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Abstract

Advances in modeling growth using tag-recapture data and progress in otolith ageing procedures
allowed improved fitting of the western Atlantic bluefin tuna growth curve. Growth parameters were
derived from an integrated analysis of tag-recapture data and otolith age-length data using the “Aires-da-
Silva-Maunder-Schaefer-Fuller with correlation” (AMSFc) framework, which models growth such that
parameter estimates from each data source are directly comparable. The otolith data consisted of a
sample of 4,045 otoliths for which ages were estimated using tested and consistent protocols and
conventions designed to avoid bias. Strict data quality control measures were applied to the tagging data
for quality assurance and a subsample of 1,118 records were retained for use in the analysis. Two forms
of the Schnute (1981) growth model were considered: the Richards model and the von Bertalanffy
model. The Richards curve appears to provide a better fit. Both curves follow a similar trajectory until
age 16, after which they diverge considerably. The Richards model supports a lower mean asymptotic
length (L,,=271.0 cm FL) than the model currently used in the stock assessment (L= 314.9 cm FL).
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1. Introduction

Migratory pelagic fish present both opportunities and challenges in developing predictive growth
models. Species such as Atlantic bluefin tuna Thunnus thynnus (ABT) attract substantial fishing effort,
affording opportunities to access fish for tagging and collection of otoliths, which support
parameterization of growth. Principal challenges include sufficient sampling, implementing quality
control procedures to curtail biased observations throughout the stock’s range, and making best use of
combined age-length and tag-recapture data. Otolith data are used to estimate absolute ages and allow
size-at-age functions to be modeled. For western ABT, these data are largely centered on the larger/older
fish targeted by the recreational and commercial fisheries. Tagging data often have the opposite problem
of lacking large fish and fish with long times at liberty. Each data source is also prone to various sources
of observation error — mainly variability in age assignment across readers and measurement error in
recorded fish lengths. It is therefore advantageous to estimate growth from both sources of data
simultaneously to increase the size and representativeness of the sample and test the influence of each
dataset on resulting parameter estimates (Maunder and Punt, 2013). We apply a new maximum
likelihood approach to fit jointly direct age estimates, for a large sample of otoliths, with release and
recapture lengths of conventionally-marked fish.

ABT is the largest member of the Scombridae family. It can reach weights exceeding 600 kg
(Collette and Nauen, 1983) and live over 34 years (present study). The species is assessed and managed
as two distinct stocks by the International Commission for the Conservation of Atlantic Tunas (ICCAT)
under the assumption of no net mixing (ICCAT, 2014): the eastern stock (eastern
Atlantic/Mediterranean) and the western stock (western Atlantic/Gulf of Mexico), with spawning
grounds on opposite sides of the North Atlantic Ocean basin (Boustany et al., 2008; Carlsson et al.,
2007; Riccioni et al., 2010; Richardson et al., 2016). Although these two stocks are conventionally
separated by the 45°W meridian, tagging data indicate a high degree of transoceanic migration for
animals of all ages, with significant mixing occurring on foraging grounds (Block et al., 2001, 2005;
Sibert et al., 2006).

Following years of overfishing, ICCAT adopted rebuilding plans for the western and eastern stocks
in 1998 and 2006, respectively, gradually tightening control measures over time, as the Commission
strived to meet its objectives. According to the latest stock assessment, both stocks are showing signs of
recovery. Still, considerable uncertainties remain in the assessment, particularly regarding maturity,
growth dynamics and the level of mixing between the two stocks, making it difficult to draw definite
conclusions about the current and future status of the stock ICCAT, 2014).

Information on age and growth is needed to assess properly a depleted stock and define its rebuilding
target. This holds especially true for bluefin tuna for which a growth curve is used to translate catch-at-
size to catch-at-age through cohort slicing in the stock assessment process. Being a moderately long-
lived, iteroparous species, bluefin tuna relies on the periodic production of strong year classes to persist
through time (Secor, 2007). In this case, it becomes particularly important to characterize precisely the
age structure of the stock, since having a truncated age structure (Siskey et al., 2016) and being the
target of a highly age/size selective fishery (ICCAT, 2014) can severely compromise the sustainability
of the fishery.

The growth parameters currently used in the assessment of western ABT (Restrepo et al., 2010) were
derived from a combination of otolith-based age readings for large fish (n=146; Neilson and Campana,
2008; Secor et al., 2009) and modal analysis of length frequency data for small fish (1-3 years of age,
1970’s US purse seine data). In their analysis, Restrepo et al. (2010) did not include information
available in the ICCAT tagging database used to construct the former growth curve (Turner and
Restrepo, 1994) due to data quality concerns and biases in the estimation process. Although the Restrepo
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et al. (2010) analysis was a significant improvement over the former growth curve, recent advances in
integrative modeling and otolith age reading techniques highlights the need for an updated assessment of
the current growth curve.

During a workshop aimed at standardizing otolith-based ageing protocols for ABT, Busawon et al.
(2015) determined that the otoliths used by Restrepo et al. (2010) were significantly over-aged (average
3 years) due to errors in assignment of the first annulus. The problem was resolved using a standardized
reference scale for the first annulus adopted by the laboratories involved in ageing studies (Secor et al.,
2014a).

