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Abstract: Growth modelling is essential to inform fisheries management but is often hampered by
sampling biases and imperfect data. Additional methods such as interpolating data through back-
calculation may be used to account for sampling bias but are often complex and time-consuming.
Here, we present an approach to improve plausibility in growth estimates when small individ-
uals are under-sampled, based on Bayesian fitting growth models using Markov Chain Monte
Carlo (MCMC) with informative priors on growth parameters. Focusing on the blue jack mackerel,
Trachurus picturatus, which is an important commercial fish in the southern northeast Atlantic, this
Bayesian approach was evaluated in relation to standard growth model fitting methods, using both
direct readings and back-calculation data. Matched growth parameter estimates were obtained
with the von Bertalanffy growth function applied to back-calculated length at age and the Bayesian
fitting, using MCMC to direct age readings, with both outperforming all other methods assessed.
These results indicate that Bayesian inference may be a powerful addition in growth modelling
using imperfect data and should be considered further in age and growth studies, provided relevant
biological information can be gathered and included in the analyses.

Keywords: Bayesian; Carangidae; fisheries; mortality

1. Introduction

Information on growth and age is critical for fisheries assessment, and specifically
for defining population structure, recruitment and mortality [1]. For instance, growth
parameters are essential to build age structured catch curves and derive natural and total
mortality corresponding to the negative components in stock dynamics. Growth in fish has
been typically described through length-at-age analysis using the von Bertalanffy growth
model. However, it is increasingly recognized that new methods, models, and model
selection procedures may be required to account for variability in growth due to multiple
species-specific and environmental factors, and for avoiding problems associated with
sampling bias and imperfect data (see review in [2]).

Estimating the growth of fish is particularly challenging when not all length or age
classes can be effectively sampled [3]. Fishing gear selectivity often leads to unrepresenta-
tive samples of the smallest or the largest size classes, which are essential to define the ends
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of growth curves. Several methods have been used to deal with under-sampling, including
back-calculating, length-at-age [4] and constraining model fits by fixing asymptotic length
(L∞), or age at length zero (t0) parameters when large and small individuals are missed,
respectively [3]. More recently, Bayesian approaches incorporating prior knowledge into
the analysis and producing a combined output from the priors and the data available
have also gained emphasis in length-at-age analyses (e.g., [5–8]). However, applications of
Bayesian inference in growth modelling are still limited, and more empirical evidence on
the relative benefits of the different methods dealing with poor quality data from biased
sampling is needed.

Here, we document the use of a Bayesian approach and traditional methods aiming to
overcome under-sampling of small fish in estimating the growth of the blue jack mackerel
Trachurus picturatus off the west Portuguese continental coast. This pelagic fish inhabits the
neritic zones of island shelves, banks and seamounts, from the southern Bay of Biscay to
southern Morocco, including the Macaronesia archipelagos, Tristan de Cunha and Gough
Islands, and in the Western part of the Mediterranean Sea and the Black Sea [9]. It is
an important commercial fish in the southern northeast Atlantic and was the fifth most
landed fish in the Portuguese mainland in 2019, reaching 2376 ton [10]. It is often caught
with horse mackerel, T. trachurus, and its landings have suffered strong fluctuations in the
last 15 years [11]. Despite its relevance, there is a clear lack of information on growth and
mortality for European continental coast.

Specifically, we assess growth parameters for the T. picturatus population off the
west Portuguese coast, using different methodologies (Bayesian and frequentist ones,
including back-calculating length-at-age and fixing model parameters) to overcome the
constraints of under-sampling small individuals from commercial landings. Furthermore,
we also provide a valid and prompt approach that overcomes the constraints of commonly
used time-consuming methods. Along with growth parameters, species mortality and
exploitation rate are also estimated for the area for the first time, providing accurate and
useful biological information for fisheries management of this data-limited resource.

2. Materials and Methods
2.1. Fish Sampling and Analysis

Samples of blue jack mackerel were obtained from commercial vessels operating with
bottom trawl, longline, gillnets and trammel nets, off mainland Portugal (Peniche). For
growth analysis, a total of 588 individuals, were collected monthly between September 2018
and August 2019, measured in fresh for total length (TL to the nearest 0.1 cm) and dissected
for sex assessment. Sagitta otoliths (hereinafter mentioned as otoliths) were removed, rinsed
with water, air dried and stored in labelled vials for further ageing analysis. For mortality
estimation, length distributions of fish in landings were recorded, whenever possible, at
least twice a month from April 2018 to August 2019, covering 22 vessels from the different
gears that capture the species (Supplementary Table S1), in a total of 1467 specimens.

