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The life history and population dynamics of the marine demersal bony fish Percophis brasiliensis
were studied to assess its stock status in southern Brazil. Specimens were sampled from commercial
landings, and the length, weight, sex, and maturity stage were recorded from each individual. Sagittal
otoliths were removed for aging, and the gonads were weighed for maturity studies. Size compositions
were also evaluated from commercial landings of different fishing fleets. The analysis of edge type
validated the aging data. The oldest and largest individuals were 12 years and 718 mm in total length,
Brazilian flathead respectively. Growth parameters fitted to the von Bertalanffy model were Loo = 625.0 mm, k 0.39
Population dynamics year~!, ty = —0.26 years for females, Loo = 573.4 mm, k = 0.34 year~!, t; = —1.13 for males and
Age Loo = 617.6 mm, k = 0.33 year 'ty = —0.82 for both sexes. The length and age at first maturity of
Growth ) females were 407.7 mm and 2.2 years, respectively. The reproductive season was estimated to occur
zf(irl?‘:;‘:etégrr;em during spring from September to December, with a peak in October. The life history parameters and the
Southern Brazil reproductive season described in this study are similar to those estimated by other studies on southern

stocks fished in Uruguayan and Argentinian waters. The estimated population trends presented a
steady decrease between 1986 and 2005, a slight increase from 2005 and 2010, and a sharp decline
until 2019. The stock status was estimated as overfished but not suffering overfishing. Despite not
being a target species, the biomass decline trajectory of Percophis brasiliensis reflects intense targeting
of other bottom trawl species in the same depth range. These results highlight the importance of
life-history studies and continuous monitoring of species impacted by fisheries. Their depletion may
affect the functional relationships in marine ecosystems and threaten the resilience of populations to
stochastic effects such as climatic variations.
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1. Introduction

Understanding the life history of commercially exploited fish
stocks is essential to assess the impact of biomass removal from
fisheries and establishing fishery management measures (Adams,
1980; Dowling et al., 2015; Kirkwood et al., 1994; Pope et al,,
2000). The development of any harvest strategy depends on as-
sessing the stock status and population dynamics, which de-
pends on data availability (Dowling et al., 2015). Several models
are available with varying data quantity and type requirements
(Newman et al., 2015) but rely heavily on life history parameters.
In general, species with faster life histories, i.e., earlier age at ma-
turity and more rapid body growth, exhibit and support greater
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mortality rates than species with slower growth and delayed
maturation (Reynolds et al., 2001). However, several management
measures, i.e., minimum legal sizes and closed fishing seasons,
rely upon fish stocks’ reproductive biology (Morgan, 2008). Over-
all, this demonstrates how crucial it is to understand the life
history of exploited fish stocks.

The Brazilian flathead (Percophidae), Percophis brasiliensis
(Quoy & Gaimard, 1824), is a demersal Percophidae fish species
endemic in the Southwestern Atlantic Ocean between 23°S (Rio
de Janeiro, Brazil) and 47°S (Santa Cruz, Argentina) (Cousseau and
Perrotta, 2004; Gosztonyi and Angelescu, 1981). Morphometric,
microchemistry and life history studies suggest that two differ-
ent populations inhabit the Uruguayan and Argentinian waters,
south and north of Necochea (Lat. 39°S) (Avigliano et al., 2015;
Rico et al,, 2018). However, parasitic fauna studies suggest the
presence of three groups in the same region (Braicovich and Timi,
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Fig. 1. Recorded P. brasiliensis landings from the bottom trawl and bottom gill fleet in southern Brazil between 1986 and 2019.

2008) and two other groups in southeastern and southern Brazil
(SB) (Braicovich et al., 2017).