Improvements in both data quality control (Ailloud et al., 2014) and modeling techniques (Aires-da-
Silva et al., 2015; Francis et al., 2016) now allow for the ICCAT tagging data to be incorporated in the
growth analysis. Francis (1988) showed that growth parameters estimated from age-length data and
tagging data have different interpretations when tagging data are analyzed by modeling growth
increments through time (e.g., as done by Fabens, 1965). Comparing these estimates assumes that the
expected annual growth of fish of age A (estimated from age-length data) is equivalent to the expected
annual growth of fish whose length is equal to the mean length of fish of age A (estimated from tagging
data), which is seldom the case (Francis, 1988). In recent years, maximum likelihood approaches have
been developed that model the joint density of the release and recapture lengths as a function of age,
making growth estimates age-based and thus avoiding the comparability problem (Laslett et al., 2002;
Palmer et al., 1991; Wang et al., 1995). At the forefront of integrated methods is the so-called “Laslett-
Eveson-Polacheck” (LEP) approach (Eveson et al., 2004), which models the release and recapture
lengths as functions of age by treating age at tagging and asymptotic length, L,, as random variables.
Though statistically attractive, this method can be difficult to implement due to its high computational
demands and complicated error structures. A simpler alternative was developed by Aires-da-Silva et al.
(2015) and later improved upon by Francis et al. (2016) by allowing correlation among deviates in
tagging length: the AMSFc approach (Francis et al., 2016), named after Aires-da-Silva, Maunder,
Schaefer and Fuller, where ‘c’ stands for correlation. Like the LEP approach, this method also treats
pairs of observed lengths as a function of age, but treats L., as a fixed parameter, greatly reducing the
computational demands of the model (Aires-da-Silva et al., 2015). The AMSFc approach is applied here
to fit and compare alternative growth models for the western stock of ABT.

2. Materials and Methods
2.1 Tagging data
The ICCAT conventional tagging database combines tag release and return information from several
tagging studies conducted in various regions of the North Atlantic Ocean over the past 75 years. Of
more than 85,000 releases, ICCAT recovered information for nearly 6,000 recaptures, of which 2,434
had complete and plausible data (e.g., non-negative times at liberty) on the date and length at release and
recapture. Ailloud et al. (2014) demonstrated that the database contains valuable information for
estimating growth of bluefin tuna (such as records of fish that were at liberty for many years and of old
fish which appear to have reached their maximum sizes), but that extraction of the data must be done
with care. Quality control measures employed in our analysis are detailed below (applied to data from
the 06/30/2016 database update).
1) Animals at liberty for less than 105 days (~3.5 months) were excluded from the analysis
(1,068 records) since, a) for fish with short times at liberty, the observed growth increments
largely represent measurement error rather than somatic growth (Ailloud et al., 2014), and b)
stress related to the tagging event could potentially have an adverse effect on growth in the
short run.
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2) Records showing the fastest and slowest 2% absolute growth per day were removed in an
attempt to eliminate outliers (i.e., data entry misrecordings and large measurement errors) and
improve growth parameter estimates (116 records dropped). To test the sensitivity of the
results to these outliers, a separate run that included the outliers was performed.

3) Fish both captured and recaptured in the eastern Atlantic, as well as fish either captured or
recaptured in the Mediterranean, were excluded from the analysis (132 records). This rule
does not guarantee that fish of eastern origin are removed from the sample since considerable
mixing is known to occur (Siskey et al., 2016), but it instead attempts to keep the tagging data
sample focused on fish present in the western Atlantic, since growth is presumably linked to
local conditions (e.g., prey abundance, water temperature and fish density).

The resulting dataset consisted of 1,118 records with lengths at tagging ranging from 36 cm FL to
259 cm FL, lengths at recapture ranging from 53 cm FL to 292 cm FL (Supplementary Fig. A1) and
times at liberty ranging from 4.5 months to 16 years (median= 1 year). 53% of the records corresponded
to fish tagged in the 1960’s, another 43% corresponded to fish tagged in the 1970’s and the remaining
4% were released between 1980 and 2011.

2.2 Orolith data

The otolith data consisted of samples collected from the Gulf of Mexico (n=305), the southeastern
USA (n=55), the USA Mid-Atlantic Bight (n=1,141) and the Northeastern USA/Canada (n=2,512)
(Supplementary Fig. A2). The large majority of otoliths (85%) was collected between 2009 and 2015.
Snout lengths and curved fork lengths (CFL) were converted to straight fork lengths (FL) using
conversion factors from Secor et al. (2014b) and Rodriguez-Marin et al. (2015), respectively. In the few
cases where no length measurements were taken (3.5% of records), round weights were converted to FL
using monthly conversion factors from Rodriguez-Marin et al. (2015). Sizes ranged from 48 cm FL to
300 cm FL (Supplementary Fig. A1) and age estimates from 1 to 34 years.

Neilson and Campana (2008) validated absolute age in large/old bluefin tuna using bomb
radiocarbon dating and Siskey et al. (2016) confirmed the annual periodicity of growth increments,
validating otolith ageing for the species. Otolith samples were prepared and read by experts following
the standardized protocol outlined in Secor et al. (2014a) and Busawon et al. (2015) which, among other
things, prescribes using a reference scale to identify the first annulus and performing multiple reads per
otolith to detect any inconsistencies and reduce ageing error. Using a reference set of otoliths (n=100),
Busawon et al. (2015) estimated that ageing error was low among readers and detected no systematic
bias. Each sample was assigned an integer age based on annuli counts of either opaque of translucent
bands, which was then adjusted (aqq4;) to account for the timing of band formation (i.e. when counting
opaque bands, one year was added to the age if the fish was caught between January and June; when
counting translucent bands, one year was deducted from the age if the fish was caught between July and
December. The estimated age was then assigned a decimal age (@finq;) that accounted for the time
elapsed between birth month (») and month of capture (c) using the following equation:

