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Abstract—Age underestimation 
of many shark species, such as 
the sandbar shark (Carcharhinus 
plumbeus), has been proven with 
age validation methods including 
bomb radiocarbon dating, oxytet-
racycline (OTC) injection, and tag-
recapture data. Validation studies 
indicate that band-pair deposition 
in vertebral centra may not be di-
rectly related to time, especially in 
older individuals of a species. In this 
study, vertebrae from tagged, OTC-
injected, and recaptured sandbar 
sharks were examined to determine 
if band-pair deposition past the OTC 
mark matched time at liberty. In 6 
of 8 OTC-injected sharks at liberty 
for >1 year, band-pair count past 
the OTC mark underestimated time 
at liberty by 24–58%. Additionally, 
growth rates derived from tag-re-
capture data were slower than those 
described by previously published 
vertebral band-pair growth curves 
but were similar to those predicted 
by previous bomb radiocarbon dating 
and OTC results from this study. To-
gether, the results from these stud-
ies indicate that modeling tag-re-
capture data may be more accurate 
for age determination in elasmo-
branchs given that band-pair counts 
on vertebral centra do not coincide 
with age throughout life. Analyses 
indicate that sandbar sharks may 
be less productive than previously 
understood.

Research has shown that the rate 
of vertebral band-pair deposition in 
elasmobranchs is variable and not 
necessarily related to time (Harry, 
2018; Natanson et al., 2018). At least 
30% of studies attempting to validate 
the periodicity of vertebral band-pair 
deposition in elasmobranchs in rela-
tion to age have shown that ages 
were underestimated (Harry, 2018). 
Results from the use of oxytetracy-
cline (OTC) injection, tag-recapture 
data, and bomb radiocarbon dating 
for validation indicate that band-
pair deposition in sharks can ap-
proximate time in certain life stages 
(e.g., Campana et al., 2002; Natan-
son et al., 2002; Francis et al., 2007; 
Andrews et al., 2011; Wells et al., 
2013; Hamady et al., 2014; Passerot-
ti et al., 2014; Natanson and Skom-
al, 2015; Kinney et al., 2016; Harry, 
2018). A change in band-pair deposi-
tion rate often occurs at the approach 
of maturity, indicating that band-
pair deposition rate changes with 
shifts in the growth rate associated 
with energetic demands required by 
a maturing fish. In some species, 
such as the Pacific angel (Squatina 

californica) and basking (Cetorhinus 
maximus) sharks, there is no appar-
ent link to time at any life stage (Na-
tanson and Cailliet, 1990; Natanson 
et al., 2008). Furthermore, examina-
tion of vertebral band-pair counts in 
relationship to vertebral and somatic 
growth in 7 elasmobranch species 
has revealed a relationship between 
body girth and band-pair deposition. 
This finding indicates that, although 
there may be a coincidental link to 
time in band-pair deposition, band-
pair deposition is more likely related 
to vertebral structure (Natanson et 
al., 2018). The results of all of these 
studies reemphasize the importance 
of direct validation of all sizes of a 
species (Beamish and McFarlane, 
1983). 

The sandbar shark (Carcharhinus 
plumbeus) is a common coastal car-
charhinid that is widely distributed 
in the world’s oceans (Ebert et al., 
2013). In the western North Atlantic 
Ocean, the sandbar shark is distrib-
uted from southern Massachusetts to 
Florida, into the Gulf of Mexico, and 
to southern Brazil (Castro, 2011). 
This shark has been the primary 
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target species of the bottom longline fishery for coastal 
sharks since the 1980s (NMFS, 1993). In 2007, amend-
ments to the Consolidated Atlantic Highly Migratory 
Species Fisheries Management Plan limited the take of 
the sandbar shark to a research fishery with the intent 
to collect life-history and catch data (NMFS, 2007). 
Since the implementation of this research fishery, col-
lected vertebral samples have been used for age and 
growth analysis for the stock assessment of this species 
(SEDAR, 2011, 2017). 

