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Abstract—We describe the length-
at-age relationship of cobia (Rachy-
centron canadum) with the use of
3 nonlinear models, and examine
both the movement patterns of co-
bia in the Gulf of Mexico and South
Atlantic Ocean and the instanta-
neous total mortality rate (Z, per
year) from tag-recovery models with
data from the Sport Fish Tag and
Release Program of the University
of Southern Mississippi Gulf Coast
Research Laboratory. The estimated
mean asymptotic length (L.,) in this
study (1172 mm in fork length [95%
confidence interval (CI): 1151-1192])
was in the range of values reported
for this species in the Gulf of Mexico
and Atlantic Ocean, and the annual
growth coefficient (k: 0.57 [95% CI:
0.52—-0.61]) was greater than that
reported for cobia elsewhere. Move-
ments were reported between the
Gulf of Mexico and the South At-
lantic Ocean and a statistically sig-
nificant seasonal trend in recaptures
was observed, both of which suggest
that cobia inhabit the Florida Keys
during the winter and the northcen-
tral Gulf of Mexico during the sum-
mer. The most supported tag-recov-
ery model included time-invariant
survivorship and time-dependent re-
covery probability and the estimated
Z was 0.59/year (95% CI: 0.55-0.63).
This study provides a summary of a
long-term cobia tagging program and
information for future management
of this species.
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The cobia (Rachycentron canadum)
is a globally distributed, coastal pe-
lagic species that supports both rec-
reational and commercial fisheries in
the Gulf of Mexico and U.S. Atlantic
Ocean. Although cobia landings are
primarily recreational (>80% of total
annual landings 1990 to 2011; SE-
DAR?), cobia are also harvested com-
mercially and caught incidentally as
bycatch in shrimp fisheries. Cobia is
currently managed and assessed as
separate Gulf of Mexico and South
Atlantic Ocean stocks, and harvest is
regulated by an 84 cm (33 in) mini-
mum fork length (FL) limit and a
daily bag limit of 2 fish per angler.
Since 2012, quotas have also been
used to set annual harvest limits.
Despite the historic and continued
recreational and commercial harvest
of cobia, very few assessments have

1 SEDAR (Southeast Data Assessment
and Review). 2013. SEDAR 28—Gulf
of Mexico cobia stock assessment report,
616 p. SEDAR, North Charleston, SC.
[Available from website.]

been conducted to determine the sta-
tus of the Gulf of Mexico and South
Atlantic Ocean stocks. The Gulf of
Mexico stock was previously assessed
in 1996 (Thompson?) by using virtual
population analysis and in 2001 by
using a surplus production model
(Williams, 2001). The South Atlantic
Ocean stock was previously assessed
in 1994 and 1995 by using virtual
population analysis (Thompson3:4).

2 Thompson, N. B. 1996. An assessment
of cobia in southeast U.S. waters. Natl.
Mar. Fish. Serv., Southeast Fish. Sci.
Cent., Miami Lab. Contrib. No. MIA-
95/96-28, 16 p. [Available from web-
site.]

Thompson, N. B. 1994. An assessment
of cobia in southeast U.S. waters. Natl.
Mar. Fish. Serv., Southeast Fish. Sci.
Cent., Miami Lab. Contrib. No. MIA-
93/94-38, 17 p. [Available from web-
site.]

Thompson, N. B. 1995. An assess-
ment of cobia in southeast U.S. waters.
Natl. Mar. Fish. Serv., Southeast Fish.
Sci. Cent., Miami Lab. Contrib. No.
MIA-94/95-31, 25 p. [Available from
website.]
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The species has only recently been assessed under the
Southeast Data, Assessment, and Review (SEDAR) pro-
cess (SEDAR!) and the most recent SEDAR assessment
involved a separate assessment of the Gulf of Mexico
and South Atlantic Ocean stocks.

In the most recent SEDAR assessments, several in-
formation gaps were identified which limited the deter-
mination of the status of both the Gulf of Mexico and
South Atlantic Ocean cobia stocks. Specifically, there
was an insufficient amount of information available
to accurately determine stock boundaries, and further
descriptions of life-history characteristics and popula-
tion dynamics were needed. Towards this end, we used
information from the Sport Fish Tag and Release Pro-
gram of the University of Southern Mississippi Gulf
Coast Research Laboratory (Hendon and Franks®) to
investigate the growth, movement, and mortality of
cobia in the Gulf of Mexico and South Atlantic Ocean
in order to fill critical information gaps regarding life-
history and population dynamics for this species, as
well as to corroborate existing life-history descriptions
by using an alternative source of information. We focus
on the stocks of the Gulf of Mexico and South Atlantic
Ocean, given that stocks of these areas were the focus
of a cooperative tagging program.

Cooperative tagging programs can provide valu-
able information at the individual and population lev-
els and on the fishery dynamics of recreationally and
commercially harvested species (Wood and Cadrin,
2013). Cooperative tagging programs have been imple-
mented for several groups of marine fishes, such as
dolphinfish, sailfish, marlin, and sharks, and informa-
tion from these programs has provided invaluable and
previously unreported information on the movement
and biology of these taxa (Jones and Prince, 1998;
Kohler et al., 1998; Ortiz et al., 2003). For example,
cooperative tagging programs have been used to esti-
mate mortality (Pine et al., 2003; Wood and Cadrin,
2013), describe individual growth dynamics (Simpfen-
dorfer, 2000; Dippold et al., 2016), and show move-
ment patterns (Hendon et al., 2002; Queiroz et al.,
2005; Hussey et al., 2009). In this study we used simi-
lar methods with a 27-year cooperative tagging data
set (Hendon and Franks®). Although other cobia tag-
ging programs exist in the Gulf of Mexico and South
Atlantic Ocean (Shaffer and Nakamura, 1989; Burns
and Neidigb; Wiggers’; Orbesen?®), to our knowledge

5 Hendon, J. R. and J. S. Franks. 2010. Sport fish tag
and release in Mississippi coastal waters and the adjacent
Gulf of Mexico. Gulf Coast Res. Lab. Tech. Rep. F-132, 34
p- [Available from Gulf Coast Research Laboratory, 703
East Beach Dr., Ocean Springs, MS 39564.]