Afingl = Aqaj + (¢ — b)/12 (1)

To test the influence of outliers on the resulting parameter estimates, a sensitivity run analysis was
performed by excluding otolith records whose length observations fell beyond 3 standard deviations
from the mean for each age (33 records). Additionally, because of the possibility that the size
composition of the first few age groups was positively biased by a combination of size selectivity of the
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fishery (only the largest individuals at age 1 and 2 are caught owing to a minimum size limit of 6.4 kg
established in 1975) and timing of capture (all fish ages 1 and 2 were captured in the summer months
when growth is thought to be fastest; Supplementary Fig. A2) the growth models were refitted without
age groups 1 and 2.

2.3 The AMSFc approach

We used the AMSFc approach of Francis et al. (2016) to analyze the otolith and tagging data
simultaneously. This maximum likelihood method has two likelihood components, one for each data
source, both of which model length as a function of age. For the tagging data, this entails modeling the
joint distribution of the lengths-at-release and —at-recapture (with correlation p) as a function of age at
tagging (Ayqg) and time at liberty (At). Since Ayqq is unknown, it is treated as a random effect with an
assumed probability distribution whose parameters are estimated in the maximum likelihood framework.
For each component, a common growth function is specified to describe the relationship between mean
length and age, and variability in length-at-age is defined.

2.4 The growth function

Two growth models were considered to describe the functional relationship between fish length (L)
and age (a): the Richards (1959) model and the von Bertalanffy (1938) model. The von Bertalanffy
model was chosen to allow for a direct comparison of the results to the growth curve currently used in
the stock assessment (i.e., Restrepo et al., 2010) and the Richards model was chosen for its increased
flexibility in fitting data. The Richards function has an additional shape parameter (p) that allows it to
take on a sigmoidal form. Let A; and A, be two reference ages (pre-specified by the modeler) with
corresponding mean lengths L; and L,, respectively, and p be a shape parameter (p<1). Then, both
models can be expressed as special cases of the Schnute (1981) model, as follows:

La = f(a; 9 = {p: K; Al;A21 Lll LZ}) (2)
where,
1 _ e—K(a—Ai) 1
f(a;0) = [LiP + (L” — LiP) 1= e_K(AZ_Al)] /p 3)

While growth models are typically parameterized in terms of L,,and ¢, (the theoretical age at size 0),
the Schnute model is parameterized in terms of two reference ages, A; and A,, representing the youngest
and oldest fish in the sample, respectively. This parameterization reduces the correlation between the
estimates of parameters, unlike models parameterized in terms of L, and K, which are otherwise highly
correlated. The shape parameter, p, is related to the ratio of the length at the inflection point to the mean
asymptotic length (L,,). When p = 1, there is no inflection point and the model reverts to a von
Bertalanffy curve. When p < 1 it takes on the shape of a Richards curve, with the inflection point
moving up along the age-length curve as p decreases. K has units time™!, when an inflection point exists,
its inverse, 1/K, is related to the age associated with the inflection point on the curve. For the von
Bertalanffy model, K relates to the rate of approach to the asymptote. Schnute (1981) provides the
following equations to obtain L, and t, from the parameters of the Schnute model:
eKAszp _ eKAlLlp]l/p (4)

KAz, — gKA;

1 eKAszp _ eKAlLlp
tO —A1+A2—E11’1[ sz—Llp

Lo =]

] ®)
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Variability about the mean length-at-age was modelled as the sum of process error (i.e. true
variability around the mean curve resulting from individual variability in growth) and observation error
(i.e. resulting from estimated or converted length measurements). As in Aires-da-Silva et al. (2015), true
variability around the mean curve (hereafter referred to as “variability in length at age”) was defined as a
linear function of length with intercept a* and slope b,

o, =a" +blL, (6)

while observation error, g,;s, was defined as,
Oobs = Oops I (7)
where [; is an indicator variable that takes on the value 1 if a length record was either estimated or
converted from another length/weight measurement and O if it was directly measured as straight FL.

2.5 Orolith likelihood

The log-likelihood for the otolith data, In(A,;,), was expressed as the sum of the log-likelihood
contributions from each fish. Length-at-age was assumed to be normally distributed with expected
length given by (1). To avoid computational problems, the linear relationship of the variability in length-
at-age with length (eq. 7) was parameterized in terms of the reference lengths L;and L, (estimated by the

model), as follows (Schnute and Fournier, 1980):
E[L,] — L4
Oy, =01, + (UL2 - ULI)LaT + Oopsli (8)
2~ 11

2.6 Tag-recapture likelihood

Lengths-at-tagging and —at-recapture were modeled following a bivariate normal distribution with
correlation, p. The expected length at age of individual fish was defined by the expected lengths at
tagging (L;q4) and recapture (L), given the unknown age at tagging (A;,4) and time spent at liberty
between each capture event (At) (i.e., f() given in eq.2):

E[LtaglAtag =a] = f(Atag =a;0) 0.1
E[Lyecla+ At] = f(a + At; 0) 9.2)

The random effects for the age-at-tagging (A.qq) were assumed to follow a lognormal distribution
with mean (044 tag) and standard deviation (g4 tag) of Aiqg estimated on the log scale. The
lognormal distribution was chosen because it seemed to provide a reasonable approximation to the
distribution of lengths-at-release. Given the small sizes and narrow size range observed in the length-at-
release, we expected a relatively linear relationship between length-at-age and length-at-release. As with
the otolith data, the standard deviations associated with each length were defined as:

OLtag = OLy + (01, —01,) L. — L + Oopsl; (10.1)
E[Lyocla+ At — L
-1

OLyee = 01, + (01, = 01,) r“Lz I + Oops; (10.2)

As Francis et al. (2016) demonstrated, lengths-at-tagging and —at-recapture are likely to be more
highly correlated when time-at-liberty is short (cor(Liqg.Lrec) close to 1), with correlation decreasing
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with increasing time at liberty. Thus, the correlation coefficient, p, was modeled as a simple decreasing
function of At (Francis et al., 2016):

_ 1—po
1 — po + poeTketD)

p=1 (11)

where p, (0<py<1) is the correlation between L;qq4 and L., when At=0, and k, (k, > 0) is related
to the steepness of the slope defining the relationship between p and At (the higher the value of k,, the
faster the correlation coefficient will decline to zero).

The overall tagging log-likelihood, ln(/lmg), was the sum of the bivariate normal log-likelihood of
Liqg and Ly. and the lognormal log-likelihood of the random effects.

2.7 Objective function
The log-likelihoods of the tagging data and otolith data were added together into one objective
function to be optimized:

A =1n(Apso) + In(Aqy) (12)

The optimization was carried out in ADMB-RE (Fournier et al., 2012) using the separable functions
feature to reduce memory requirements and computational demand of the random effects (Skaug and
Fournier, 2015). The program’s default convergence criterion (maximum gradient component < 10-4)
was used to evaluate convergence at the optimal solution. Due to differences in sample sizes between
the two datasets, the otolith data carried more weight than the tagging data on the overall analysis. A
sensitivity run was therefore conducted to test whether down-weighting the influence of the otolith data
caused any noticeable changes to the results. The otolith log-likelihood was multiplied by a factor of
0.27, the inverse of the 3.7 times as many otolith records as tagging records.

2.8 Model diagnostics

Goodness of fit was first determined by visual inspection of the data plotted against the fitted curve.
For the otolith data, a scatterplot of the standardized residuals was produced to look for any indication of
poor model fit. Interpreting the residuals of the tagging component was complicated by the correlation
between the lengths-at-tagging and —at-recapture. Instead a comparison was made between the observed
lengths-at-recapture and their expected distributions given the parameters estimated in the model. This
was done by calculating the conditional cumulative distribution function (c.d.f.) of Ly, given Ly, and

At using the following approximation (see Appendix in Francis et al. (2016) for a detailed derivation):

FLrec,i(LreClLtag = Ltag,i; At = Ati)
~ Zj[FLTeCri (LreclLtag = Ltag,i' At = AtifAtag = Aj)thag,i(LtaglAtag = Aj)fAtag (A])] 3) (1
Ef[thag(Ltag|Atag = Aj) fAtag,i(Aj)]

where Fy denotes the c.d.f. of X, fy denotes the probability density function (p.d.f.) of X, i refers to
individual fish in the dataset, and {A;} is a large set of equally spaced numbers covering the expected
range of ages at tagging. If the model fits the tagging data, we would expect the quantiles of the
conditional distribution to be evenly distributed over the interval (0,1). A Kolmogorov-Smirnov test was
also carried out to formally compare the quantiles with that of a uniform distribution.
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Finally, a log likelihood ratio test (with 1 degree of freedom and a significance level of 0=0.05) was
used to determine whether the addition of the shape parameter in the Richards model provided a
significant improvement in fit over the simpler von Bertalanffy model.

3. Results

The two models generally follow similar growth trajectories until age 16 (~250cm FL), with the
Richards model predicting slightly larger lengths for fish of ages 7 to 16 compared to the von
Bertalanffy model (Table 1; Supplementary Fig. A3). Beyond age 16, the two curves begin to diverge
considerably, with the von Bertalanffy model predicting a higher mean asymptotic length (L, = 318.9
cm FL) than the Richards model (L, = 271.0 cm FL) (Supplementary Fig. A3). There were also notable
differences in the estimates of variability in length-at-age between the two models: the von Bertalanffy
model predicted smaller variability in length-at-age for younger fish (o, = 5.0 < 7.7 cm FL) and higher
variability in length-at-age for older fish (o;,= 29.1 > 21.0 cm FL), compared with the Richards model.
The von Bertalanffy growth curve currently used in the western ABT stock assessment (Restrepo et al.,
2010) was very similar to that estimated here (Supplementary Fig. A3).

Visual inspection of the fitted curve against the otolith data (Fig. 1) indicated that the Richards
model was a better fit than the von Bertalanffy model. Although the data show evidence of an
asymptote, the von Bertalanffy model is not able to adequately capture the bend in the curve (Fig. 1).
The scatterplot of residuals (Fig. 2) confirms this. The von Bertalanffy model displays a strong negative
pattern in the residuals beyond age 18 (Fig. 2) that is only weakly apparent in the residual plot of the
Richards model (beyond age 22; Fig. 2). There is a noticeable lack of very young fish in the otolith data
(Fig. 1), and both model fits show a positive trend in the residuals of fish aged 1-3, that is slightly more
pronounced in the Richards model (Fig. 2). In the von Bertalanffy fit, there is a negative pattern to the
residuals for fish of ages 4-6 followed by a positive pattern in the residuals of fish ages 7-16.

