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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

backcalculation may be used to account for sampling bias but are often complex and time-

consuming. Focusiong on Chilean jack mackerel (CHJM), here we present an approach to

improve plausibility in growth estimates when there is an age-specific imbalance in the sam-

ple size. In addition we implemented an approach based on Bayesian fitting growth models

using Markov Chain Monte Carlo (MCMC) with informative priors on growth parameters.

Considering the recent validation of the daily periodicity of the microincrements in CHJM

otoliths, the readings of annual rings in the otoliths were complemented with reading of

daily increments for individuals younger than two years of age with the aim of improving

the estimation of the parameter L0. Parameter estimates for the von Bertalanffy growth

function confirmed age-specific sample size bias as an important source of uncertainty. The

parameters estimated with the corrected database showed less difference between the ad-

justment methods (frequentist and Bayesian). A methodology based on sampling without

replacement by age group is proposed to correct the imbalance in the sample size. Although

some differences were observed between the periods evaluated, the Bayesian analysis pro-

duced more biological reliable estimates for both L∞ and L0. The growth rate coefficient,

k, varied accordingly to the estimation of the other parameters, being higher when L∞ was

smaller and L0 higher. Considering this approach, the von Bertalanffy growth parameters

were estimated as L0 = 12.20 L∞ = 67.43 and k = 0.14 for the entire period evaluated.
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1. Introduction

Growth is a fundamental component of life history, and the ability to model it has

a wide range of applications in population dynamics (Smart et al., 2016).Information on

age and growth is essential for fish stock assessment and specifically for evaluate species

productivity and determining stock structure, recruitment and mortality (Neves et al., 2022).

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

(Haddon, 2011). Growth in fish has been typically ascertained through length-at-age analysis

using the von Bertalanffy growth model (Von Bertalanffy, 1938). However, biased sampling

often hinders growth estimation when not all length or age classes can be effectively sampled

or when preferential sampling is carried out on some age classes. In this situation, additional

methods are often applied to account for imperfect data such as constraining model fits or

interpolating data through methods such as back-calculation (Smart & Grammer, 2021).

Although this can be effective, in many instances biologically implausible growth estimates

can still occur to varying degrees. Furthermore, variability in growth pattern due to species-

specific diversity, environmental factors, and fishing pressure requires new methods and

models to assess length-at-age in marine populations.

Length-at-age models are most commonly fit using frequentist approaches such as non-

linear estimation (Haddon, 2011; Smart & Grammer, 2021). When appropriate length-at-age

samples are available, these methods perform well and produce the neccesary information

to support further population analyses. However, often unrepresentative samples or un-

balanced age-specific sample sizes compromise adequate growth estimates. For example,

species with a wide age/length-segregated spatial distribution often have biased samples as

fishing fleets avoid catching the younger/smaller age classes and sampling effort is overesti-

mated in modal age classes. A similar situation occurs with species with a wide size range

as fishing gear is size selective and often cannot catch the largest or smallest size classes.

These individuals are the most influential to growth estimation as they essentially anchor
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the ends of the curve at minimum and maximum sizes (Haddon, 2011; Smart & Grammer,

2021). Age zero specimens support the estimation of length-at-birth parameter (L0 ) while

the largest individuals strongly influence estimates of asymptotic length (L∞). When ex-

treme sizes (small and large) are omitted or age-specific sample sizes are unbalanced (modal

groups overrepresented), resulting growth curves may adequately describe the length-at-age

over the length and age ranges available but may provide parameter estimates that do not

appropriately describe the growth of the species (Smart & Grammer, 2021). Several meth-

ods have been used to deal with biased-sampling, including back-calculating length-at-age

(Francis, 1990), constraining model fits by fixing asymptotic length (L∞) or length-at-birth

(L0 ) parameters (when large and small individuals are missed respectively) and making

assumptions with the data associated with ages that are not totally vulnerable to sampling

(Gwinn et al., 2010). Recently, Bayesian approaches incorporating prior knowledge into

the analysis and producing a combined output from the priors and the data available have

emerged as a suitable alternative in length-at-age analyses (Siegfried & Sansó, 2006; Smart

et al., 2016; Neves et al., 2022). However, as highlighted by Neves et al. (2022) applications

of Bayesian inference in growth modelling are still limited, and more empirical evidence

on the relative benefits of the different methods dealing with imperfect data from biased

sampling is needed.