2.2. Ageing Assignment and Precision

Right otoliths were immersed in water with the sulcus acusticus side down, read under
reflected light against a dark background, using a stereomicroscope (Nikon SMZ745T,
Tokyo, Japan), and photographed with a coupled digital camera (Leica DFC290, Heer-
brugg, Switzerland). Annual growth increments were considered as the succession of one
opaque and one translucent increment, following previous validation of periodic increment
formation from marginal increment analyses by [12].

Most of the otoliths (67%) were read by three authors (AN, ARV, LSG), while the
remaining were read by two. Precision and reproducibility of age readings were evalu-
ated with the average percentage error (APE, [13]), the average coefficient of variation
(CV, [14]), and the percentage of perfect agreement (PAgree), using the FSA package [15] in
RStudio [16]. Age assignments required at least two equal readings.
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2.3. Back-Calculation of Lengths

Growth increments were measured on otolith images along a single axis from the
otolith nucleus to the marginal edge in the otolith’s posterior region, with measurements
taken from the outer edge of each translucent increment. Overall, 2679 measurements were
taken from images of a representative subsample of 376 otoliths using ObjectJ (a plugin for
ImageJ software, https://sils.fnwi.uva.nl/bcb/objectj/, accessed on 22 July 2019).

The relationship between TL and otolith radius (OR) was described using the power
function TL = c × ORd. Length-at-age (TLi) was back-calculated from each increment
radius (ORi), using the Monastyrsky formula [17]: TLi = (ORi/OR)d × TL.

2.4. Growth Modelling

Model building and assessment involved three steps, and two length-at-age data sets
from direct readings (DR) and from back-calculation (BC). In the first step, three commonly
used growth functions, the von Bertalanffy (VBGF), the Gompertz, and the logistic, were
fitted to each data set using the FSA package [15] in RStudio [16], and screened considering
the Akaike Information Criteria (AIC, [18]) with the model minimizing AIC being retained
as the best growth function. Models were built separately for males and females and
differences in growth between sexes were evaluated for the best growth function with
likelihood ratio tests as implemented in the fishmethods package [19]. In the second
step, the function retained as the best was used to build two additional models for the
length at age data derived from direct readings, by fixing t0 at 0 (DRfix) and by using a
Bayesian approach (DRBayes) fitted in R environment with rstan package [20]. In the later,
four Markov Chain Monte Carlo (MCMC) chains with 10,000 simulations were used to
determine parameter posterior distributions with a burn in period of 2000 simulations and
thinning = 1. Normally distributed informative priors were set for L∞ and t0, with mean
L∞ determined from the maximum length of fish found in landings (50 cm) and t0 set to 0.
Standard deviation was initially defined as 10% of the mean value for L∞ and as 0.1 for t0
and increased or reduced as needed to improve the growth model fit. Priors for L∞ were
kept with a mean = 50 and SD = 5 since changing the SD did not affect the model fit. The t0
priors were set to mean = 0 and SD = 0.2, as this increase clearly improved the curve fit to
the observed points. For the growth rate coefficient (k) a uniform distribution bounded
from 0 to 0.5 was defined, and the residual standard error (σ) prior was also defined with a
uniform distribution ranging from 0 to 5. The model code used was based on [21] and is
given in Supplementary Texts S1 and S2. The Bayesian model was checked for convergence
and efficiency with R-hat convergence diagnostic and Effective Sample Size produced
by rstan package [20]. Diagnostic plots produced using the bayesplot R package [22]
were examined to check that chains had mixed and that there was no autocorrelation
(Supplementary Text S2). Finally, in the third step, the four growth models derived from
length-at-age data from direct readings, with and without t0 constraint and using the
Bayesian approach and from the back-calculated length-at-age data were evaluated for
relative suitability. Because differences in sample sizes precluded the use of model selection
statistics such as the AIC [18], models were visually inspected for their fit to the data, and
the model that provided the most biologically reliable parameter estimates according to the
species biology was judged as most plausible, as in other fisheries studies [8].