The fit to the tagging data seemed adequate and similar between the two models (Fig. 3).
Trajectories of fish with long times at liberty were in agreement with the general trajectory of the growth
curve (Fig. 3) and both models estimated similar values for the parameters of the lognormal distribution
of the unknown ages at tagging (Table 1, Fig. 4). The few records of fish that were relatively large at the
time of release may have been under-aged (Fig. 3) but their influence on the results was negligible since
they represented just 1% of the total tagging data sample. The histograms of quantiles of the conditional
distribution of (Lyec|Ltqg, At) (Fig. 5) indicated that the von Bertalanffy model provided a slightly better
fit to the tagging data than the Richards model. The differences in fit were a result of fish being assigned
slightly younger ages at tagging under the von Bertalanffy model compared to the Richards model.
Nonetheless, results from the Kolmogorov-Smirnov tests indicated that both models had some level of
misfit since the quantile distributions associated with each model were both significantly different from
a uniform distribution (p-value<0.01). These differences in fit between the two models are relatively
unimportant when compared to the differences in fits observed in the otolith data. Trends in the otolith
residuals resulting from the von Bertalanffy model were indicative of a much greater problem. Results
from the likelihood ratio test likewise indicated that the Richards parameterization was a better fit to the
data than the simpler von Bertanffy parameterization (p-value<0.001). Therefore, the Richards curve
appears to be superior to the von Bertalanffy curve for modelling the growth of western ABT.

Down-weighting the otolith component of the likelihood did not make an appreciable difference in
the resulting curve for either model (Supplementary Fig. A4, Table Al). This indicates that the otolith
and tagging data are complementary and in agreement with one another. What did change as a result of
shifting the weight away from the otolith data were changes in the estimates of variability in length-at-
age estimates. The Richards model with down-weighted otolith component estimated smaller variability
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in length at young ages (g;,,=2.03 + 0.5 <7.7 + 0.6) and larger variability at older ages (0;,=27.9 + 1.2
> 01,=21.0 £ 0.7) compared to the Richards model without weights (Supplementary Table AT).

The decision to exclude tagging records of fish showing the slowest and fastest 2% growth did not
make any appreciable difference to the results (Supplementary Table Al). For the otolith data, the
results were not sensitive to the impact of potential outliers, nor were they sensitive to biased samples of
fish ages 1 and 2. In both cases, excluding these records changed estimates of K and L,,by less than half
a percentage point compared with their original values (Supplementary Table Al).

4.Discussion

Growth parameterization for the western stock of Atlantic bluefin tuna was substantially improved
by (1) adopting ageing protocols and data filtering criteria that reduced bias in both length increment
data and otolith-based ageing, (2) a large and more representative sample of age estimates than existed
historically, and (3) application of the AMSFc maximum likelihood approach, which allowed robust
weighting of tagging and otolith data (i.e., the results were not sensitive the relative weights placed on
the tagging and otolith likelihoods) in their combined use in parameterization of growth models.
Further, applying the more general Schnute model fitting approach allowed us to identify past process
error associated with adopting the traditional von Bertalanffy model. Because the observation and
process errors identified in our study are general to other migratory stocks, we suggest the complement
of approaches taken here for the western stock of ABT may serve to improve growth parameterization
across a range of exploited species.

Our new assessment of the ICCAT tag recapture data set and improvements to the growth curve
indicate that western ABT attain lower mean asymptotic sizes than previously thought. The Richards
parameterization of the Schnute model led to a better fit to the data. The shape parameter allowed it
more flexibility in fitting to the older ages, resulting in a lower estimate of Lo, (271.0 cm FL) compared
to the von Bertalanffy parameterization (318.9 cm FL). This new estimate of the average size of fish in
the oldest age group appears to be in agreement with the range of maximum sizes reported in the
literature. In a recent meta-analysis of historical size data, Cort et al. (2013) uncovered a collection of
maximum sizes recorded during recreational fisheries competitions that took place between 1870 and
1979, and found record sizes of landed fish ranging from 210 to 320 cm FL (mean=269cm FL; where
the 320cm measurement was estimated from weight). Cort et al. (2013) also showed that records of fish
with lengths greater than 330cm FL in the ICCAT tagging database did not agree with the accepted
length-weight relationship, and were most likely the result of estimation errors or data misrecordings.
Looking exclusively at measured lengths, the 20 largest fish present in the database ranged from 246 to
295cm FL. According to the Richards model fit, an estimated variability in size-at-age of 21 cm near the
maximum age means we should expect 95% of old fish to reach sizes between 229 and 313 cm FL. This
result appears to be a more reasonable finding than that suggested by the von Bertalanffy fit which
implies that the oldest fish commonly reach maximum sizes between 261 and 377 cm FL.

Because otolith samples used in our analysis were largely obtained during fishery dependent
surveys, they are expected to reflect the selectivity of the fishery from which they were obtained
(Kolody et al. 2016; Schueller et al. 2014). Some of this sampling bias may have been lessened by large
sample size, particularly in comparison to Restrepo et al. (2010). Still, there was a noticeable lack of
very young fish in the otolith data (Fig. 1) that was likely due, in part, to the presence of a minimum
weight regulation of 30kg (~115cm FL) in the commercial fishery (in place since 1991) and, in part, to
difficulties associated with sampling the recreational fishery. Similarly, the positive trend in the
residuals of fish aged 1-3 apparent in both model fits (Fig. 2) could be a reflection of regulations placed
on the recreational fishery, which prohibits landing fish <27 curved fork length ( ~70cm FL). It is also
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likely to be a reflection of seasonal growth. All samples for fish ages 1-3 were obtained in the summer
months (July-October for ages 1 and 2, and May-October for age 3) compared with other ages where,
depending on the age, 1-50% of samples were obtained during the winter months (Supplementary Fig.
A2). Faster growth in the summer has been recorded in the closely related species of southern bluefin
tuna (Eveson et al., 2004) for which seasonality in growth has been modeled, and is thus likely to occur
in ABT as well. Since seasonal changes in growth are most prominent in younger ages when fish
undergo rapid growth, it is likely that the positive trend in residuals is linked to the clustering of samples
age 1 and 2 around months of fastest growth.