Discrepancies exist among the previously published 
age and growth studies on sandbar sharks, largely be-
cause of lack of validation of band-pair periodicity in 
the early vertebral studies (Casey et al., 1985; Casey 
and Natanson, 1992; Sminkey and Musick, 1995; An-
drews et al., 2011; Hale and Baremore, 2013; Romine 
et al., 2013). Both growth curves generated in models 
from tag-recapture data and results from bomb radio-
carbon analyses suggest slower growth and a longer 
lifespan than that estimated by using band-pair counts 
on vertebral centra (Casey and Natanson, 1992; An-
drews et al., 2011). Additionally, results from the bomb 
radiocarbon technique indicate that band-pair counts 
approximated annual deposition only until 10–12 years 
of age (Andrews et al., 2011). 

We report on a long-term field study undertaken by 
the National Marine Fisheries Service’s Cooperative 
Shark Tagging Program to validate the band-pair peri-
odicity of the sandbar shark in the western North At-
lantic Ocean. Results from recaptured sandbar sharks 
that were tagged and injected with OTC between 1985 
and 2017 are presented and compared with results 
from previous studies. We also updated the tag-re-
capture growth curve of sandbar sharks generated by 
Casey and Natanson (1992) to refine growth estimates.

Materials and methods

The Cooperative Shark Tagging Program tagged 39,405 
and recaptured 1603 sandbar sharks between 1962 and 
2017. Data recorded at tagging and recapture included 
size (fork length, total length, or weight), sex, location, 
and date; these data are referred to as tag-recapture 
data for the remainder of this paper. Sharks were 
tagged and recaptured by biologists, fisheries observ-
ers, and commercial and recreational fishermen in the 
United States. Sharks tagged for age validation stud-
ies were injected with a dose of OTC (25 mg per 1 kg 
of body weight), primarily by biologists on research 
vessels, and precisely measured before release. Only 
vertebrae from sharks with a reliably measured fork 
length (FL, from the tip of the snout to the fork in the 
tail, over the body) or total length (TL, from the tip 
of the snout to a point on the horizontal axis inter-
secting a perpendicular line extending downward from 
the tip of the upper caudal lobe to form a right angle, 
over the body; Kohler et al., 1996) at both tagging and 
recapture were used in this study. We determined the 
reliability of measurement data on the basis of prior 

knowledge of the individual measuring the shark or de-
tailed questioning of those individuals as to the method 
used. Measurements were converted to over-the-body 
FL, when necessary, by using the following equation 
(Kohler et al., 1996; n=3734; coefficient of determina-
tion [r2]=0.9933): 

	 FL = 0.8175(TL) + 2.5676.	 (1)

Processing of vertebrae

For each shark, multiple vertebrae were removed from 
the area just posterior to the branchial chamber wher-
ever possible; vertebrae were obtained closer to the 
head when sampling occurred onboard commercial ves-
sels. We acknowledge that vertebral centra from dif-
ferent parts of the vertebral column in carcharhinids 
have been shown to have varying band-pair counts 
associated with vertebral size (Natanson et al., 2018). 
Preliminary data show that, for sandbar sharks in the 
size range used in this study, band-pair count will be 
consistent along the vertebral column, allowing us to 
use vertebra from differing parts of the body (senior 
author, unpubl. data). All vertebrae processed for band-
pair counts were stored frozen or in 70% ethyl alcohol 
in the dark until processing. Individual vertebrae were 
sectioned laterally through the focus by using gross 
sectioning (Natanson et al., 2006).

Validation with oxytetracycline marking

The accuracy of vertebral band-pair counts for use as 
annual indicators of growth was determined by using 
individuals that were recaptured after they were in-
jected with OTC, tagged, and released. Between 1985 
and 2017, 7556 tagged sandbar sharks were injected 
with OTC, and data from 279 sharks (3.7%) were re-
turned by 2017. Vertebrae obtained from 12 of these re-
captured sandbar sharks were examined. Two pictures 
of each section, in the identical position, were taken 
by using 1) reflected white light for band-pair counts 
and 2) reflected long-wave UV light (366 nm) with the 
exposure increased to 20 s to obtain images of the OTC 
mark. Images were taken with a Nikon DSR121 digi-
tal camera (Nikon Corp., Tokyo, Japan) attached to a 
Nikon SMZ1500 stereo microscope (Nikon Instruments, 
Inc., Melville, NY). Magnification varied with the size 
of the section, and a scale was included in each photo.