2.5. Mortality

Total instantaneous mortality rate, Z, was estimated using the Chapman–Robson
mortality estimator [23], with the first age group used being 1 year older than the age
of peak abundance [24]. Instantaneous natural mortality rate (M) was estimated using
the updated Hoenignls tmax-based estimator, M = 4.899 × tmax

−0.916 and the Paulynls-T
estimator, M = 4.118 × k0.73 × L∞

−0.33 [25]. Temperature was not included in the Pauly
estimator because it added no information to the model [25,26]. The growth parameters
used were the ones from the best fitted growth model. Fishing mortality and exploitation

https://sils.fnwi.uva.nl/bcb/objectj/
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rates were estimated as F = Z − M and E = F/Z, respectively. Mortalities estimates were
obtained using the R package FSA [15].

Graphics, excluding those from Bayesian analyses, were carried out using ggplot2
package [27] and significance of statistical testing was set at p-value < 0.05.

3. Results
3.1. Ageing Precision

From the 588 otoliths read, 13 (2%) were excluded due to divergent readings.
Precision in ageing among all readers was moderate (CV = 7.04; APE = 5.36%; PA = 36%)

but improved between two readers only, with percentage of agreement within yearly
intervals above 90% (Table 1). The first four increments were typically wider than the
subsequent, which become thinner and closer with age. Mean increment radius showed a
large overlay for ages above 3 (Supplementary Figure S1).

Table 1. Precision indices for age readings of Trachurus picturatus from Portuguese continental
coast. APE—average percentage error; CV—average coefficient of variation; PAgree—percentage of
perfect agreement; PAgree ± 1—percentage of agreement within one year interval; N—number of
otoliths read.

Reader1 vs. Reader2 Reader1 vs. Reader3 Reader2 vs. Reader3

APE 4.05 3.33 4.42
CV 5.72 4.71 6.25

PAgree 56.81 62.08 53.75
PAgree ± 1 92.03 95.34 91.47

N 459 490 427

3.2. Growth Modelling

Length distribution for specimens used in each data set (direct reading and back-
calculation) had similar ranges and are given in Table 2 and Supplementary Figure S2.
Fish were aged 1 to 15 years, but most (67%) were 4 to 8 years (Supplementary Table S2).
Age–length keys (ALK) derived using data from direct readings and back-calculation are in
Supplementary Tables S2 and S3, respectively. Because no statistical differences in growth
between sexes were found (chi-square = 1.11, df = 1, p-value = 0.292), ALK were determined
pooling all individuals.

Table 2. Sample length description for the two data sets used for Trachurus picturatus growth
modelling in Portuguese continental coast. DR—direct readings; BC—back-calculation; N—number
of specimens; Mean—mean total length; Range—minimum and maximum total length.

N Mean (cm) Range (cm)

DR
Females 276 32.0 23.4–46.4
Males 299 31.9 21.0–44.6

BC
Females 176 33.3 23.5–46.4
Males 200 33.9 22.5–44.6

The VBGF showed a better fit than the Gompertz and the logistic functions to DR and
BC length data for both sexes (Table 3). Therefore, the VBGF was retained as the best and
used for building additional models with constrained growth parameters and using the
Bayesian approach. The four models built using the VGBF are presented in Figure 1 and
the respective parameter estimates are given in Table 4. The growth parameters estimated
from the DR length data varied considerably with the approach used. Common VBGF
produced an unreliable large L∞ and a very negative t0, while fixing t0 at 0 considerably
underestimated the L∞. The Bayesian analysis produced more biological reliable estimates
for both L∞ and t0. The growth rate coefficient, k, varied accordingly to the estimation
of the other parameters, being higher when L∞ was smaller and t0 higher. Parameters
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estimated by the Bayesian approach were similar to those estimated with the VBGF applied
to the BC data set, with the value for L∞ closer to the maximum length found for the species.
Growth thus appeared to be more plausibly described by Bayesian inference applied to DR,
which showed the most biologically appropriate parameter estimates (Table 4).

Table 3. Summary results of growth model selection applied to each data set of length-at-age of
Trachurus picturatus from Portuguese continental coast. For each model is indicated the Akaike
Information Criterion (AIC) with the best value for each data set in bold. VBGF—von Bertalanffy
growth function; Gompertz—Gompertz function; Logistic—logistic function; DR—direct readings;
BC—back-calculation.

