these results, if latitudinal variation does occur
in the western GOM, it is likely not to the extent
identified in the eastern GOM. Significant differences
in growth exist between the eastern and western
GOM, with bonnetheads in the western GOM having
life histories more similar to the U.S. Atlantic than
to the eastern GOM. Generally, bonnetheads in the
western GOM grew slower, and reached larger average
asymptotic lengths than bonnetheads in the eastern
GOM; however, maximum age estimates were similar
between the two regions. While there were no low
latitude bonnetheads from the western GOM in this
study to compare to the eastern GOM, the asymptotic
average length of female bonnetheads in the recent
Cana-Hernandez et al. (2023) study was significantly
larger (L., =960) than bonnetheads from the eastern
GOM regardless of latitude (Table 4), indicating these
differences in growth between populations are likely
maintained across all latitudes.

There was no significant difference in brood size
by latitude in the eastern GOM, despite observed
differences in growth. It has been hypothesized that
maternal body size may limit fecundity (Holden
1973); however, it appears that bonnetheads are
equally productive at lower latitudes by producing
similar brood sizes, albeit with smaller lengths-at-
birth, compared to conspecifics at higher latitudes
(Parsons 1993b). Among sharks in the families
Carcharhinidae and Sphyrnidae, bonnetheads are

@ Springer

in a small group that have relatively large brood sizes
and small size at birth, in relation to body size (Cortés
2000). This strategy has tradeoffs, as mortality rates
likely increase with decreasing pup size (Branstetter
1990; Cortés 2000). It is important to note that
bonnetheads have a short, highly synchronized
reproductive cycle, with parturition thought to occur
over a discrete period (Parsons 1993a; Gonzales
de Acevado 2020; Frazier et al. 2014). In captivity,
Parsons (1993a) noted birth occurred over a period of
a few days. The exact timing and location of parturition
in the wild is less clear. In South Carolina, parturition
appears to occur in the second week of September
with no postpartum individuals observed the preceding
week and no pregnant bonnetheads captured after the
third week of September (Frazier et al. 2014; Gonzales
de Acevado et al. 2020); However, where parturition
occurs is unknown. It is possible that survival across
all latitudes is maximized through predator swamping
(e.g., Estes 1976; Ims 1990; Santos et al. 2016; Sweeney
and Vannote 1982), allowing bonnetheads at lower
latitudes to produce similar relatively large brood sizes
rather than smaller broods with larger pups, a strategy
seen in other coastal sharks, e.g. finetooth sharks and
blacknose sharks Carcharhinus acronotus Poey 1860
(Brown et al. 2020; Driggers et al. 2004). If parturition
is synchronous among bonnetheads in an area, survival
of pups may temporarily increase as predators can
only consume a limited number of neonates. Despite
being one of the more abundant sharks found in the
southeastern U.S. (Ulrich et al. 2007), little to nothing is
known regarding the location of parturition and habitats
used by neonate bonnetheads. While not in the bounds
of this study, future research should investigate the
timing and synchrony as well as location of parturition
and neonate habitat use for bonnetheads.

Length- and age-at-maturity were also significantly
different among regions, with bonnetheads in the
western GOM taking an average of 0.6 years longer and
170 mm greater FL to reach maturity than those in the
eastern GOM; however, brood size was significantly
smaller in the western GOM with an average of 1.2
fewer pups per brood. Driggers et al. (2020) found
significant differences in brood size between Atlantic
sharpnose sharks in the GOM, with western GOM
sharks having larger brood sizes than their eastern
GOM counterparts. These differences in brood sizes
were attributed to preferred prey availability, with
higher abundances of Atlantic croaker, Micropogonias
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undulatus Linnaeus 1766, in the western GOM.
Unfortunately, the majority of bonnethead broods from
the western GOM population were sampled east of
Mobile Bay, Alabama, geographically adjacent to the
eastern GOM population. The western most sampling
areas in this study (i.e., Texas) were only sampled in
spring and fall when pregnant bonnetheads were not
present. Future research should focus on sampling
pregnant bonnetheads off the coasts of Texas and
Mexico to further examine spatial variability in brood
sizes in the GOM.

Bonnethead movement ecology could explain
observed life history differences between regions. In
the Atlantic, Driggers et al. (2014) found bonnetheads
demonstrated inter and intra-annual site fidelity to two
specific estuaries in South Carolina, with seasonal
coastal migrations to warmer waters off of Florida.
In the eastern GOM (Heupel et al. 2006) and off of
Dauphin Island, AL (Kroetz et al. 2015), studies found
acoustically tagged bonnetheads displayed seasonal
site fidelity to the estuaries where they were tagged,
with little movements outside of the tagging area.
However, data were lacking for winter months as
acoustic receiver coverage was poor outside of study
areas, and receivers were removed during winter
months in the Heupel et al. (2006) study. Similarly,
capture data suggest eastern GOM bonnethead
migration may be limited as the species is found year-
round in Saint George Sound, FL (high latitude group,
Peterson and Grubbs 2023). If the western GOM
population undergoes a temperature driven migration
similar to the Atlantic population (>500 km) and
eastern GOM bonnetheads do not make an extensive
migration, this could explain observed life history
differences. Populations in the western GOM and
Atlantic may put more energy into somatic growth,
growing to larger sizes prior to maturity to provide the
energy stores needed for long migrations, while those
in the eastern GOM may put more energy towards
maximizing reproductive output as they do not need
to reserve energy for migration. While we are unaware
of species-specific data showing differences in size
between migratory and non-migratory populations
of elasmobranchs, in general, species that undergo
large migrations attain larger maximum sizes than
those with limited migrations (Speed et al. 2010). To
further investigate this concept, future research should
investigate movement ecology of bonnetheads in
both the eastern and western GOM.