Here, we use traditional methods and the Bayesian approach to estimate the growth of

the Chilean jack mackerel (CHJM; Trachurus symmetricus) and evaluate the effect of age-

specific sample size imbalance on the parameter estimation of the von Bertalanffy growth

model. CHJM is a highly migratory pelagic species that is widely distributed in the south-

eastern Pacific ocean off Chile and Peru, reaching across to New Zealand and Tasmania

(Bailey, 1989; Grechina et al., 1998). The wide distribution of this species in the region

and its highly migratory behavior make it difficult to collect samples across the full age/size

range due to life cycle patterns and complexities associated with the fishing operation. In

Chile, several methods have been used to estimate the growth of CHJM, such as counting

annual rings in otoliths (Kochkin, 1998), modal progression analysis (Cubillos & Grechina,
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1998) and analysis of daily increments in otoliths (Cisterna & Arancibia, 2017; Cerna &

Moyano, 2015). To date, there is no consensus regarding the parameters that describe the

growth curve of this species. In general, it has been described that the annual rings in

otoliths of fish of the genus Trachurus are difficult to interpret due to the presence of false

or subannual rings (Waldron & Kerstan, 2001), which can lead to overestimating the age of

these species. However, the deposition of annual rings has recently been validated improv-

ing the understanding of jack mackerel growth (Araya et al., 2020). Specifically, we assess

growth parameters for the T. murphyi, using different methodologies (Bayesian and fre-

quentist ones, including age-specific sample size adjustments and fixing model parameters)

to overcome the constraints of preferential-sampling from commercial landings.

2. Methods

2.1. Fish Sampling

Samples of CHJM were obtained from commercial purse-seine fleet operating off central-

southern Chile. For growth analysis, a total of 13,122 individuals were collected between the

2007 and 2012 fishing seasons, measured in fresh for fork length (FL to the nearest 1 cm)

and dissected for biological assessment. Sagitta otoliths (hereinafter mentioned as otoliths)

were removed, rinsed with water, air dried and stored in labelled envelopes for further ageing

analysis.

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 (Zeiss,Stemi SV6) at 10X

magnification. 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 Araya et al. (2020). Age in specimens smaller than

17 cm FL (n=63), was determinated by analysis of daily growth increments in otoliths,

which were observed under transmitted light using an optical microscope (Zeiss, Axio lab.1)
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with 400X magnification, following the radius of the otolith, from the primordium to the

postrostral edge.

2.3. Growth Modelling

Model building and assessment involved two length-at-age data sets, the first considered

all the direct readings (n=13,122) and the second was obtained from age-specific subsam-

pling in order to homogenize the sample size for all age classes. This last data set was

constructed by sampling without replacement in each age class between 1 and 12 years (n

= 50). Secondarily, the same procedure was performed for a more limited period, selecting

data from 2007 to 2009 (n = 3,291). The von Bertalanffy growth function, commonly used

for aquatic taxa, was applied to model the length-age relationship in CHJM:

La = L∞− (L∞− L0)e
−ka

where La is the length-at-age a, L0 is the length-at-birth, k is the growthcompletion

parameter and L∞ is the asymptotic length. The model was fitted to each data set using

the AquaticLifeHistory package (Smart et al., 2016) in RStudio (RStudio, 2021). Each data

set homogenized in sample size was used to build two additional models for the length

at age data derived from direct readings, by fixing L0 at 8.5 cm (smallest size observed;

LBf ix) and by using a Bayesian approach (DRBayes) fitted in R environment with rstan

package Team. 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 25000 simulations and thinning = 1. Normally distributed informative priors were set for

L∞ and L0, with mean L∞ determined from the maximum length of fish found in landings

(70 cm) and L0 set to 8.5 cm. Standard deviation was initially defined as 10% of the mean

value for L∞ and as 0.5 for L0. For the growth rate coefficient (k) a uniform distribution

bounded from 0 to 1 was defined, and the residual standard error (σ) prior was also defined

with a uniform distribution ranging from 0 to 5.

5

SC10-JM07

5



Table 1: Von Bertalanffy growth parameters’ estimates for CHJM derived from 2007-2012 dataset. 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. FD: full data; SD: proportionally

sampled data; SDfix: SD with L0 = 8.5; SDBayes: SD with Bayesian Inference; MCMC—Markov chain

Monte Carlo.

nls Estimates PDBayes

Parameter FD PD PDfix Prior MCMC posterior

L∞ 134.63 79.65 60.28 N(70,5) 67.43

(125.15 - 144.10) (76.20 - 83.09) (59.50 - 61.05) (65.84 - 69.02)

k 0.036 0.095 0.205 U(0,1) 0.14

(0.032 - 0.039) (0.086 - 0.103) (0.198 - 0.211) (0.13 - 0.15)

L0 20.38 15.46 8.5 N(8.5,0.5) 12.20

(20.22 - 20.54) (15.04 - 15.86) (11.84 - 12.56)