VBGF Gompertz Logistic

AIC AIC AIC

DR
Females 1301 1315 1324
Males 1135 1154 1167

Overall 2432 2464 2485

BC
Females 5223 5253 5289
Males 4837 4860 4887

Overall 10,070 10,123 10,185
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Figure 1. Comparison between the von Bertalanffy growth function estimated by the four approaches
applied to length-at-age of Trachurus picturatus from Portuguese continental coast. Black dots are
direct readings and blue dots are back-calculated lengths-at-age. Black line—direct readings (DR);
green line—direct readings with t0 = 0 (DRfix); red line—back-calculation (BC); blue line—Bayesian
inference (DRBayes).

3.3. Mortality

Length distribution of landed catches is presented in Supplementary Figure S3. Total
mortality (Supplementary Figure S4) was estimated as 0.94 yr−1 (95% CI: 0.87–1.01 yr−1).
Natural mortality varied greatly according to the estimator used, from 0.24 yr−1 (95% CI:
0.21–0.25 yr−1) with Paulynls-T estimator to 0.41 yr–1 with Hoenignls tmax-based estimator.
Accordingly, the fishing mortality was estimated as 0.70 yr–1 (95% CI: 0.62–0.80 yr–1) and
0.53 yr−1 (95% CI: 0.46–0.60 yr–1), and the estimated exploitation rate varied between
0.56 (95% CI: 0.53–0.59) and 0.74 (95% CI: 0.71–0.79).
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Table 4. Von Bertalanffy growth parameters’ estimates for Trachurus picturatus from Portuguese
continental coast derived from different data sets and approaches. 95% confidence intervals are
given in parentheses. For Bayesian inference the prior probability distributions used is given with
mean and standard deviation, posterior probability distributions are reported as the mean, with
lower and upper limits of the 95% credible interval in parentheses. BC—back-calculation; DR—direct
readings; DRfix—direct readings with t0 = 0; DRBayes—direct readings with Bayesian Inference;
MCMC—Markov chain Monte Carlo.

BC DR DRfix DRBayes

Parameter nls Estimates Prior MCMC
Posterior

L∞
46.68

(45.52–47.83)
63.31

(56.33–70.29)
42.03

(41.19–42.88) N(50, 5) 50.89
(48.78–53.21)

k 0.15
(0.14–0.16)

0.07
(0.06–0.09)

0.24
(0.23–0.25) U(0, 0.5) 0.12

(0.11–0.13)

t0
−2.04

(−2.19–−1.89)
−3.37

(−3.93–−2.80) 0 N(0, 0.2) −2.01
(−1.73–−2.29)

σ 2.412 2.03 2.734 U(0, 5) 2.06
(1.94–2.20)

4. Discussion

Estimates of growth parameters are critical for fisheries assessment and management.
However, sampling biases and consequent underrepresentation of small or large indi-
viduals strongly influences growth parameter estimation. Here, different approaches to
overcome the under-sampling of small individuals and expedite growth estimation were
evaluated, using as case study blue jack mackerel T. picturatus, which is an important
commercial fish in the Portuguese continental coast.

4.1. Ageing Precision

Although T. picturatus otoliths present some difficulties in age interpretation, such as
the presence of false rings [28], the precision indices obtained for the three readers were
within acceptable ranges (CV < 7.6% and APE < 5.5%, [29]), and much lower than those
adopted in the literature when evaluated between each pair of readers, indicating reliable
age assignment.

4.2. Growth Modelling

Despite the reliable aging process, the lack of small individuals limits the estimation
of growth model parameters, and, to overcome this issue, some additional techniques were
applied. Back-calculation is commonly used to generate body length at younger ages and
has proved to be an important tool for fisheries scientists and fish ecologists [17]. This was
also the case in here, with estimated parameters of the VBGF with BC data being more
accurate than those from DR data. Even when t0 was fixed at 0 years, the VBGF for DR data
set continued to produce less accurate parameter estimates than BC data set. Although BC
appears to adequately account for imperfect data for small individuals, this procedure is
very time consuming and complex, requiring skilled researchers for reliable results, and
additional approaches to facilitate growth estimation would be beneficial.

The Bayesian approach presented here appeared effective in accounting for missing
younger ages and modelling fish growth. Parameter estimates for the VBGF obtained from
DR data set analysed with Bayesian inference, were similar to those obtained with BC
data but better matching the known maximum length. This adds to previous evidence
demonstrating the utility of Bayesian inference in modelling fish growth with imperfect
data and sample sizes. Bayesian approaches have been shown to produce equivalent or
improved growth estimates relative to frequentist approaches in multiple species, except
for large samples including all age classes [8]. Although the Bayesian inference needs
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considerably more statistical and programming expertise, it is simple to implement in
open-source statistical environments, such as R [30]. A good prior selection and a careful
examination of Bayesian diagnostics are essential to successfully estimate growth parame-
ters [21], and the mean value of 10% as SD should be updated in future studies as this is
just a hypothesis. However, the use of the Bayesian approach is clearly a good choice for
biased sampling data.