Growth parameter estimates play a central role in the stock assessment of western Atlantic bluefin
tuna. They are needed to convert historical catch-at-size data into catch-at-age data, using cohort slicing,
and to estimate weight at age (ICCAT, 2014). Moreover, estimates of variability in size-at-age could be
used to improve the cohort slicing procedure by adjusting the length bounds used to assign ages to
individual fish. Preliminary analyses comparing cohort slicing results using growth parameters from the
two different models showed that the use of the Richards growth parameter estimates resulted in higher
contributions of very young and very old fish in the catch-at-age estimates compared with estimates
obtained using von Bertalanffy growth parameters. The extent to which this will have an impact on the
evaluation of the stock status is of prime interest and will need to be investigated. Growth parameter
estimates are also used to calculate spawning potential ratio and biological reference points.

Though a recent study by Siskey et al. (2016) suggests western ABT may have experienced subtle
differences in growth rates during the past four decades, it was unclear how much of the observed
changes might be due to fisheries selection or differences in sample coverage between decades (i.e., the
relative number of small vs. large fish in the sample). Further investigation into that issue is warranted
as using time-varying growth curves may help decrease uncertainty in the catch-at-age estimates used in
the assessment, particularly with retrospective approaches such as catch-at-age-analysis. However, until
balanced samples for each time period become available (perhaps through data mining of length
frequency data), it is best to continue the use a single growth curve in the stock assessment of western
ABT that is representative of the time period covered by the assessment as a whole.

Finally, there have been discussions in ICCAT about possibly moving towards a length-based
integrated assessment (ICCAT, 2014). If and when that happens, having good estimates of the average
length of the oldest age-class in the model (L,) and variability in size at age will become crucial since
these parameters can play an important role in determining management outcomes (Aires-da-Silva et al.,
2015; Zhu et al. 2016). The observed differences in mean asymptotic length estimates are also likely to
affect assessment results. Having reliable estimates of L, is particularly important for determining stock
productivity and associated reference points used for management advice (Aires-da-Silva et al., 2015;
Aires-da-Silva and Maunder, 2011) so further investigation should be carried out to determine the
importance of such a change.

Acknowledgments

We would like to thank Chris Francis and Mark Maunder for their help with coding in ADMB-RE,
and Alain Fonteneau for helpful suggestions on an earlier draft. A special thanks goes out to all the
fishermen who, through their cooperation, made this analysis possible. We would also like to thank the
Large Pelagics Research Center for their help acquiring samples in 2011. Financial support was
provided by the NOAA National Marine Fisheries Service Bluefin Tuna Research Program as well as a
NMES/Sea Grant Fellowship in Population and Ecosystem Dynamics to LEA. This research was carried
out (in part) under the auspices of the Cooperative Institute for Marine and Atmospheric Studies, a
cooperative institute of the University of Miami, and the National Oceanic and Atmospheric

10



414
415
416
417
418
419
420
421

Administration (cooperative agreement NA17RJ1226). This paper is Contribution No. XXXX of the
Virginia Institute of Marine Science, College of William & Mary.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at ....

11



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466

References

Ailloud, L.E., Lauretta, M.V., Hoenig, J.M., Walter, J.F., Fonteneau, A., 2014. Growth of Atlantic
bluefin tuna determined from the ICCAT tagging database: A reconsideration of methods. Collect.
Vol. Sci. Pap. ICCAT 70, 380-393.

Aires-da-Silva, A.M., Maunder, M.N., Schaefer, K.M., Fuller, D.W., 2015. Improved growth estimates
from integrated analysis of direct aging and tag-recapture data: an illustration with bigeye tuna
(Thunnus obesus) of the eastern Pacific Ocean with implications for management. Fish. Res. 163,
119-126.

Aires-da-Silva, A.M., Maunder, M.N., 2011. Status of bigeye tuna in the Eastern Pacific Ocean in 2009
and outlook for the future. Inter-American Tropical Tuna Commission Stock Assessment Report 11,
17-156.

Block, B.A., Teo, S.L., Walli, A., Boustany, A., Stokesbury, M.J., Farwell, C.J., Weng, K.C., Dewar, H.,
Williams, T.D., 2005. Electronic tagging and population structure of Atlantic bluefin
tuna. Nature 434, 1121-1127.

Block, B.A., Dewar, H., Blackwell, S.B., Williams, T.D., Prince, E.D., Farwell, C.J., Boustany, A., Teo,
S.L., Seitz, A., Walli, A., Fudge, D., 2001. Migratory movements, depth preferences, and thermal
biology of Atlantic bluefin tuna. Science 293, 1310-1314.

Boustany, A.M., Reeb, C.A., Block, B.A., 2008. Mitochondrial DNA and electronic tracking reveal
population structure of Atlantic bluefin tuna (Thunnus thynnus). Mar. Biol. 156, 13-24.