6 Burns, K. M., and C. L. Neidig. 1992. Cobia (Rachycen-
tron canadum) amberjack (Seriola drumerili) and dolphin
(Corypheana hippurus) migration and life history study off
the southwest coast of Florida. Mote Mar. Lab. Tech. Rep.
267, 58 p. [Available from website.]

7 Wiggers, R. K.  2010. South Carolina marine game fish
tagging program 1978-2009. South Carolina Dep. Nat. Re-
sour., Charleston, SC. [Available from website.]

8 Orbesen, E. 2012. Constituent based tagging of cobia in

the Sport Fish Tag and Release Program is the most
comprehensive.

Individual growth has previously been described in
cobia by using otolith- and scale- derived age estimates,
and annuli formation has been validated by using mar-
ginal increment analysis (Richards, 1967; Thompson et
al.?; Smith, 1995; Franks et al., 1999). However, the
use of marginal increment analysis as a method for
age validation can be problematic because of the diffi-
culty in interpreting the otolith margin and because of
the need to validate annuli formation across the entire
lifespan of a species (Campana, 2001). Age corrobora-
tion, or the estimation of growth parameters with al-
ternative methods, is used to increase confidence in
growth model parameter estimates (Campana, 2001).
Specifically, tag-recapture information for estimating
growth parameters has been used as an alternative
method for describing the length-at-age relationship in
several marine species (Natanson et al., 1999; Dippold
et al., 2016). No age corroboration method has been
evaluated for cobia, and because cobia are assessed by
using a statistical catch-at-age model (SEDARY), ac-
curate descriptions of length-at-age are needed to es-
timate age-specific vital rates such as instantaneous
fishing-induced [also termed “fishing mortality] and
natural mortality. In this study, we use a suite of non-
linear length-at-age models to analyze tag-recapture
data in order to corroborate existing estimates of the
length-at-age relationship of cobia.

In addition to describing the length-at-age relation-
ship, information from tagging programs can be used
to describe general and seasonal movement and dis-
tribution patterns and to determine stock boundaries
(Wood and Cadrin, 2013; Kneebone et al., 2014). The
results of small-scale cooperative tagging of cobia have
suggested that some individuals migrate long distances
and indicate seasonal movement patterns (Shaffer and
Nakamura, 1989; Burns and Neidigb; Wiggers?; Orbe-
sen8). However, in these studies, either relatively few
individuals were tagged, only a small portion of tagged
individuals was recaptured, the study occurred over a
small sampling period, or long-distance movement was
reported for only a few individuals. The determination
of cobia stock boundaries is critical given the reported
movements of this species between ocean basins. Ge-
netic analysis to determine cobia stock discrimination
has been evaluated for the Atlantic Ocean but has
not been evaluated for the Gulf of Mexico (Darden et
al., 2014). Because of the lack of resolution regarding
seasonal movement patterns and the degree of mixing
between the Gulf of Mexico and Atlantic Ocean cobia
populations from both tagging and genetic studies, the
current stock boundary between the Gulf of Mexico and

the Atlantic and Gulf of Mexico waters. Southeast Data
Assessment and Review SEDAR28-DW13, 10 p. [Available
from website.]

9 Thompson, B. A., C. A. Wilson, J. H. Render, and M. Beasley.
1992. Age, growth, and reproductive biology of greater am-
berjack and cobia from Louisiana waters, 55 p. Louisiana
State University, Baton Rouge, LA.
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Atlantic Ocean cobia stocks needs to be more accurate-
ly defined (SEDAR!) to aid future assessments.

Estimates of mortality from tagging programs can
improve stock assessment efforts by providing an al-
ternative estimate of natural, fishing, or total mortal-
ity independent of the stock assessment model (Wood
and Cadrin, 2013; Kerns et al., 2015). Several types of
tag-recapture methods exist (Pine et al., 2003), and for
cooperative tagging programs, tag-recovery models are
used to estimate survivorship and the probability of
tag recovery (Brownie et al., 1985). Tag-recovery meth-
ods for estimating mortality have been used for yel-
lowtail flounder (Limanda ferruginea) in New England
(Wood and Cadrin, 2013), walleye (Sander vitreus) in
Lake Erie (Vandergoot and Brenden, 2014) and paddle-
fish (Polyodon spathula) in a South Dakota lake (Pierce
et al., 2015). Estimates of mortality derived from tag-
recapture data can be used to corroborate estimates de-
rived with age-structured models or life-history—based
approaches (Then et al., 2015).

The goals for this study were to use data from a
27-year cooperative tagging program to describe the
growth, mortality, and movement of cobia in the Gulf
of Mexico and South Atlantic Ocean. Specifically, we 1)
describe the length-at-age relationship of cobia using
a suite of nonlinear length-at-age models fitted to the
tag-recapture data, 2) report cobia movement between
the Gulf of Mexico and South Atlantic Ocean, 3) de-
scribe the spatial and seasonal distribution of cobia in
the Gulf of Mexico, and 4) estimate annual instanta-
neous total mortality (Z), using a suite of tag-recovery
models. The results of this study will help fill existing
information gaps and provide critical information to
support the sustainable management of cobia in the
Gulf of Mexico and South Atlantic Ocean.