4.3. Age and Growth

Enhanced life history knowledge on commercial fish species is essential for proper
resource exploitation, and this is the first time that growth of T. picturatus was evaluated for
the Portuguese continental coast. The species lifespan and length range differ considerably
across areas, with a maximum of 6 years for individuals under 32 cm TL reported for the
Canary Islands [12] and a maximum age of 18 years for individuals around 50 cm fork
length in Azores [31]. Nevertheless, for similar lengths, age assignments in both studies
were similar to those reported here. It is also worth noting the wide length range per
age class reported in all studies, indicative of a high variability in individual growth for
the species.

Differences found in growth parameters among the Azores, Madeira, Canary Islands
and Portugal mainland are more likely related to the length range sampled in each area
than to the methodology used. The higher maximum length sampled the lower the growth
rate [32]. However, a sharp decrease in T. picturatus growth rate has been reported in the
Portuguese archipelagos in recent decades, decreasing from 0.20 yr−1 [33] to 0.09 yr−1 [31]
in Azores and from 0.32 yr−1 [34] to 0.14 yr−1 [35] in Madeira. It would be interesting to
explore if such a decrease is primarily related to fishing pressure adaptation or to other
biotic and abiotic environmental factors.

4.4. Mortality

Mortality is another important life history parameter in population dynamics; however,
direct and reliable estimates of natural mortality rate are difficult to obtain, and several
authors defend that such estimates should consider variations in age and size (e.g., [26,36]).
Nevertheless, a single value for M can still constitute a useful representation of mortality
and the assumption of a constant M in stock assessments is still widely used [25]. For the
west Portuguese coast, M was estimated by two different methods, one based on tmax and
the other on k and L∞. Estimated values varied greatly depending on the method used
(0.24 yr−1 and 0.41 yr−1), which was expected as the Hoenignls estimator produces higher
M estimates than the Paulynls-T for stocks that experience M higher than 0.2 yr−1 [25].
However, despite the used estimator, fishing mortality was high, and E was, in both cases,
well above the value of 0.4, suggested as a guideline for the appropriate exploitation of
pelagic stocks [37].

The sustainable exploitation of fish stocks is vital to preserve fisheries [38]. T. picturatus
is only subject to advice in ICES subdivision 10.a.2 (Azores grounds), yet no assessment is
made for this area because no reference points have been defined [39]. A decline in fish
length and weight in the catches landed in Madeira, as well as a decrease of 2.78 cm in
the length at first maturity throughout the past 14 years, was already detected by [40],
suggesting high levels of fishing mortality and indicating that the T. picturatus population
of Madeira has been exploited above sustainable levels. For the Portuguese continental
coast, no temporal length series was available and therefore it was not possible to evaluate
trends in fish length. The exploitation rate estimated in the present study was high, but over
80% of landed individuals were larger than 30 cm TL, which suggests that the species is still
not under excessive fishing pressure. However, it is essential that additional information
on T. picturatus will be gathered regularly to improve stock status knowledge and avoid
future overexploitation of the species.
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5. Conclusions

The use of the Bayesian inference seems to be a good choice to model the growth of
species where not all length classes are well represented in the sampling, and to avoid
time-consuming methodologies such as back-calculation.

T. picturatus is a commercially important species in Portuguese fisheries and the results
obtained in this study suggest that catches should be monitored to avoid stock overfishing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes7010052/s1, Text S1: Stan code to fit von Bertalanffy growth
model; Text S2: R Code and results for Bayesian diagnostic procedures; Figure S1: Frequency
distributions of growth increments at age; Figure S2: Length distribution for the two data sets used
for Trachurus picturatus growth modelling; Figure S3: Length distribution of Trachurus picturatus
from landings in Peniche port; Figure S4: Chapman-Robson estimates of annual survival rate and
instantaneous mortality; Table S1: Age and mortality sampling description; Table S2: Age-length-key
from direct readings data; Table S3: Age-length-key from back-calculated data.
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