Busawon, D.S., Rodriguez-Marin, E., Luque, P.L., Allman, R., Gahagan, B., Golet, W., Koob, E.,
Siskey, M.R., Sobrén, M.R., Quelle, P., Neilson, J., Secor, D.H., 2015. Evaluation of an Atlantic
Bluefin Tuna Otolith Reference Collection. Collect. Vol. Sci. Pap. ICCAT 71, 960-982.

Carlsson, J., McDowell, J.R., Carlsson, J.E., Graves, J.E., 2007. Genetic identity of YOY bluefin tuna
from the eastern and western Atlantic spawning areas. J. Hered. 98, 23-28.

Collette, B.B., Nauen, C.E., 1983. FAO Species Catalogue. Vol. 2. Scombrids of the world. An
annotated and illustrated catalogue of tunas, mackerels, bonitos and related species known to date.
Rome: FAO. FAO Fish. Syn. 125, 137 p.

Cort, J.L., Deguara, S., Galaz, T., Melich, B., Artetxe, 1., Arregi, 1., Neilson, J., Andrushchenko, I.,
Hanke, A., Neves dos Santos, M., Estruch, V., 2013. Determination of L max for Atlantic Bluefin
Tuna, Thunnus thynnus (L.), from meta-analysis of published and available biometric data. Rev.
Fish. Sci. 21, 181-212.

Eveson, J.P., Laslett, G.M., Polacheck, T., 2004. An integrated model for growth incorporating tag
recapture, length frequency, and direct aging data. Can. J. Fish. Aquat. Sci. 61, 292-306.

Fabens, A.J., 1965. Properties and fitting of the von Bertalanffy growth curve. Growth 29, 265-289.

Francis, R.C., Aires-da-Silva, A.M., Maunder, M.N., Schaefer, K.M., Fuller, D.W., 2016. Estimating
fish growth for stock assessments using both age—length and tagging-increment data. Fish. Res. 780,
113-118.

Francis, R.I.C.C., 1988. Are growth parameters estimated from tagging and age-length data
comparable? Can. J. Fish. Aquat. Sci. 45, 936-942.

Fournier, D.A., Skaug, H.J., Ancheta, J., lanelli, J., Magnusson, A., Maunder, M.N., Nielsen, A., Sibert,
J., 2012. AD Model Builder: using automatic differentiation for statistical inference of highly
parameterized complex nonlinear models. Optim. Method. Softw. 27, 233-249.

ICCAT, 2014. Report of the 2014 ICCAT Atlantic bluefin tuna stock assessment session. Collect. Vol.
Sci. Pap. ICCAT 71, 692-945.

12



467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

Kolody, D.S., Eveson, J.P., Hillary, R.M., 2016. Modelling growth in tuna RFMO stock assessments:
Current approaches and challenges. Fish. Res. 7180, 177-193.

Laslett, G.M., Eveson, J.P., Polacheck, T., 2002. A flexible maximum likelihood approach for fitting
growth curves to tag recapture data. Can. J. Fish. Aquat. Sci. 59, 976-986.

Maunder, M.N. and Punt, A.E., 2013. A review of integrated analysis in fisheries stock
assessment. Fish. Res. /142, 61-74.

Neilson, J.D., Campana, S.E., 2008. A validated description of age and growth of western Atlantic
bluefin tuna (Thunnus thynnus). Can. J. Fish. Aquat. Sci. 65, 1523-1527.

Palmer, M.J., Phillips, B.F., Smith, G.T., 1991. Application of nonlinear models with random
coefficients to growth data. Biometrics 47, 623-635.

Restrepo, V.R., Diaz, G.A., Walter, J.F., Neilson, J.D., Campana, S.E., Secor, D., Wingate, R.L., 2010.
Updated estimate of the growth curve of western Atlantic bluefin tuna. Aquat. Living Resour. 23,
335-342.

Richards, F.J., 1959. A flexible growth function for empirical use. J. Exp. Bot. 10, 290-301.

Richardson, D.E., Marancik, K.E., Guyon, J.R., Lutcavage, M.E., Galuardi, B., Lam, C.H., Walsh, H.J.,
Wildes, S., Yates, D.A., Hare, J.A., 2016. Discovery of a spawning ground reveals diverse migration
strategies in Atlantic bluefin tuna (Thunnus thynnus). Proc. Natl. Acad. Sci. U.S.A. 113, 3299-3304.

Riccioni, G., Landi, M., Ferrara, G., Milano, 1., Cariani, A., Zane, L., Sella, M., Barbujani, G., Tinti, F.,
2010. Spatio-temporal population structuring and genetic diversity retention in depleted Atlantic
bluefin tuna of the Mediterranean Sea. Proc. Natl. Acad. Sci. U.S.A.107, 2102-2107.

Rodriguez-Marin, E., Ortiz, M., de Urbina, J.M.O., Quelle, P., Walter, J., Abid, N., Addis, P., Alot, E.,
Andrushchenko, I., Deguara, S., Di Natale, A., 2015. Atlantic Bluefin Tuna (Thunnus thynnus)
Biometrics and Condition. PloS one 10, p.e0141478.

Schnute, J., 1981. A versatile growth model with statistically stable parameters. Can. J. Fish. Aquat.
Sci. 38, 1128-1140.

Schnute, J., Fournier, D., 1980. A new approach to length-frequency analysis: growth structure. Can. J.
Fish. Aquat. Sci. 37, 1337-1351.