Materials and methods
Tagging and recapture

The Sport Fish Tag and Release Program (Hendon
and Franks®) began in 1988 as a cooperative tagging
program during which volunteer recreational anglers
tagged cobia with 10-cm plastic-tipped dart tags (Hall-
print Pty. Ltd. 19, Hindmarsh Valley, Australia). An-
glers participating in the program received tagging
kits containing tags with unique numerical identifiers,
data reporting cards, a tag applicator, and a booklet
containing tagging instructions. Tagging guidelines
provided with the tagging kit instructed anglers on
the proper tag-release procedures to enhance tag re-
tention and ensure safe handling of tagged fish before
release. At the time of tagging, volunteer anglers re-
corded information on the approximate tagging loca-
tion, date, the length of the fish (typically measured

10Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.

as FL in inches), and a qualitative description of fish
condition at time of release. Anglers then mailed the
tag-reporting card to the Gulf Coast Research Labora-
tory where the tagging data were recorded and entered
into an electronic tag-recapture database. If a fish was
recaptured, anglers were asked to report their catch by
email, mail, or phone to the Gulf Coast Research Labo-
ratory and provide information on the date of capture,
location of catch, length-at-recapture, and whether the
fish was retained or released, and if released, to pro-
vide a qualitative report on its condition.

The cooperative tagging program was advertised
broadly and frequently. Posters describing the program
were distributed to bait and tackle shops, boat launch-
es, fishing tournaments, and sporting goods stores. The
program was also occasionally reported in the media
through newspaper articles, local television interviews,
and regional fishing magazines. No financial incentives
were offered during the program duration, but anglers
who tagged numerous cobia in a given year were given
informal recognition in the media and regional fishing
magazines. Often, anglers who recaptured a tagged co-
bia became interested in obtaining a cobia tagging kit.

Growth

To describe the length-at-age relationship, 3 nonlinear
length-at-age models were fitted to the cobia tag-recap-
ture informatiion. Multimodel approaches for describ-
ing growth can help reduce model misspecification and
can help identify the most appropriate length-at-age
model to use for a particular species (Katsanevakis,
2006). Each of the 3 models used were reparameter-
ized versions of commonly used length-at-age models,
reformulated to fit the observed change in length in-
formation over the time that tagged fish were at large.
Before model fittings, if a length-at-tagging or recap-
ture was reported as total length (TL), it was converted
to FL by using a TL-to-FL linear model conversion. The
first model used was the Fabens (1965) von Bertalanffy
growth function (VBGF). The Fabens model is

AL=(L_,—-L,)1-e™"), (D
where Lm = the mean asymptotic length (millimeters in
FL); and

k = the growth coefficient (per year).

The observed data used in the model are AL, the
change in length (millimeters in FL), and A¢, the time
between tagging and recapture events (in years).

The second model used to describe the length-at-age
relationship of cobia was a reparameterized Gompertz
model (Troynikov et al., 1998):

\exp(-kAt)

AL=L.(£)" -1, (@)

where Lm = again the mean asymptotic FL (millimeters
in FL); and

k = the decrease in growth increment (per year)
as length increases.

The observed data used in the model are At (years), the
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time between tagging and recapture, and L; the length
at tagging (millimeters in FL).

The final model used to describe the length-at-age
relationship of cobia was the VBGF formulation GRO-
TAG, which is based on the methods discussed in Fran-
cis (1988). The Francis (1988) equation is

ﬁ o~ a” At
w-iEpon)i-pe) o
where AL = the expected change in length (millimeters
in FL);

At= the time-at-large (years);
L, =the length of an individual at tagging (mil-
limeters in FL); and
gq and g = the mean annual growth rates (millimeters
per year) of fish at user-selected lengths o
and B (millimeters in FL).

The lengths o and B are chosen based on the range of
lengths included in the tag-recapture records so that
gq and g are descriptive of the individual growth rates
encompassed by the tagging data (Francis, 1988). In
this study oo was 500 mm FL and  was 1100 mm FL.
After fitting the model, L (millimters in FL) can be
estimated from g, and gp with the following equation:

L. =(Bg.~ogy) (2 g) )

Similarly, & (per year) can be calculated from the GRO-
TAG VBGF model parameters by using the following
equation:

k=-In(1+(g, - gp)/(cx~p) (5)

The 95% confidence intervals (Cls) of L., and & were de-
termined by using bootstrap methods similar to those
described in Simpfendorfer (2000).

After each model was fitted, the performance of the
3 candidate models was compared by using Akaike’s
information criterion (AIC) (Burnham and Ander-
son, 2002) and model support was evaluated by using
Akaike weights (w;). The mean growth-parameter es-
timates of the best supported model(s) were compared
with those reported in other studies of cobia growth
published in the literature. All analyses were conduct-
ed in R, vers. 3.3.0 (R Core Team, 2016).

Movement and seasonal distribution

Broad-scale seasonal and general movements were de-
scribed in this study by defining 7 spatial zones and
quantifying the spatial and temporal patterns of fish
tagged and recaptured among the zones. The criteria
we used to define the 7 spatial zones were based on ar-
eas where recreational fishermen are known to target
cobia and where boundaries exist that could be use-
ful to managers when setting harvest regulations (e.g.,
state boundaries). Zones were also identified because
exact locations of capture or recapture are general-
ly not reported. In this study, the 7 geographic zones
defined were Texas, Louisiana, northcentral Gulf of
Mexico, Florida panhandle, Florida Gulf Coast, Flori-

da Keys, and the U.S. South Atlantic Ocean (Fig. 1).
We focused on the Gulf of Mexico and South Atlantic
Ocean because those were the areas in which the co-
operative tagging program occurred. Movement among
zones was described by calculating the proportion of
recaptured individuals in each zone that were tagged
in a specific zone. We included only individuals whose
time at liberty was greater than or equal to 30 days.
Our analysis was used to investigate large-scale move-
ment between geographic areas and to identify wheth-
er individual cobia traveled between the Gulf of Mexico
and South Atlantic Ocean.