In Uruguay and Argentina, the Brazilian flathead is an im-
portant component of the multispecies coastal fishery landings
(Fernandez-Araoz et al., 2004; Lasta et al., 1999). Due to its com-
mercial importance, several studies on growth, reproduction, and
diet were carried out in that region (Barretto et al., 2011; Milessi
and Mari, 2012; Militelli and Macchi, 2001). In SB, between Santa
Marta Grande Cape (28°S) and Chui (33°S), it is not directly
targeted by bottom trawling and bottom gillnet fishing fleets
(FURG/SEMA, 2020; Haimovici, 1998) but comprises a significant
component of commercial fishery landings. The few studies on
its biology focused on prey consumption (Martins, 2000), which
occurs between 20 and 200 m in depth, with a higher frequency
between 20 and 60 m during the winter months (Haimovici et al.,
1996, 2008).

Between 1986 and 2019, the species landings increased grad-
ually in SB, reaching their peak in 2010, with 413 metric tons,
followed by a steady decline, reaching less than 100 tons in 2019.
The majority of the landings come from the bottom trawling
fishing fleet, while the bottom gillnets represent a small fraction
(Fig. 1). The steady landing decline in the last ten years has
triggered an alert on the stock status and makes necessary an
assessment of its population dynamics. Data on the size com-
position and catch per unit of effort of the species have been
collected in two major fishing ports from the region, Itajai in
Santa Catarina State and Rio Grande in Rio Grande do Sul State
(Fig. 1) (Haimovici, 1987; Haimovici and Cardoso, 2017). These
data, combined with knowledge of the species’ life history, make
it possible to assess the stock’s status.

In this context, as a first step, we described the species’ life
history by studying its age, growth, reproductive cycle, matu-
rity, sex ratio, and size and age structures. Finally, we assessed
the population dynamics and the stock status by applying the
stock synthesis model with different configurations, including the
species life history generated in this study, the available size
composition data, and the times series of landings and catches
per unit of effort.

2. Materials and methods
2.1. Sampling and data collection

Percophis brasiliensis were sampled from fishery landings of a
commercial fishing fleet equipped with trawls and a bottom gill-
net operating on the continental shelf of SB. In addition, the size
composition samples were collected randomly during industrial
fishing vessel landings in the Rio Grande and Itajai ports (Table 1).
The total length (TL) of specimens was measured at the lower
centimeter between the snout tip and the rear part of the tail.

Biological data for life history studies were collected between
August 2018 and September 2019 (n = 540). For all specimens,
the total length (L, mm), weight (W, grams), sex, gonad weight
(GW, grams), and maturation stage were recorded. Sexual mat-
uration was determined macroscopically following a seven-stage
scale for multiple-batch spawners based on Haimovici and Cousin
(1989) as (1) virginal immature, (2) developing virginal, (3) devel-
oping, (4) advanced development, (5) running, (6) partly spent,
and (7) recovering. The sagittal otoliths were removed, cleaned,
and dried for storage.

2.2. Age determination

The otolith sections were examined with reflected light over a
black microscope slide with a stereoscope microscope (20x). For
each specimen, the number of opaque bands following the first
translucent band was counted along the axis between the nucleus
and the dorsal edge of the crest on the inner side (Fig. 2).

Two readers examined the otolith sections independently.
When the readings differed, a third reading was performed by the
two readers together. If the disagreement persisted, the readings
were discarded. The mean coefficient of variation (CV) (Campana,
2001) was calculated to evaluate the precision between readings
as follows:

CV; = 100% X (xj — %,)?/(N — 1) /x;

N
=1

1
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Table 1
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Number (n) of specimens measured and mean total length (mean L, mm) of Percophis brasiliensis sampled in the industrial fishing landings with different trawl gear

and gillnets in the Rio Grande between 2007 and 2019.

Year Double rig bottom trawling Pair bottom trawling Otter board bottom trawling Bottom gillnet fishing Total n
n mean L n mean L n mean L n mean

2007 183 462.2 93 496.5 276

2016 249 534.6 249

2017 496 496.6 633

2018 369 503.4 137 526.7 453 548.9 822

2019 909 506.8 434 512.9 1343

Inner side

Ventral

Dorsal

Quter side

Fig. 2. Thin section examined with reflected light from a 4-year-old female Percophis brasiliensis from southern Brazil. Opaque bands appear as white, and translucent

bands appear as dark. The red dots indicate the identified growth bands.

where CV; is the estimated age accuracy for the jth fish; x;; is the
age determination of the jth fish; x; is the mean age of the jth
fish; and N is the number of readings.