Band pairs (consisting of one opaque and one trans-
lucent band; Casey et al., 1985) were counted and 
marked independently by 2 experienced age readers 
using image editing software (Adobe Photoshop Ele-
ments 6, Adobe, Inc., San Jose, CA). Each band pair 
was marked on an individual layer in Adobe Photoshop 
by the readers following Natanson et al. (2018), and 
each layer was considered a count. Once the readers 

1	Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA.
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agreed on a final count, a layer with the OTC mark 
was superimposed on the consensus layer. The trans-
parency of the OTC layer was decreased until the 
marks on the consensus layer were visible. 

Growth analysis with tag-recapture data

Data from only those sharks at liberty for >1 year and 
with a reliably measured body length at both tagging 
and recapture were used in growth curve analysis 
(n=149). Parameters for the von Bertalanffy growth 
function from the tag-recapture data were generated 
by using both the Gulland and Holt (1959) and GRO-
TAG (Francis, 1988) models in R, vers. 3.5.1 (R Core 
Team, 2018). 

The Francis (1988) method (GROTAG) uses maxi-
mum likelihood techniques to estimate growth param-
eters and variability from tagging data. A coefficient 
of variation of growth variability (v), the mean and 
standard deviation of measurement errors (s=standard 
deviation of measurement error), and outlier contami-
nation (p) are estimated as well as growth rates at 2 
user-selected lengths (α and β). The reference lengths, 
α and β, were chosen to lie within the range of tagged 
individuals. The form of the von Bertalanffy equation 
becomes
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where	 L1	=	the length at tagging;
	 ∆L	=	the increment in length;
	 ∆T	=	the increment in time; 

	 gα	=	the mean annual growth rate at arbitrary 
length α; and

	 gβ	=	the mean annual growth rate at the arbi-
trary length β.

Mean annual growth rates for the GROTAG model 
were estimated at 60 and 160 cm FL to represent the 
size ranges of the sandbar shark. The simplest model, 
a linear fit with minimal parameters (α and s), was 
used initially, with additional parameters added to 
successively increase model complexity. Significant im-
provement in the model results was achieved by using 
log-likelihood ratio tests (Francis, 1988). The model 
searches for the set of parameters that maximize the 
log-likelihood ratio (λ). The introduction of additional 
parameters must increase λ  by 1.92 to be significant 
(P<0.05) (Francis, 1988). 

The value of the theoretical age at which a fish 
would have zero length (t0) cannot be estimated from 
tagging data alone; rather, it requires an estimate of 
absolute size at age, such as size at birth. We calcu-
lated t0 with the von Bertalanffy growth function (von 
Bertalanffy, 1939) by using the following equation:

	 t0 = t + (1/k)[ln{(L∞ − Lt)/L∞}],	 (3)

where	 Lt	=	 known length at age (size at birth);
	 L∞	=	 mean asymptotic fork length; 
	 t	=	 age; and
	 k	=	 a growth constant (per year).

The t0 values were calculated on the basis of an aver-
age size at birth of 47.7 cm FL (Casey et al., 1985) 
with t=0. Values for L∞  and k were calculated in the 
tag-recapture models.

Table 1

Tag-recapture data and vertebral band-pair counts for 12 recaptured sandbar sharks (Carcharhinus plumbeus) injected with 
oxytetracycline (OTC) and tagged between 1983 and 2009 in the western North Atlantic Ocean. The relationship between 
years at liberty (YAL) and counts of vertebral band pairs (BP) is included (BP–YAL). An asterisk (*) indicates an estimated 
length. The last 4 sharks were either at liberty for less than 1 year or had no visible OTC mark and were not included in 
analysis. TFL=fork length at tagging; RFL=fork length at recapture; VR=vertebral radius; M=mature; and UNK=unknown 
sex.

									         No. of				    Underestimation 
Specimen		  TFL	 RFL	 Date	 Date		  Growth	 BPs past	 Total no. 			   between BP 
ID code	 Sex	 (cm)	  (cm)	 tagged	 recaptured	 YAL	  (cm)	 OTC mark	 of BPs	 BP–YAL	 Maturity	 and YAL (%)