The relationship between recapture zone and month
of recapture was evaluated by using a loglinear model
to infer trends in seasonal distribution of recaptured
cobia in the Gulf of Mexico. Recaptures from the South
Atlantic Ocean were not included in the analysis to
meet assumptions in the model regarding nonzero ex-
pected frequencies within each month—zone combina-
tion and because of the limited number of reported
recaptures in the South Atlantic Ocean. We set a mini-
mum time-at-liberty of 30 days to allow for tagged fish
to return to normal mixing behavior. Loglinear models
are an extension of the chi-square test and are used
to determine associations between categorical variables
(Knoke and Burke, 1980). A saturated loglinear model
(with recapture zone and recapture month as the main
effects) and a 2-way interaction term were constructed
to evaluate the association between month of recapture
and recapture zone. The saturated model is

log(uy;) = A%°me + Amonth 4 jzone x month (6)

where log(u;;) = the expected counts in each zone-month
combination; and
A = the main effect of each predictor variable.

If no significant interaction is observed in the saturated
model (indicating a good model fit), the interaction term
is dropped and a second model with only the main effects
is constructed. If this model is significant, i.e., the model
does not fit the data well after removing the interaction
term, the association between the main effects is con-
sidered significant (i.e., the model fits better when there
is an association between the main effects). Finally, a
mosaic plot was constructed that was based on the lo-
glinear model to identify specific recapture zone and
recapture month combinations that were statistically
significant. Mosaic plots are useful visual representa-
tions that allow determination of statistically significant
month—zone groups. Typically, the shading of mosaic
plots represents the residuals (deviations) from the lo-
glinear model for each cell. In this study, the shading
of the mosaic plot represents the values of the Pearson
(standardized) residuals and a value greater than 2 or
less than -2 is considered significant.

Mortality

Estimates of Z were determined by using a suite of
tag-recovery models fitted to the cobia tagging data in
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Figure 1

Map of the 7 geographic zones used to determine large-scale and seasonal move-
ments of cobia (Rachycentron canadum) tagged and recaptured in the Gulf of Mex-
ico and South Atlantic Ocean during 1988-2014. The 7 zones are Texas (TX), Loui-
siana (LA), northcentral Gulf of Mexico (NcGOM), Florida panhandle (FLPH), Flor-
ida Gulf Coast (FLGC), Florida Keys (FLK), and the South Atlantic Ocean (ATL).

Program MARK, vers 7.2 (Brownie
et al., 1985; White and Burnam,
1999). The tag-recovery model is
based on the probability that a
tagged individual will experience
one of the following 3 events: it will
survive to the next year; be harvest-
ed by an angler and reported; or it
will die of natural causes or be har-
vested and not reported (Fig. 2). In
this analysis, maximum likelihood
was used to estimate 2 parameters
in the tag-recovery model: survivor-
ship to the next year (S) and the
probability of tag recovery (f). The
[ parameter is the joint probabil-
ity that a tagged cobia will be re-
captured, harvested, and reported.
In all candidate models, an annual
time-step was used (n=27 years).
We assume that all tagged individu-
als had an equal probability of be-
ing recaptured, and that tagging
occurs instantaneously during the
designated time interval. The suite
of models we evaluated included
all combinations of time-dependent
(¢) and time-independent (.) survi-

Survives the year

S
f
Tagged and released Harvested and
alive at start of year reported by angler
7 s,
Dies naturally or is
harvested and not
reported
Figure 2

Conceptual diagram of the Brownie et al. (1985) tag-recovery model used to
estimate instantaneous total mortality of cobia (Rachycentron canadum) in
the Gulf of Mexico and South Atlantic Ocean, with 2 parameters, for survi-
vorship (S) and probability of tag recovery (f).
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as (TX).

Total number of cobia (Rachycentron canadum) (A) tagged and
(B) recaptured by year in each of 7 geographic zones in the Gulf
of Mexico and South Atlantic Ocean during 1988-2014. The 7
defined zones are the South Atlantic Ocean (ATL),Florida Gulf
Coast (FLGC), Florida Keys (FLK), Florida panhandle (FLPH),
Louisiana (LA), northcentral Gulf of Mexico (NcGOM), and Tex-

support was evaluated by using AIC (Burn-
ham and Anderson, 2002). The model with the
greatest support (lowest AIC value) was used
to estimate mean annual Z. The estimates of
Z derived in this study were then compared
with the mortality values reported in both the
Gulf of Mexico and South Atlantic Ocean cobia
stock assessments (SEDAR!) by converting the
value of S estimated in this study to an esti-
mate of Z with the equation

S =e”Z. (7

Results
Tagging program

A total of 17,875 cobia were tagged from 1988
to 2014. The number of individuals tagged an-
nually ranged from 113 to 1423 individuals.
A majority (57%) of tagging occurred between
1990 and 1998 (Fig. 3). The reported length
of tagged individuals ranged from 178 mm to
1549 mm FL (Fig. 4A). A total of 1137 indi-
viduals were recaptured, and the number of
recaptured individuals annually varied from 3
to 94 individuals. The annual number of in-
dividuals recaptured was greatest from 1990
to 1998 (Fig. 3). The reported length of recap-
tured individuals ranged from 305 to 1448 mm
FL (Fig. 4B), and the time between tagging
and recapture ranged from 1 to 2973 days at
large (Fig. 4C). Of the 7 zones defined in this
study, the northcentral Gulf of Mexico zone
had the greatest number of tagged and recap-
tured individuals and the Texas zone had the
fewest number of tagged and recaptured indi-
viduals (Table 1).