3. Results

An important sampling effort has been carried out for the collection of jack mackerel

otoliths from commercial catches in the analyzed period (2007-2012; n= 13,112). Figure 1

shows the length-at-age of CHJM for all samples collected from the central-southern Chilean

fleet. Although the sampling for age determination is not random and otolith readings of

small specimens (< 16 cm FL) have been included, the 2D kernel shows the overrepresen-

tation of modal groups vulnerable to fishing with over 80% of the data centered on ages

between 1.5 and 5.5 years (Figure 1a). This unbalanced distribution of the data suggests a

low influence of the largest and smallest sizes in the estimation of the growth of CHJM, get-

ting closer to a linear function associated with the most represented classes (R2= 0.85). To

avoid this effect, an alternative database has been developed using random sampling with-

out replacement with the same sample size for each age class. Figure 1b shows the result of
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this approximation, where although the range of some age classes may be slightly altered,

the imbalance in the length-at-age distribution seems to be resolved. Figure 2 and Table 1

show the curves obtained using the von Bertalanffy model for both datasets, revealing that

the estimated parameters are significantly different for both approaches, obtaining higher

estimates of L∞ and L0 and lower growth rates (k) when considering the full database. The

same effect was obtained when using a database for a more limited period (2007 - 2009)

(Table 2)
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Figure 1: 2D kernel density for age readings in jack mackerel otoliths considering: a) all data collected in

the period 2007-2012, and; b) proportionality in the sample size age-specific in the period 2007-2012

Table 2: Von Bertalanffy growth parameters’ estimates for Trachurus murphyi derived from 2007-2009

dataset. 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 re-

ported as the mean, with lower and upper limits of the 95% credible interval in parentheses. FD: full

data; SD: proportionally sampled data; SDfix: SD with L0 = 8.5; SDBayes: SD with Bayesian Inference;

MCMC—Markov chain Monte Carlo.

nls Estimates PDBayes

Parameter FD PD PDfix Prior MCMC posterior

L∞ 85.03 66.45 58.55 N(70,5) 61.78

(81.48 - 88.58) (64.71 - 68.19) (57.84 - 59.26) (60.64 - 62.92)

k 0.080 0.145 0.222 U(0,1) 0.18

(0.074 - 0.087) (0.135 - 0.154) (0.215 - 0.229) (0.17 - 0.19)

L0 17.19 13.42 8.5 N(8.5,0.5) 10.76

(16.82 - 17.55) (12.93 - 13.92) (10.37 - 11.15)
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Figure 2: Comparison between the von Bertalanffy growth function estimated from the two length-at-age

databases of Trachurus murphyi from central-southern Chile. Blue line: full database; Red line: database

corrected for age-specific sample size.

The three models built with data from the proportional age-specific sample size approx-

imation are presented in Figure 3 and the respective parameter estimates are given in Table

1 (period 2007-2012) and Table 2 (period 2009-2012). The growth parameters obtained by

nonlinear estimation from the full database were significantly different from those obtained

from the age-specific sample size balanced database. In addition, in the case of the database

for the entire period (n = 13,122), the non-linear fit produced biologically unreliable esti-

mates, , which was less evident for the limited period 2007-2009. For both periods evaluated,

setting L0 at 8.5 cm considerably underestimated the L∞. The parameters and growth func-

tions obtained from the databases with balanced sample size highlight the smaller difference

between the approaches used, suggesting the bias in the sample size as an important source

of uncertainty in the estimation of growth parameters in jack mackerel. Although some dif-

ferences were observed between the periods evaluated, the Bayesian analysis produced more

biological reliable estimates for both L∞ and L0. The growth rate coefficient, k, varied

accordingly to the estimation of the other parameters, being higher when L∞ was smaller
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and L0 higher (Table 1 and Table 2)

Figure 3: Comparison between the von Bertalanffy growth function estimated by the three approaches ap-

plied to length-at-age of Chilean jack mackerel from central-southern Chile. Black dots are direct readings

from corrected lengths-at-age database. Green line: feree nonlinear estimation; blue line: nonlinear estima-

tion with L0 = 8.5 cm ; red line: Bayesian inference.

4. Concluding remarks

The new agreed ageing criteria defined by Chilean scientists was implemented for the

entire collection of 13,122 Chilean jack mackerel otoliths existing at Inpesca for the period

2007-2022.

Considering the recent validation of the daily periodicity of the microincrements in CHJM

otoliths, the readings of annual rings in the otoliths were complemented with reading of

daily increments for individuals younger than two years of age with the aim of improving

the estimation of the parameter L0.
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Although the length-at-age database came from nonrandom sampling, there was a strong

imbalance in the number of age-specific samples with over 80

Parameter estimates for the von Bertalanffy growth function confirmed age-specific sam-

ple size bias as an important source of uncertainty. The parameters estimated with the

corrected database showed less difference between the adjustment methods (frequentist and

Bayesian). A methodology based on sampling without replacement by age group is proposed

to correct the imbalance in the sample size.

Although some differences were observed between the periods evaluated, the Bayesian

analysis produced more biological reliable estimates for both L∞ and L0. The growth rate

coefficient, k, varied accordingly to the estimation of the other parameters, being higher

when L∞ was smaller and L0 higher. Considering this approach, the von Bertalanffy growth

parameters were estimated as L0 = 12.20 L∞ = 67.43 and k = 0.14 for the entire period

evaluated.
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