The first annulus was considered the end of the first opaque
band contiguous from the otolith nucleus. After establishing that
criterion, the two readers counted the opaque bands indepen-
dently and reached a 89% consensus rate and an average coef-
ficient of variation (CV) of 7.69. This CV value was consistent
with the median of the precision estimator (CV = 7.6%) calculated
by Campana (2001) from several age studies, which demon-
strates robustness of the age readings and all age-based estimated
parameters.

2.3. Weight-length relationship

The potential model (Wt = a x Lt") described the relationship
between weight and length. Linear regression models fitted to
log-transformed weight and length data were used to compare
the relationships between sexes through covariance analysis (o« =
0.05) (Zar, 1984).

2.4. Reproductive cycle

The reproductive cycle was determined by analyzing the
monthly changes in the gonadosomatic index (GSI), calculated
as 100 x (W/GW), where GW is the gonad weight in grams
(Pavlov et al., 2009). Each female sampled was classified on an
eight-stage maturity scale based on Militelli and Macchi (2001),
which demonstrated agreement between the macroscopic and
microscopic maturity scales. Females classified in stages three
onward were considered to be mature. Each sampled male was
classified on a seven-stage maturity scale based on Haimovici
and Cousin (1989). Males classified in stages three onward were
considered to be mature.

2.5. Length and age at first maturity

Data for estimating maturity ogives were selected from the
reproductive season to avoid misidentification between spent and
immature stages. This period was visually estimated based on the
results of the seasonality of maturation. The total number (n;) and
the number of mature specimens (y;) were calculated for each age
and 30-mm total length bin. These data were fitted to a logistic
model to estimate the mean length (Lsp) and mean age (Asg) at
which the chance of being mature was 50% and the mean length
(Lgs) at which the chance of being mature was 95%.

A Bayesian approach was used Kinas and Andrade (2010), in
which 6; denotes the probability of an individual of the ith m class
being mature, and y; was assumed to follow a binomial distri-
bution Bin (ni, ;). Data were fit to a logistic model, defined by
a logit link function that transforms the parameter 6;, restricted
to the range [0, 1] in the binomial distribution, with m bounded
between —oo and +oo (Kinas and Andrade, 2010). The logistic
model was defined as follows:

m; = g(6;) = log (6;/(1 — 6;))
m; = Bo + B1 - X

where m; is the probability at each x; length class. The estimation
was based on the following priors:

Bo ~ N (0,0.001) (-5, 5)

B1~ N (0,0.001)I (-5,5)

From this model, Lsg and Lgs were defined as:
Lsp and Asop = —fo/B1 and Lgs = (2.94 — By)/ B

The posterior distribution p (80, 81|D), where D = {(yi, ni,xi); i
= 1..,k} for the reproductive parameters, was also obtained using
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Monte Carlo Markov Chain (MCMC) sampling performed using
JagsUI (Kellner et al., 2019). In three chains, after 1000 burn-
in runs, every tenth value of the remaining 20,000 cycles was
retained, resulting in a final sample of 2000 from the posterior
distribution p (log Loo, log k, log t0|D) (Kinas and Andrade, 2010).
The posterior distribution of each estimated parameter provided
an easy and clear method for comparing the results among pe-
riods. All analyses were conducted using R version 3.6.1 (Team,
2019).

2.6. Growth model

Two data treatments were used to fit the von Bertalanffy
growth models using a Bayesian approach. The first treatment
pooled age-length data for both sexes (“pooled sex”). The second
treatment grouped the age-length data by sex (“separate sex”).
Treatment with the smaller Deviance Information Criteria (D.1.C.)
(Spiegelhalter et al., 2014) was chosen.