Growth

Only individuals for which lengths at tagging

vorship and tag-recovery (4 candidate models). Time-
dependent parameters were those that varied by year
and time-independent parameters were those that
were constant through the duration of the tagging pro-
gram. The global model (fully parameterized) was de-
fined as having time-dependent survivorship, S(¢), and
time-dependent tag-recovery, f(¢). Global model fit was
evaluated by using the constant noted as é, which is
an estimate of dispersion used in Program MARK. To
estimate dispersion, a simulation procedure is used in
which data are generated at varying levels of ¢ and a
logistic model is then fitted to estimate ¢é for the global
model. A é value of less than 3.0 indicates adequate
model fit. After the suite of candidate models were
fitted to the tag-recapture data and the global mod-
el was determined to adequately fit the data, model

and recapture were recorded were used in the
growth analysis (n=926). All reported lengths
were converted to FL using the linear relationship be-
tween TLs and FLs (FL=0.91TL+0.23; coefficient of de-
termination [r2]=0.98) developed from lengths reported
in this study. Sex of tagged and recaptured individuals
was not reported in this cooperative tagging program
and therefore we modeled sex-combined length-at-age.
The 3 nonlinear length-at-models were fitted, and the
relative model support was evaluated with AIC (Table
2). Of the 3 candidate models, the GROTAG VBGF was
best supported on the basis of calculated values of w;
(~1.0). However, on the basis of the mean and 95%
CIs of the L., parameter, there was no difference in
the mean estimates of L., among the 3 candidate mod-
els. The mean value of k£ did vary (on the basis of 95%
Cls) for each of the 3 candidate models. Specifically,
the mean value of £ estimated in the GROTAG VBGF
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Frequency

Tagging

Fork length (mm)

Histograms of length frequency for cobia (Rachycentron canadum) at tagging, and recapture , and
time at liberty from time of tagging to time of recapture in the Gulf of Mexico and South Atlantic

Ocean during 1988-2014.

Fork length (mm) Time at liberty (days)

Figure 4

Recapture Time at liberty

Table 1

Total number of cobia (Rachycentron canadum) tagged
and recaptured during 1988-2014 in each of 7 geo-
graphic zones in the Gulf of Mexico and South Atlantic
Ocean. The 7 zones are South Atlantic Ocean (ATL),
Florida Gulf Coast (FLGC), Florida Keys (FLK), Florida
panhandle (FLPH), Louisiana (LA), northcentral Gulf of
Mexico (NcGOM), and Texas (TX).

(0.57/year [95% CI: 0.52—0.61]) was lower than the val-
ues from both the Fabens VBGF model (0.62/year [95%
CI: 0.56-0.69]) and the Gompertz model (0.84/year
[95% CI:. 0.77-0.92]). The estimated value of L., from
the GROTAG VBGF model was in the range of values
reported from Virginia, Louisiana, North Carolina and
the Gulf of Mexico (Richards, 1967; Thompson et al.?;
Smith, 1995; Franks et al., 1999; Table 3). However,
the estimate of £ was higher in our analysis than those
values reported for Virginia, North Carolina and the

Zone Tagged Recaptured Gulf of Mexico (Table 3). The closest values to those es-

timated in this study were the estimates of & reported
ATL 557 90 from Louisiana (Thompson et al.?). In the most recent
FLGC 961 73 Gulf of Mexico and South Atlantic Ocean assessments,
FLK 1518 189 the models used to describe length-at-age relationships
FLPH 4620 190 were also sex aggregated (SEDAR!), however the esti-
LA 1703 166 mates of L., in the SEDAR assessments were greater
NcGOM 8112 373 than the estimate in our study and the SEDAR esti-
TX 227 40 mates of £ were lower than the value estimated in our

study (Table 3).

Table 2

Parameter estimates, with 95% confidence intervals, from nonlinear models fitted to informa-
tion on tagging and recapture of cobia (Rachycentron canadum) in the Gulf of Mexico and South
Atlantic Ocean during 1988-2014. The mean asymptotic length (L..), provided as millimeters in
fork length (CI=confidence interval), and the annual growth coefficient (k) were estimated for 2
parameterizations of the von Bertalanffy growth function (VBGF) and a Gompertz model. The 2
parameterizations were the VBGF used in the program GROTAG and the VBGF used by Fabens
(1965). The relative model support was evaluated by using Akaike’s information criterion (AIC),
and Akaike weight (w;) was calculated for each model.

Model L. (CI) k AAIC w;
GROTAG VBGF 1172 (1151-1192) 0.57 (0.52-0.61) 0.00 1.00
Fabens VBGF 1189 (1163-1219) 0.62 (0.56-0.69) 119.70 0.00

Gompertz 1157 (1135-1181) 0.84 (0.770.92) 153.80 0.00
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Table 3

Estimates of von Bertalanffy growth function parameters for cobia (Rachycentron canadum) from previously published stud-
ies and this study. The 3 parameters are mean asymptotic length (L..), provided as millimeters in fork length (FL), annual
growth coefficient (), and hypothetical age at length of zero (¢y). For parameter values, standard errors of the mean are pro-
vided for some studies and the 95% confidence intervals (CIs) are provided for this study in parentheses. The locations were
Virginia (VA), Louisiana (LA), North Carolina (NC), the northeastern Gulf of Mexico (nGOM), and the Gulf of Mexico (GOM).