CM1025	 F	 119	 159	 5/16/2001	 6/28/2017	 16.12	 40	 7.0	 14.0	 −9.12	 M	 56.58
CM1029	 F	 136	 156	 11/14/2000	 5/26/2010	 9.53	 20	 4.0	 14.0	 −5.53	 UNK	 58.03
CM1024	 M	 129	 154	 5/2/2009	 5/29/2017	 8.10	 25	 4.0	 13.0	 −4.1	 M	 50.62
CM945	 F	 68	 150	 10/25/1996	 8/8/2002	 11.77	 82	 9.0	 11.0	 −2.77	 UNK	 23.53
CM1026	 F	 114	 132	 8/6/1986	 7/29/1993	 6.98	 18	 5.0	 13.0	 −1.98	 UNK	 28.37
CM867	 M	 115	 134	 5/19/1989	 2/22/1993	 3.76	 19	 2.5	 10.0	 −1.26	 UNK	 33.51
CM1031	 M	 56	 156	 9/21/1998	 6/4/2014	 15.70	 100	 15.5	 16.0	 −0.20	 M	
CM1027	 F	 85	 147	 8/3/1996	 7/27/2006	 9.98	 62	 10.0	 13.0	 0.02	 UNK	
CM751	 M	 56	 59	 7/31/1983	 9/7/1983	 0.10	 3	 <1				  
CM932	 F	 150	 153	 11/14/2000	 3/1/2001	 0.29	 3	 <1				  
CM1028	 F	 160	 165*	 4/22/2009	 8/25/2010	 1.34	 5	 No OTC				  
CM1030	 M	 130*	 153	 5/4/2009	 6/6/2011	 2.01	 23	 No OTC				  
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To directly compare validated age estimates at re-
capture for OTC-injected sharks to the age estimates 
at size obtained from the tag-recapture models, age at 
tagging had to be assigned to each individual. Band-
pair counts proximal to the OTC mark were used to 
assign age at tagging. Because counts of band pairs in 
sandbar sharks have been validated as annual up to 
10–12 years (Branstetter, 1987; Andrews et al., 2011), 

if the band-pair count proximal to the OTC mark was 
less than 12, an age at tagging could be assigned. Age 
at recapture then was estimated by adding time at lib-
erty after tagging to count of band pairs proximal to 
the OTC mark. For example, a shark (CM1029) had 10 
band pairs before the OTC mark and was at liberty for 
9.5 years, resulting in age estimates of 10.0 years at 
tagging and 19.5 years at recapture. Then, estimates 
of age at recapture, along with the sizes at recapture, 
were compared with growth curves from the GROTAG 
model from this study and vertebral and tag-recapture 
models from previous studies (Casey et al., 1985; Casey 
and Natanson, 1992). Numbers of band pairs past the 
OTC mark were plotted against time at liberty along 
with a 1:1 line to determine whether band-pair counts 
were annual after the OTC mark.

Results

Validation with oxytetracycline marking

Times at liberty for 12 recaptured sharks that were 
injected with OTC ranged from 0.1 to 16.1 years. Ver-
tebrae from 10 of these specimens had a distinct OTC 
mark; 2 had no visible mark. Eight of these 10 re-
captured sharks were at liberty for >1 year (3.8–16.1 
years) and were used for validation analyses (Table 
1). The remaining 2 specimens were at liberty for 0.1 
and 0.3 years (38–107 d), indicating that OTC was 
incorporated into the vertebra shortly after injection 
but growth distal to the mark was minimal. The size 
of specimens from which vertebrae were used ranged 
from 56 to 136 cm FL at tagging (Table 1). One shark 
(CM1031) was tagged as a young of the year; there-
fore, it also was considered to have a known age at tag-
ging (56 cm FL). Assigning a date of birth of 1 May to 
this sandbar shark (Baremore and Hale, 2012) meant 
it was ~4 months old at tagging, and adding those 4 
months to this shark’s 15.7 years at liberty resulted in 
an estimate of 16.1 years for its age at recapture. Data 
from another known young-of-the-year shark (CM751) 
indicate that OTC was incorporated within a month; 
therefore, the OTC mark in this animal was very close 
to the first clear band pair, possibly confirming Brans-
tetter’s (1987) estimate that the first band pair is de-
posited at 6 months of age (Fig. 1).

Band-pair count past the OTC mark underestimated 
time at liberty from 23.5% to 58.0% in 6 of the 8 recap-
tured sandbar sharks and validated annual deposition 
in the remaining 2 individuals at liberty for >1 year 
(Table 1, Fig. 2). Underestimation of age from the use 
of band-pair count past the OTC mark varied between 
1.3 and 9.1 years. Although data are limited, age un-
derestimation from the use of band-pair counts does 
not appear related to sex because band-pair counts un-
derestimated ages for individuals of both sexes.