We assumed that the age-length data followed a log-normal
distribution, i.e., y; = logN(u;, o), where y; is the average ex-
pected length of animals in age class i, with variance ¢2. A
logarithmic version of the VBGM was used for computational
convenience as follows:

i = 10g(Lo) + log(1 — exp (—k (i — to)))
Uninformative priors were selected

p (log Ls,) ~ N (0,0.001)I(=5, 5)
p (log k) ~ N (0,0.001)I(—5, 5)
p(log to) ~ U(-3,0)

p(o) ~ U(0, 5)

We obtained posterior distributions of each parameter using
Monte Carlo Markov Chain (MCMC) sampling. In three chains, af-
ter 1000 burn-in runs, every tenth value of the remaining 20,000
cycles was retained, resulting in a final sample of 2000 from
the posterior distribution p (log Loo, log k, log to|D) (Kinas and
Andrade, 2010). Thus, the posterior distribution of each estimated
parameter provided an easy and straightforward way to compare
the results among periods. All analyses were conducted using R
version 3.6.1 (Team, 2019). The MCMC was performed using the
library JagsUI (Kellner et al., 2019).

2.7. Natural mortality

The instantaneous natural mortality coefficient M was es-
timated as the average of four empirical estimators based on
maximum age (tmax): 4.899 tmax °1%; log M = 1.717 — 1.01 log
tmax; M = 5.109/tnax (Then et al,, 2015) and M = exp (1.44-0.982
In tyax) (Hewitt and Hoenig, 2005). The maximum age (tmax) wWas
considered to be one year older than the oldest observed in this
study. This choice is based on the assumption that the number
of sampled individuals may not have covered the oldest fish,
whose frequency may have decreased after more than 40 years
of intense fishing in the region (Haimovici and Cardoso, 2017).

2.8. CPUE standardization

Catch and effort data from more than 5969 industrial trawlers
(e.g., pair trawling, otter board, and double rig trawling) fishing
trips between 2000 and 2019 were used to standardize CPUE for
modeling. The data were collected from different fleets landing in
Santa Catarina State (Perez et al., 1998; Perez and Pezzuto, 2006;
UNIVALI/EMCT/LEMA, 2020). Data from each fishing trip included
year, season, boat, fishing strategy and depth range of the trip
operation. The fishing strategy was defined by the application
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of cluster methods to explore the factors that contributed to
patterns and identify groups with similar species compositions
and, presumably, similar fishing strategies and targeting (Hoyle,
2015; Sant’ana et al., 2020).

The CPUE standardization was implemented using Bayesian
hierarchical models with a latent Gaussian structure to accom-
modate the temporal and seasonal effects. The nominal CPUE
was defined as a metric kilogram of Brazilian flathead caught per
trawling time. As it is a nontarget species but with commercial
value, the proportion of zero catches was high in all trawling
fleets; thus, the response variable was transformed by its loga-
rithm plus one, and the likelihood of fitting the response variable
was considered to follow the log-normal distribution.

The structures assumed for the models, particularly temporal
and seasonal effects, define a classical observation of Gaussian
Markov random fields (GMRFs) (Rue and Held, 2005). Thus, the
large size of the random effects vector can cause simulation-
based inference, such as MCMC, computationally inefficient or
even unfeasible (Mayer et al., 2019). For this reason, a method
based on numerical approximations was used for Bayesian in-
ference in highly structured latent Gaussian models, as proposed
by Rue et al. (2009). The methodology, called integrated nested
Laplace approximation (INLA), uses numerical integration meth-
ods to obtain a posterior marginal distribution and bypasses
the high computational time and convergence problems associ-
ated with methods such as MCMC. The functions for calculating
subsequent distributions were implemented in the statistical en-
vironment R (Team, 2019) through the INLA package (Rue et al.,
2013), available at www.r-inla.org.

Distinct model structures were evaluated, considering fixed
and random effects for the covariates or explanatory variables,
and the choice for the best fit was determined based on Deviance
Information Criteria (DIC) and the Conditional Predictive Ordi-
nate (CPO). As a measure of the diagnostic for model selection,
the probability integral transform (PIT) and predictive posterior
probabilities were used.

2.9. Population dynamics

A time series of spawning biomass and the current stock
depletion (Byg19/Bo) was estimated with a model fitted to the
available data using the Stock Synthesis Data-limited Tool (SS-
DL tool) (Cope, 2020). The SS-DL tool uses the age-structured
population dynamics model Stock Synthesis (Methot and Wetzel,
2013) to implement several data-limited assessment methods all
in one modeling framework.