Study Location Sex n L. (mm FL) k to (years)
Richards, 1967 VA M 88 1210 0.28 -0.06
F 135 1640 0.23 -0.08
Thompson et al.? LA M 464 1132 0.49 -0.49
F 218 1294 0.56 0.11
Smith, 1995 NC M 116 1050 (18.5) 0.37 (0.04) -1.08 (0.29)
F 92 1350 (38.2) 0.24 (0.03) -1.53(0.39)
Franks et al., 1999 nGOM M 170 1171 (28.1) 0.43 (0.05) -1.15(0.17)
F 395 1555 (35.1) 0.27 (0.02) -1.25 (0.09)
SEDAR! GOM combined 1282 0.42 -0.53
SEDAR! Atlantic Ocean combined 2485 1324 0.27 -0.47
This study GOM combined 926 1172 (1151-1192) 0.57 (0.52-0.61) NA

Movement and seasonal distribution

Movement among zones Seven geographic zones were
defined in our study to determine the large-scale and
seasonal movements of cobia (Fig. 1). Large-scale
movement patterns of cobia in the Gulf of Mexico and
South Atlantic Ocean were observed. Notably, a por-
tion of the individuals tagged in the Florida Keys,
Florida panhandle, Louisiana, and northcentral Gulf
of Mexico zones were recaptured in the South Atlan-
tic Ocean zone and therefore indicated that cobia mi-
grate around Florida between the Gulf of Mexico and
South Atlantic Ocean (Table 4). Individuals tagged in
the Texas zone were recaptured only in the Louisiana
and Texas zones and thus indicated that cobia in the

western Gulf of Mexico may exhibit limited movement
or could be a resident group (Table 4). However, it
is important to note that a relatively low number of
individuals were tagged and recaptured in the Texas
zone over the entire duration of the tagging program
(227 tagged, 40 recaptured, Table 1). A majority of in-
dividuals tagged in a given zone were recaptured in
the same zone for all zones except the Florida pan-
handle zone where the majority of recaptures were
distributed among the Florida panhandle, Louisiana,
and northcentral Gulf of Mexico zones (Table 4). Un-
fortunately, because of the lack of resolution in the re-
ported tagging and recapture locations, we could not
evaluate how time-at-liberty affects individual move-
ment between zones.

Table 4

A matrix of the number and proportion of cobia (Rachycentron canadum) (n=875, time-at-liberty >30 days) tagged and
recaptured in the Gulf of Mexico and South Atlantic Ocean during 1988-2014 and the recapture percentage among the 7
geographic zones used in this study. The zones are the South Atlantic Ocean (ATL). Florida Gulf Coast (FLGC), Florida Keys
(FLK), Florida panhandle (FLPH), Louisiana (LA), northcentral Gulf of Mexico (NcGOM), and Texas (TX).

Zone of recapture

Recapture percentage

Zone of

tagging ATL FLGC FLK FLPH LA NcGOM TX Total ATL FLGC FLK FLPH LA NcGOM TX
ATL 30 0 5 2 1 2 0 40 0.75 0 012 0.05 0.02 0.05 0
FLGC 0 30 7 6 2 1 0 46 0 065 0.15 0.13 0.04 0.02 0
FLK 6 9 63 18 4 7 1 108 0.06 0.08 0.58 0.17 0.04 0.06 0.01
FLPH 30 9 24 73 61 63 16 276 0.11 0.03 0.09 0.26 022 023 0.06
LA 3 1 3 5 41 3 5 61 0.05 002 0.05 008 0.67 005 0.08
NcGOM 15 10 33 55 35 184 7 339 0.04 0.03 0.1 0.16 0.1 054 0.02
TX 0 0 0 0 1 0 4 5 0 0 0 0 0.2 0 0.8
Total 84 59 135 159 145 260 33 875
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Zone

the Florida Keys (FLK).

Month

Figure 5

Mosaic plot of results from the loglinear model used to evaluate the relationship between geographic zone
and month of recapture of cobia (Rachycentron canadum) in the Gulf of Mexico during 1988-2014. The
shading indicates the magnitude of the Pearson residuals for the frequency of recapture in a specific month,
with the 2 darkest shades indicating a statistically different frequency of recapture in a specific month
compared with other months in a specific zone (P<0.0001). The dashed lines represent negative Pearson
residuals, and the solid lines represent positive Pearson residuals. The length and width dimensions of
each rectangle indicates the number of recaptures in a specific zone (width) in a specific month (length)
in relation to the total number of recaptures. The 6 zones in the Gulf of Mexico are Texas (TX), Louisiana
(LA), northcentral Gulf of Mexico (NcGOM), Florida panhandle (FLPH), Florida Gulf Coast (FLGC), and

P<0.0001

Seasonal distribution A strong seasonal trend in cobia
recaptures was observed with a large portion of win-
ter recaptures occurring in the Florida Keys zone and
summer recaptures occurring in the northcentral Gulf
of Mexico and Louisiana zones. The largest number of
recaptures in the Louisiana and northcentral Gulf of
Mexico zones occurred from May through August. The
saturated loglinear model was not significant (y2: 0.0,
P=1) and upon removal of the interaction term, the
model became significant (}2: 465.6, P<0.001), indicat-
ing there was a significant association between recap-
ture zone and month of recapture. Specifically, based
on the Pearson residuals and resulting mosaic plot, the
frequency of cobia recaptures in the Florida Keys zone
was significantly lower from May to August and signifi-
cantly greater from November to March than for other
months (Fig. 5). Additionally, the frequency of cobia re-
captures in the northcentral Gulf of Mexico zone was
significantly lower from December to April and signifi-
cantly greater in September and October than for other
months (Fig. 5). In the Louisiana zone, the frequency
of cobia recaptures was significantly greater from June
to August than in other months, in the Texas zone, the
frequency of cobia recaptures was significantly greater

in June, and in the Florida panhandle zone the fre-
quency of recaptures was significantly greater in April
than in other months and lower in July and August
(Fig. 5).