Sandbar sharks that were smaller at tagging (<100 
cm FL) showed less deviation between band-pair count 
and time at liberty. Annual band-pair deposition past 

Figure 1
Images of sections of vertebral centra from 2 sandbar 
sharks (Carcharhinus plumbeus) injected with oxy-
tetracycline (OTC) and tagged in the western North 
Atlantic Ocean in 1998 and 1996, respectively: (A) 
CM1031, which measured 156 cm in fork length (FL) at 
recapture in 2014, and (B) CM1027, which was 147 cm 
FL at recapture in 2006. The black line indicates the 
location of the OTC mark, and the black dots indicate 
the band pairs visible past the OTC mark.

A

B
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the OTC mark was seen in 2 of the 3 smallest sharks 
(CM1031 and CM1027), and the age of the third shark 
(CM945) was underestimated by 23.5% (Table 1). Con-
versely, the degree of underestimation was greater 
for sharks that were larger (≥129 cm FL) at tagging 
(CM1025, CM1029, and CM1024). On the basis of bomb 
radiocarbon validation (Andrews 2011), we would ex-
pect annual periodicity to be approximately 12 years; 
the amount of time at liberty past 12 years would de-
termine the amount of age underestimation. Therefore, 
a lower amount of age underestimation is expected be-
cause of the limited time of growth beyond 12 years 
in 2 sharks (CM1031 and CM1027), which were small 
at tagging compared with the sharks at liberty for 
the same period of time but tagged at a larger size 
(CM1025 and CM 1029). For example, for 1 of these 
small sharks (CM1027), 13 total band pairs were 
counted and validated as annual, but for 2 of the large 
sharks (CM1025 and CM1029) counts of 14 band pairs 
underestimated times at liberty by 9.1 and 5.5 years, 
respectively (Table 1). 

Growth analysis with tag-recapture data

Tag-recapture data for 149 sandbar sharks were used 
in the Gulland and Holt (1959) and GROTAG (Fran-
cis, 1988) models for growth analysis. Time at liber-
ty ranged from 1.0 to 25.0 years, and size at tagging 
ranged from 48.0 to 172.8 cm FL (Suppl. Table). Tag-
ging was conducted in all months except December, 
with most tags deployed from May through August 
(n=101). These sharks were recaptured in all months 
of the year, with the most sharks taken in June, July, 

and August (n=22 each) and the lowest num-
bers of sharks taken in September, November, 
and December (n=5, 4, 2, respectively). The 
results of the log-likelihood ratio tests using 
the GROTAG model (Francis, 1988) indicate 
that the more complex nonlinear model with 
all 6 of the parameters included was the best 
fit for these data (see estimates for Model 4 
in Table 2). The mean annual growth rates 
were calculated at 60 cm FL (10.65 cm/year) 
and 160 cm FL (1.67 cm/year; Table 2). The fits 
failed for Models 1 and 5 (Table 2). We com-
pared results for parameters of the von Ber-
talanffy growth function: estimates of L∞ were 
higher and estimates of k were lower from the 
Gulland and Holt (1959) model than from the 
GROTAG model (Francis, 1988). In addition, 
although the growth curves from these 2 mod-
els look similar up to approximately age 20, 
the Gulland and Holt (1965) model produces 
a curve with slightly higher length-at-age es-
timates past this age (Table 3, Fig. 2). The 
ages validated with bomb radiocarbon dating 
for sharks in Andrews et al. (2011) and the 
known ages for OTC-injected sharks in this 
study follow the updated growth curves based 
on current tag-recapture data, rather than the 

growth curve based on previously published vertebral 
band-pair count data (Fig. 3).

Discussion

In view of current knowledge that using vertebral cen-
tra age estimates in larger sharks is not correct (Harry, 
2018; Natanson et al., 2018), it is clear that growth 
models when used with extensive tag-recapture data 
can provide more accurate age estimates. As shown in 
this study, sharks with validated ages, such as those 
from OTC marking in this study and bomb radiocar-
bon dating (Andrews et al., 2011), are more closely 
aligned with tag-recapture-based growth curves than 
growth curves derived from vertebral band-pair counts. 
Sharks with validated ages started to deviate from the 
growth curves based on vertebral band-pair counts and 
followed the growth curves based on tag-recapture data 
by 12–16 years, indicating that, by this range of ages, 
variation among individual sharks in rate of band-pair 
deposition was possibly related to growth rate during 
the maturation process (Fig. 3). 