Secor, D.H., Allman, R., Busawon, D., Gahagan, B., Golet, W., Koob, E., Luque, P.L., Siskey, M.,
2014a. Standardization of otolith-based ageing protocols for Atlantic bluefin tuna. Collect. Vol. Sci.
Pap. ICCAT 70, 357-363.

Secor, D.H., Busawon, D.S., Gahagan, B., Golet, W., Koob, E., Neilson, J.D., Siskey, M., 2014b.
Conversion factors for Atlantic bluefin tuna fork length from measures of snout length and otolith
mass. Collect. Vol. Sci. Pap. ICCAT 70, 364-367.

Secor, D.H., Wingate, R.L., Neilson, J.D., Rooker, J.R., Campana, S.E., 2009. Growth of Atlantic
bluefin tuna: direct age estimates. Collect. Vol. Sci. Pap. ICCAT 64, 405-416.

Secor, D.H., 2007. The year class phenomenon and the storage effect in marine fishes. J. Sea Res. 57,
91-103.

Schueller, A.M., Williams, E.H., Cheshire, R.T., 2014. A proposed, tested, and applied adjustment to
account for bias in growth parameter estimates due to selectivity. Fish. Res. 758, 26-39.

Sibert, J.R., Lutcavage, M.E., Nielsen, A., Brill, R.-W., Wilson, S.G., 2006. Interannual variation in
large-scale movement of Atlantic bluefin tuna (Thunnus thynnus) determined from pop-up satellite
archival tags. Can. J. Fish. Aquat. Sci. 63, 2154-2166.

Siskey, M.R., Wilberg, M.J., Allman, R.J., Barnett, B.K., Secor, D.H., 2016. Forty years of fishing:
changes in age structure and stock mixing in northwestern Atlantic bluefin tuna (Thunnus thynnus)
associated with size-selective and long-term exploitation. ICES J. Mar. Sci. 73, 2518-2528.

13



512
513
514
515
516
517
518
519
520
521
522

Skaug, H., Fournier, D., 2015. Random Effects in AD Model Builder. ADMB-RE User Guide Version
11.4.1, Available from: http://www.admb-project.org/documentation/manuals (accessed 31.05.16).

Turner, S.C., Restrepo, V.R., 1994. A review of the growth rate of west Atlantic bluefin tuna, Thunnus
thynnus, estimated from marked and recaptured fish. Collect. Vol. Sci. Pap. ICCAT 42, 170-172.

Von Bertalanffy, L., 1938. A quantitative theory of organic growth (inquiries on growth laws. II). Hum.
Biol. 70, 181-213.

Wang, Y.G., Thomas, M.R., Somers, LLF., 1995. A maximum likelihood approach for estimating growth
from tag-recapture data. Can. J. Fish. Aquat. Sci. 52, 252-259.

Zhu, J., Maunder, M.N., Aires-da-Silva, A.M., Chen, Y., 2016. Estimation of growth within Stock
Synthesis models: Management implications when using length-composition data. Fish. Res. /80,
87-91.

14



523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

Figure 1. Otolith data plotted against the fitted Richards and von Bertalanffy curves (grey solid lines).
In each panel, the shaded area represents the 2.5 and 97.5 percentiles of the distribution of the fitted
length at age.

Figure 2. Scatterplot of otolith standardized residuals resulting from the Richards and von Bertalanffy
model fits. A loess line (grey solid line) was fitted to the residuals in each panel to investigate trends.
For reference, horizontal dotted lines are drawn at 0 and +2 standardized residuals.

Figure 3. Tagging data plotted against the fitted Richards and von Bertalanffy curves (grey solid lines).
Each vector represents the growth trajectory of a fish given its known length at release, length at
recapture, time spent at liberty and estimated age at tagging (estimated using empirical Bayes methods).
In each panel, the shaded area represents the 2.5 and 97.5 percentiles of the distribution of the fitted
length at age.

Figure 4. Estimated frequency (histogram) and probability density function (grey solid line) of the
lognormal distribution of the random effects for the Richards and the von Bertalanffy models.

Figure 5. Quantiles in distribution of (Lrec|Liag,At) for the Richards and von Bertalanffy models. If the

data were well fitted, the histogram of quantiles would follow an approximately uniform distribution and
lie close to the horizontal dotted line.
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Table 1. Maximum likelihood estimates for the parameters of the Richards and von Bertalanffy
growth models. Note: the K parameters of the Schnute parameterization of the Richards and von
Bertalanffy models have different interpretations (see methods section 2.4).

Richards Von Bertalanffy
(Schnute with p <1) (Schnute with p =1)
Value S.E. Value S.E.
Fixed parameters
Ay 0 - 0 -
A, 34 - 34 -
p - - 1 -
Estimated parameters
Ly 33.0 0.74 18.5 1.1
L, 270.6 1.3 305.9 1.8
K 0.22 0.01 0.09 0.002
p -0.12 0.05 - -
k, 1.5 0.18 0.97 0.15
Po 0.97 0.01 0.94 0.01
Oobs 3.6 0.46 2.8 0.44
O, 7.7 0.60 5.0 0.66
01, 21.0 0.69 29.1 0.91
Hiogatag 0.74 0.02 0.66 0.02
UlogAtag -1.3 0.04 -14 0.05
Derived parameters
Lo 271.0 1.39 3189 2.56
to 0 - -0.65 0.05
a* 5.84 0.69 3.5 0.75
b 0.06 0.004 0.08 0.004
Negative log-likelihood 19597.1 19884.7