Mortality

An annual recovery matrix containing 27 years of tag-
recovery data was used to determine estimates of S
and f parameters in the software program MARK. Only
individuals that were not rereleased (i.e., were har-
vested) and whose dates of tagging and recapture were
reported were used in the analysis (n=903). Four can-
didate models were evaluated, each having a unique
combination of time-dependent and time-independent
survivorship and tag-recovery (Table 5). Global model
fit, for the S(¢) and f{¢) parameters, was evaluated by
using é. The estimated value of ¢ determined from the
goodness-of-fit simulation was 2.02 and indicated some
overdispersion. The best supported candidate model in-
cluded S(.) and f(¢) parameters (Table 5). The estimate
of annual survival from the most supported model was
0.56 (95% CI: 0.53-0.58). This value is equivalent to
an annual Z of 0.59/year (95% CI: 0.55-0.63). The an-
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Table 5

Candidate models evaluated for estimation of survivor-
ship (S) and probability of tag recovery (f) with data
from tagging and recapture of cobia (Rachycentron
canadum) in the Gulf of Mexico and South Atlantic
Ocean during 1988-2014. Time-invariant parameters
are represented by (.) and time-variant parameters are
represented by (t). The models were evaluated by using
Akaike’s information criterion (AIC), and Akaike weight
(w;) was calculated for each model.

AlCc Model
Model AlCc AAICc weight  likelihood
SOAL) 10081.5 0.00 0.79 1.00
SOAL) 10084.2 2.72 0.20 0.26
S)ft) 10091.3 9.82 0.01 0.01
N(®) 10109.7 28.19 0.00 0.00

nual tag-recovery rate ranged from 0.013 to 0.041 and
averaged 0.023 (Fig. 6). Peaks in tag-recovery rates oc-
curred in 1993 and from 2006 to 2007; however, the f
parameter remained relatively constant throughout the
duration of the tagging program (Fig. 6).

Discussion

In the most recent Gulf of Mexico cobia
stock assessment (SEDAR!), several re-

of outliers, and is able to accurately evaluate mean val-
ues of L,.—a failing of other algorithms with tag and
recapture information (e.g., Fabens, 1965). Our mean
estimate of L., derived from the length-at-age analysis
with the GROTAG VBGF model is lower than estimates
reported in other studies of individual growth dynam-
ics with the use of otoliths. This result could be due
to the sex-aggregated nature of the tagging data that
were available (our estimate was often higher than
male-specific estimates and lower than female-specific
estimates, Table 3). The lack of sex-specific information
is a confounding feature of cooperative tagging pro-
grams (Dippold et al., 2016) and likely has an effect on
the estimated length-at-age parameters. Another pos-
sible explanation for the lower L., reported here is that
anglers typically keep cobia of legal length (284 cm or
33 in) and tagged individuals were generally smaller
or close to the minimum length limit, both of which
may bias our length-at-age parameter estimates. We
also found that the mean % in this study was greater
than that of many other published estimates (Table
3). Because the VBGF parameters are strongly and
negatively correlated, the higher £ estimate may be in
part caused by the lower estimate of L.. Despite the
sexual dimorphism in length-at-age between males and
females, both the SEDAR assessments of cobia in the
Gulf of Mexico and Atlantic Ocean used a sex-combined
3-parameter VBGF to describe the length-at-age rela-
tionship. Therefore, although in the tagging program
data that we evaluated, sex was not recorded, and the
lack of sex determination is a disadvantage of coop-

search needs were identified that, if re-
solved, would help enable reviewers to
evaluate the appropriateness of an as-
sessment model and allow the determi-
nation of stock status to be made. The
information provided in this study fills
information gaps that exist for cobia in
the Gulf of Mexico and South Atlantic
Ocean that will aid in future assessment
efforts and allow for an accurate deter-
mination of stock status. The informa-
tion includes an alternative approach to
modeling the length-at-age relationship,
a description of the annual Z and eluci-
dation of the annual movement, and the
distribution patterns of individuals.

A primary objective of our research
was to provide alternative length-at-
age parameter estimates and compare
them with estimates available in the
published literature. Of the models we
evaluated, the GROTAG VBGF model
resulted in the best option for fitting
growth increment information from
tag-recapture studies because it explic-
itly addresses variability in individual
growth, effectively handles the presence

Tag recovery (f)

The estimated probability of tag recovery (f) from the best supported
tag-recovery mortality model fit to data from tagging and recapture of
cobia (Rachycentron canadum) in the Gulf of Mexico and South Atlantic
during 1988-2014. Error bars indicate 95% confidence intervals.

Year

Figure 6
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erative tagging programs, our estimates are still a rel-
evant method of corroboration given that sex-combined
length-at-age models are used in current assessment
models. However, in the future, we recommend that
sex of recaptured individuals be reported if available.
This information could be collected at fishing tourna-
ments where scientists are often on site gathering bio-
logical information, or incentives could be offered to
bring carcasses to scientists for sex identification.