Determination of age in elasmobranchs from band-
pair counts on vertebral centra has relied on the ca-
veat that each band pair represents a year. However, 
in 75% of the vertebrae from specimens in this study, 
it has been shown that the band pairs are not annual 
throughout life; band-pair counts underestimate age in 
these specimens. The 2 sharks that exhibited annual 
band-pair deposition were both tagged at smaller sizes; 
on the sample from the smallest individual, the OTC 
mark was seen just past the birth band, but, on the 

Figure 2
Relationship of time at liberty to count of vertebral band pairs 
past the mark from oxytetracycline (OTC) injection for the 8 
recaptured sandbar sharks (Carcharhinus plumbeus) used in 
growth analysis for this study. These sharks were tagged from 
1986 through 2009 in the western North Atlantic Ocean. The 
dashed line indicates the 1:1 relationship.
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larger individual, the OTC mark was at the third band 
pair past the birth band (Fig. 1). The smaller of these 
2 sharks (CM1031) was at liberty for 15.7 years, recap-
tured at a size of 156 cm FL, and classified as mature. 
The larger shark (CM1027), however, was recaptured 
at a size of 147 cm FL after 10 years at liberty and, 
on the basis of size, likely immature (estimated size at 
50% maturity was 154.9 and 151.6 cm FL for females 
and males, respectively; Baremore and Hale, 2012). 
These 2 sharks had total band-pair counts of 16 and 
13, which are just over the number of band pairs at 
which Andrews et al. (2011) detected a shift from an-
nual to non-annual band-pair deposition (10–12 years). 

Size at both tagging and recapture appears to influ-
ence the amount of age underestimation in our OTC 
specimens. The percentage of time underestimated by 
band-pair counts (23.5–58.0%) increased in relation 
to size at recapture and secondarily decreased with 
size at tagging, findings that are consistent with the 
conclusion that larger sharks (approaching maturity) 
have slower growth and deposit fewer band pairs than 
smaller sharks (young of the year and juveniles). For 
example, 2 sharks (CM1027 and CM1029) at liberty for 
approximately the same time but tagged at different 
sizes and, therefore, at different ages, had different 
outcomes regarding degree of age underestimation. In 
examined vertebral sections of the smaller of these 2 
sharks (CM1027), 3 band pairs were visible before the 
OTC mark and deposition of band pairs before and af-
ter the OTC mark was annual. This individual’s total 
age at recapture was 13.0 years, close to the age up 

to which band-pair deposition has been validated as 
annual for the sandbar shark (12 years; Andrews et 
al., 2011). In contrast, the other shark (CM1029) was 
tagged at a larger size and at an estimated age of 10.0 
years, based on band-pair count before the OTC mark. 
The estimated total age for this shark was 19.5 years 
at recapture (10 band pairs + 9.5 years at liberty), past 
the validated ages for annual deposition (10–12 years). 
Band-pair deposition in this individual had slowed; 
therefore, its age was underestimated. 

Casey et al. (1985) aged the sandbar shark using 
vertebral band-pair counts and tag-recapture data. 
Their data indicated slower growth rates from us-
ing tag-recapture data than from counting vertebral 
band pairs, leading them to suggest that ages based 
on vertebral band-pair counts underestimate true age. 
These findings were reinforced by the results of Casey 
and Natanson (1992) and Andrews et al. (2011), who 
used tag-recapture data and bomb radiocarbon dating, 
respectively. At the time of these earlier studies, the 
use of vertebral data was considered more robust than 
other methods, and age estimations based on vertebral 
band-pair counts were generally accepted over results 
from other methods of age determination. In particular, 
the older ages at maturity and longevity estimated by 
using models with tag-recapture data were not consid-
ered reliable partly as a result of the low L∞ (often 
estimated by using this method because of a lack of 
large sharks reliably measured at tagging and recap-
ture), which is highly linked to the k value (von Ber-
talanffy, 1938).