The SS-DL tool uses as input parameters the natural mortality
(M), the von Bertalanffy growth parameters (Loo, k, and tgy), the
size at 50% and 95% of maturity (Lsg and Lgs), the coefficients and
exponents of the weight-length and weight-fecundity relation-
ships, the stock-recruitment parameters, steepness, and initial
recruitment (InRO).

In addition to the life history parameters estimated in this
study, the available data were landing time series by fishing fleet,
annual length compositions, and one standardized abundance
index for the main fishing fleet targeting P. brasiliensis. The data
covered the main fishing fleets that operate in the study area:
double rig bottom trawling (Fleet 1), pair bottom trawling (Fleet
2), otter board bottom trawling (Fleet 3), and bottom gillnet (Fleet
4) (Fig. 3). Logistic selectivity was assumed for both the bottom
trawling and gillnet fisheries. It could be argued that a dome-
shaped selectivity would be a better assumption for the gillnet
fisheries, but the size compositions showed that large Brazilian
flathead individuals were retained in the nets. The landings by
fleet showed that the main fishing fleet targeting P. brasilensis was
the double rig bottom trawling (Fleet 1) (Fig. 4).
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Fig. 3. Period covered by each type of data for P. brasiliensis sampled from
industrial landings of double rig bottom trawling (Fleet 1), pair bottom trawling
(Fleet 2), Otter board bottom trawling (Fleet 3), and bottom gillnet (Fleet 4)
fleets in SB from 1985 to 2019.
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Fig. 4. Total landings by fishing fleet targeting the Brazilian flathead in southern
Brazil. Double rig bottom trawling (Fleet 1), pair bottom trawling (Fleet 2), otter
board bottom trawling (Fleet 3), and bottom gillnet (Fleet 4).

Model convergence was assessed using the Carvalho et al.
(2021) flow chart. The first diagnostic was whether the Hessian
(i.e., the matrix of second derivatives of the likelihood concerning
the parameters) inverts. The second measure was an assessment
of the joint residuals plot to ensure that they were randomly
distributed. The third measure was the retrospective analyses
conducted with five-year retrospective peels. The fourth measure
was an analysis of the model prediction skills by completing a
model-based hindcasting. The fifth diagnostic was a jitter analysis
of parameter starting values to evaluate whether the model con-
verged to a global solution rather than a local minimum. Starting
values of all estimated parameters were randomly perturbed by
10%, and 50 trials were run.

Other diagnostics included likelihood profiling of critical pa-
rameters (steepness and natural mortality). Likelihood profiles
elucidate conflicting information among various data sources,
determine asymmetry around the likelihood surface surround-
ing point estimates and evaluate the precision of parameter
estimation.
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Fig. 5. Weight-length relationship of Percophis brasiliensis samples in southern
Brazil.

Fig. 6. Monthly frequency distribution (sample size in parentheses) of opaque
(in black) and translucent (in gray) edges of thin sections of Percophis brasiliensis
otoliths in southern Brazil.

3. Results
3.1. Weight-length relationship

The ANCOVA comparison of the log-transformed regression
lines between total weights and total lengths showed no signifi-
cant differences between sexes (F = 1.58; P = 0.2088 and Wy =
2x1078L315(R? = 0.9582; n = 529)) (Fig. 4).

3.2. Age validation

Opaque and translucent edges of the otoliths were observed
throughout the year (Fig. 5). However, a higher frequency of
opaque edges was observed from November to February (76.8%
on average, n = 177) (Fig. 5). This frequency was significantly
higher than that from March to October (30% on average, n =
290; Chi* = 113.9; p > 0.001). This difference supports the
hypothesis of an annual periodicity formation of the opaque band
in Percophis brasiliensis otoliths in SB (see Fig. 6).

3.3. Reproductive cycle and age and size at first maturity

P. brasiliensis, with maturing, mature and partly spawn gonads,
was observed throughout the year for both sexes in SB (Fig. 7).
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