Differential fishing mortality and clinal variation
linked to differences in water temperature (e.g.,
Parsons 1993b; Yamaguchi et al. 2000) often explain
life history differences within and between populations.
Water temperature, combined with food availability,
may explain the latitudinal variation in life history
characteristics of bonnetheads in the eastern GOM,;
however, there was no evidence of latitudinal variation
in the western GOM. Comparisons of growth between
bonnetheads captured at the same latitudes in the eastern
and western GOM (where water temperatures are
similar) were significantly different; therefore, observed
differences in life history cannot be explained by water
temperature alone. Walker (2007) found differences
in length-at-maturity of gummy sharks, Mustelus
antarticus Glinther 1870 that were attributed to length-
selective fishing mortality with fished populations having
a smaller length-at-maturity. Carlson and Baremore
(2003) found evidence for density-dependent growth
and maturity in Atlantic sharpnose sharks by sampling
GOM populations at two time periods 20 years apart,
with the later time period sample having smaller
average maximum length and length at maturity, and
faster growth rates. Differences were attributed to
a compensatory response to fishing mortality. The
observed trends in this study are not likely due to
density-dependent compensation. The primary source
of fishing mortality for bonnetheads in the GOM is
through bycatch in shrimp trawls. Effort in this fishery,
and consequently bonnethead mortality, is orders of
magnitude higher in the western GOM than in the
eastern GOM, and there are no major otter trawl gear
differences between the regions that would lead to
differential bycatch of bonnetheads (Scott-Denton et al.
2012). Therefore, observed life history differences are
unlikely to be due to differential fishing mortality and
density-dependent growth between regions.

The primary prey of bonnetheads throughout
their range is portunid crabs, specifically blue crabs,
Callinectes sapidus M.J. Rathburn 1896, (Cortés
et al. 1996; Lessa and Almeida 1998; Plumlee and
Wells 2016; Branham et al. 2022). Blue crabs are
known to have differing migration patterns between
the western and eastern GOM. In the western GOM,
blue crabs undergo limited movements (2-30 km),
with seasonal inshore/offshore spawning migrations
by females (More 1969; Perry 1975). In the Atlantic,
blue crabs have a similar limited migration pattern
to those in the western GOM, with little, to no
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movement outside of the estuary of tagging (Fischler
and Walburg 1962). Conversely, female blue crabs in
the eastern GOM display an alongshore migration,
making large (up to 800 km) migrations to spawn
in estuaries north of their tagging location, with
Apalachicola Bay serving as a primary spawning
area (Oesterling and Evink 1977; Steele 1991). Since
male blue crabs in the GOM are typically found in
brackish waters during summer months, juvenile and
mature female blue crabs likely represent a larger
component of bonnethead’s diet in the region. The
predictable abundance of the bonnethead’s primary
prey in the western GOM and Atlantic may give these
bonnetheads an energetic advantage over bonnetheads
in the eastern GOM which may face periods of low
abundance of large female blue crabs, resulting in
these sharks expending greater energy to find their
preferred prey. A study of bonnethead diet in the
GOM and Atlantic found the highest consumption
of seagrass occurred in the eastern GOM, almost
twice the relative importance of any other location
(Branham et al. 2022). It is possible that bonnetheads
in the eastern GOM spend more time and energy
to find and consume crabs (and other prey) hiding
in seagrass beds, thereby reducing energy stores
available for somatic growth. These differences in
migration patterns and/or seasonal crab abundance
could, in part, explain latitudinal differences in
growth in the eastern GOM first hypothesized by
Parsons (1993b), as well as life history differences
between the eastern GOM and western GOM and
Atlantic. Future research should focus on refining
diet studies to examine seasonal differences in diet
as well as sex and maturity of crabs to determine if
diet may explain observed differences in life history
characteristics.

The results of these life history analyses coupled
with concurrent and historic population genetic stud-
ies (A. Fields unpublished; Diaz-Jaimes et al. 2021)
provide strong support for three populations of bon-
netheads along the southeast U.S. coast: an Atlantic
population, (U.S. East Coast), an eastern GOM popu-
lation (Florida panhandle south to the Florida Keys),
and a western GOM population (Texas through Ala-
bama). Bonnetheads in the western GOM have slower
growth rates, larger maximum length, and larger size-
and higher age-at-sexual maturity as well as smaller
brood sizes compared to those in the eastern GOM.
This in turn may limit the reproductive potential of the
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western GOM population and increase the vulnerabil-
ity of the populations to fishing mortality. Given the
large bycatch of bonnetheads in the GOM shrimp trawl
fishery (assumed 100% mortality), the species may be
more susceptible to overfishing in the GOM than pre-
viously thought. Based on these life history differences
and regional differences in fisheries interactions, future
management and stock assessments should strongly
consider genetically based population groupings when
assessing the status of bonnetheads in U.S. waters of
the western North Atlantic Ocean.
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