As with the description of individual growth dynam-
ics, we provide an independent estimate of Z that can
be used to corroborate mortality values estimated by
using an age-structured stock assessment model. In
most stock assessment frameworks, natural and fishing
mortality rates are difficult to estimate and are often
obtained by theoretical estimates (Then et al., 2015).
Tag-recovery models do not require the use of a spe-
cific natural mortality function to estimate Z, and thus
avoid some potential biases in describing the natural
mortality component of Z. In this study, we estimated
annual Z by using tag-recovery models (0.59/year [95%
CI: 0.55-0.63]). In the 2013 stock assessment of cobia
in the Gulf of Mexico, the current estimated annual
total mortality (the sum of the geometric mean fishing
mortality and natural mortality) was 0.62/year. During
the period included in the assessment, fishing mortal-
ity varied annually but has remained relatively stable,
especially in the most recent years of the assessment.
Our estimate of Z is similar to those values estimated
in the stock assessment model. We included recaptures
from both the Gulf of Mexico and a limited number
from the South Atlantic Ocean in our analysis (to ac-
count for individuals tagged in Gulf of Mexico and har-
vest in South Atlantic Ocean) and recognize that our
estimate is by necessity stock-aggregated.

Clarification of the stock boundary along the Atlan-
tic coast of Florida was considered a research need of
high importance by assessment scientists (SEDAR?),
and cooperative research efforts can contribute to this
effort (Lucy and Davy, 2000). This study confirms the
presence of large scale movements of individual cobia
within the Gulf of Mexico and into the South Atlan-
tic Ocean. The scale of our work, in terms of both the
number of individuals tagged and the spatial coverage,
is greater than that of previous studies and strength-
ens the descriptions of cobia movement. Previously,
Burns and Neidig® tagged 171 cobia from 1990 to 1992,
recaptured 10 individuals and suggested both seasonal
northern and southern movements and seasonal on-
shore-offshore movements. Orbesen® synthesized coop-
erative tagging information collected from the NOAA
Southeast Fisheries Science Center, information that
included 1510 tagged cobia and 148 recaptures over 58
years. Using that synthesized recapture information
and the 6 defined geographic zones (as opposed to the
7 zones defined in our study), Orbesen® observed mix-
ing among all 6 zones, and that more mixing occurred
between the Keys and the Gulf zones than between any
other 2 zones. For the South Carolina Marine Game
Fish Tagging Program, 1066 cobia were tagged be-

tween 1986 and 2009 and 201 individuals were recap-
tured (Wiggers”). On the basis of the reported tagging
and recapture locations, most fish showed site fidelity,
although some mixing between the Gulf of Mexico and
South Atlantic Ocean was observed. Other studies have
also reported mixing between the Gulf of Mexico and
South Atlantic Ocean on the basis of a few recaptured
individuals (Shaffer and Nakamura, 1989). Most of
these tagging studies had a small number of recap-
tured individuals or were conducted for a relatively
short time period (or were a combination of both). Be-
cause of the observed long-distance movements and
the current problems with identification of the stock
boundary between the Gulf of Mexico and South At-
lantic Ocean stocks, the relatively greater number of
tagged and recaptured individuals used in this study
and the duration of the tagging program allow stron-
ger inferences of seasonal and long-distance movement
patterns of cobia in the Gulf of Mexico and South At-
lantic Ocean.

The results of our work indicate that there is an
evident seasonal distribution pattern: individuals are
more frequently recaptured in the Florida Keys during
the winter and in the northern Gulf of Mexico during
the summer. Currently, the South Atlantic Ocean and
Gulf of Mexico stocks are divided at the Florida—Geor-
gia state line (SEDAR!). The boundary is determined
on the basis of ease of management; however, there
is little evidence from genetic or tagging work to con-
firm the validity of this designation (SEDAR!). Some
genetic evidence indicates homogeny among offshore
cobia along the Atlantic coast and some genetic distinc-
tion among inshore aggregations; however, no similar
genetic information on population structure and parti-
tioning exists for cobia in the Gulf of Mexico (Darden
et al., 2014). We find that of the individuals tagged in
the Gulf of Mexico zones, no more than 11% of recap-
tures of individuals tagged in a given Gulf of Mexico
zone occurred in the South Atlantic Ocean. Additional-
ly, of the individuals tagged in the Atlantic Ocean and
subsequently recaptured, only 14% were recaptured in
the Florida Keys, and recapture rates in the other Gulf
of Mexico zones ranged from 0 to 5%. These results
suggest that the Florida Keys may be a mixing zone
and that the current stock boundary at the Florida
Georgia state line may be inappropriate. However, we
did not incorporate differences in fishing and sampling
effort into our modeling approaches and we note that
seasonal differences in fishing effort between zones
may bias our descriptions of movement and seasonal
recapture patterns. Additionally, because of the scope
of the cooperative tagging program, we were limited to
providing descriptions of movement and distribution to
the Gulf of Mexico and South Atlantic Ocean.

The results of our research suggest a seasonal pat-
tern of distribution of cobia in the Gulf of Mexico. Spe-
cifically, the results of the loglinear analysis presented
here indicate that the Florida Keys may be a winter-
ing ground for cobia and that individuals may exhibit
northward movement toward the Florida panhandle
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in the spring, followed by summer residence in the
northern Gulf of Mexico and Louisiana. These patterns
are similar to patterns reported in other cooperative
tagging studies (Shaffer and Nakamura, 1989; Burns
and Neidigf). However, to our knowledge, this is the
first study to quantify and statistically test potential
trends in seasonal distribution of cobia recaptures. The
observed seasonal movement patterns may have impli-
cations for cobia management in the Gulf of Mexico.
Inappropriate designation of the stock boundary could
affect the spatial extent of the indices of abundance
used in the assessment, as well as on the spatial allo-
cation of harvest patterns on the Atlantic coast of Flor-
ida. However, we do note that differences in seasonal
fishing effort may be in part responsible for observed
differences in recapture distribution.
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