Table 2

Log-likelihood ratio values and estimates of von Bertalanffy growth function param-
eters for 5 versions of the GROTAG model (Francis, 1988) fitted to tagging data for 149 
sandbar sharks tagged between 1965 and 2013 in the western North Atlantic Ocean. 
The mean annual growth rates were calculated at 60 cm FL and 160 cm FL, and 
standard errors of the mean (SEs) are given. For each version of the model, a param-
eter was added. For a significant (P<0.05) improvement in fit, the introduction of one 
extra parameter must increase the log-likelihood function (λ) by at least 1.92 (Fran-
cis, 1988). An asterisk (*) indicates fixed parameters. There are no data for models 1 
and 5 because of failed fits. AIC=Akaike information criterion; s=standard deviation 
of measurement error; m=mean measurement error; p=a contamination probability.

Model

Parameter	 Symbol (unit)	 1	 2	 3	 4	 5

Log likelihood	 l		  −550.3	 −541.1	 −539.1	
	 AIC		  1108.6	 1092.2	 1094.1	
Mean growth rates	 G60 (cm/y)		  14.17	 11.00	 10.65	
	 SE				    0.86	
	 G160 (cm/y)		  1.67	 1.67	 1.67	
	 SE				    0.48	
Growth variability	 v	 0*	 0.098	 0.166	 0.149	 0*
Measurement error	 s (cm)		  9.260	 8.167	 7.647	
	 m (cm)	 0*	 0*	 5.164	 5.288	 0*
Outliers	 p	 0*	 0*	 0*	 0.022	
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Modeling of tag-recapture data is provided as an 
alternate method of age determination. The growth 
curves derived from modeling tag-recapture data are 
verified by the close relationship of the estimated ages 
of OTC-marked individuals to the ages estimated for 
similarly sized fish by the tag-recapture growth curves. 
Both of the tag-recapture-derived models in this study 
output similar growth estimates to age 20 and pre-
dict higher k values than growth estimates derived by 
Casey and Natanson (1992), but tag-recapture models 

from both studies underestimate L∞ (maximum 
observed size: 251 cm FL; NMFS2). We applied 
the size at 50% maturity calculated by Bare-
more and Hale (2012), 154.9 and 151.6 cm FL 
for females and males, respectively, to the pa-
rameters we calculated by using the GROTAG 
(Francis, 1988) and Gulland and Holt (1959) 
models: results indicate that female and male 
sandbar sharks reach 50% maturity at an age 
of approximately 18 and 17 years, respectively. 
These estimates of age at 50% maturity are 
higher than those predicted by counting ver-
tebral band pairs (12 and 13 years for females 
and males, respectively; Casey et al., 1985) 
and lower than that predicted by using the 
previous tag-recapture data (nearly 30 years; 
Casey and Natanson, 1992). 

Our findings corroborate those of other 
studies on sandbar sharks (Casey et al., 1985; 
Casey and Natanson, 1992; Andrews et al., 
2011) as well as on a multitude of other shark 
and ray species (Harry, 2018) and support the 
use of modeling with tag-recapture data as an alter-
native method of age determination. These results 
reinforce the notion that band-pair deposition 
may misrepresent the age of individuals, pos-
sibly affecting management of the sandbar 
shark because underestimation of age leads to 
underestimation of reproductive potential and 
overestimation of yield. 
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Figure 3
The von Bertalanffy growth curves generated in this study com-
pared with previously published curves for the sandbar shark 
(Carcharhinus plumbeus). Estimated ages at recapture of oxy-
tetracycline-injected sharks are included. The open triangles in-
dicate ages validated with bomb radiocarbon dating for 4 speci-
mens from Andrews et al. (2011). The open square and circle 
indicate the known ages used in this study for sandbar sharks 
tagged in 1996 (CM1027) and 1998 (CM 1031) in the western 
North Atlantic Ocean. The single asterisk (*) indicates a growth 
curve based on vertebral band-pair counts, and the double as-
terisks (**) indicate growth curves based on the use of tag-re-
capture data.
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Table 3

The von Bertalanffy growth function parameters calculated by using tag-recapture data in models for 
sandbar sharks (Carcharhinus plumbeus) tagged and recaptured in the western North Atlantic Ocean: 
mean asymptotic fork length (L∞), growth constant (k), and theoretical age at a length of zero (t0).

Study	 Model	 L∞	 k	 t0	 n

This study	 Gulland and Holt (1959) 	 188.4	 0.079	 −3.678	 149
This study	 GROTAG (Francis, 1988)	 178.6	 0.094	 −3.300	 149
Casey and Natanson (1992) 	 Fabens (1965)	 186.0	 0.046	 −6.450	 33
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