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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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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)
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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.

Regional Studies in Marine Science 55 (2022) 102597

1400

iy
n
o
o

g

800

Total weight (g)

600

400

200

0 100 200 300 400 500

Total length (mm)

600 700 800

Fig. 5. Weight-length relationship of Percophis brasiliensis samples in southern
Brazil.

Translucent m Opaque
100%

80% -

60%

40%

20% I I

o Ill 11l II

Jul Aug Sep Oct Nov Dec Jan Fev Mar Apr May Jun
(17) (100) (48) (103) (51) (59) (45) (40) (32) (35) (31) (27)

Month and number of specimens

Frequency
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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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for both sexes of Percophis brasiliensis in southern Brazil.

Table 2

Logistic model parameters (87 and By) and the calculated length-at-first maturity
(Lso (mm)), length at 95% of maturity (Lys (mm)) and age-at-first maturity for
females P. brasiliensis in the Rio Grande. All parameters and indices are presented
as the mean of their posterior distributions and the 2.5% (Cr I,5%) and 97.5% (Cr
Ig7.54) credibility intervals.

Parameters Females

Mean Crlysy Cr lg7.5%
BiLso 0.053 0.035 0.054
BoLso —21.78 —29.85 —14.33
Lso 407.9 393 4218
Los 465.2 4439 493.7
B1Aso 1.56 0.98 2.32
BoAso —3.46 —5.58 -1.73
Aso 2.18 1.67 2.62

However, the mean gonadosomatic indices were higher from
August to December, reaching peaks in November for females and
October for males. The mean GSI from September to November
was significantly higher than that in the other months for both
males (F = 3.302; P < 0.001) and females (F = 3.726; P < 0.001).

The lack of small male individuals in the samplings prevented
us from estimating the size and age at maturity for the males.
Only data from September to December were used for better sep-
aration of spent and development stages to reduce the misiden-
tification between spent and immature stages. The credibility
intervals (95%) of the logistic model parameter 81 used to cal-
culate the length and age at first maturity for both sexes did not
include zero, which indicates a significant relationship between
maturity and size and age (Table 2). The size at first maturity
was estimated at 407.7 mm, and the size at 95% maturity was
469.6 mm for females. The females’ age at first maturity was
estimated at 2.2 years (Table 2, Fig. 8).

3.4. Age and growth

A clear annual cycle of the gonadosomatic indices and the
frequency of opaque edges in the otoliths were observed (Figs. 5
and 7). Considering November as the month with the highest
birth rate (Fig. 7) and that most opaque rings were formed in
January, we concluded that specimens completed the first opaque
band in their otoliths on average at 15 months old. Each fish was
aged by summing the number of opaque bands plus three months
from the first annulus formation plus the time between January
first and the date of catch if the edge band was translucent. If
the edge band was opaque, the time left between the landing
date and January first was subtracted from the number of counted
opaque bands.
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Fig. 8. First maturation lengths and their respective posterior distributions of
female Percophis brasiliensis in southern Brazil. Dark spots: observed data; con-
tinuous line: posterior distribution of data; dashed line: probability distribution.
Upper panels: size at maturity; lower panels: age at maturity.

The largest female sampled was 718 mm (TL), and the largest
male was 605 mm (TL). The maximum age observed for both
sexes was 12 years. Due to the difficulty in determining the sex of
young specimens, all individuals smaller than 250 mm were in-
cluded for adjustment of both males’ and females’ growth curves.
The Von Bertalanffy (VB) growth model with sex as a factor had a
smaller D.I.C. value (4785.9) compared with the pooled sex model
(4868.5), indicating differences in growth between sexes. For
females, the VB parameters were calculated as Loo = 625.0 mm,
k = 0.39 year™!, and t; = —0.26 years, and for males, they
were calculated as Loo = 599.3 mm, k = 0.318 year™!, and t,
= —1.66 (Table 3). The females reached larger sizes and grew
faster than males (Fig. 9), but the credibility intervals for Von
Bertalanffy parameters overlapped (Table 3). For pooled sexes, the
VB parameters were calculated as Loo = 617.6 mm, k = 0.33
year~!, and ty = —0.82.
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Table 3
The von Bertalanffy growth parameters by sex and pooled sexes for Percophis brasiliensis fished in southern Brazil and their respective credibility intervals.
Sex Parameters
25 Loo (cm) 97.5 25 k(yr 1) 97.5 2.5 to 97.5
Male 545.3 573.4 612.1 0.25 0.34 0.43 —1.76 —-1.13 —0.66
Female 609.2 625.0 642.6 0.34 0.39 0.44 —0.50 —0.26 —0.05
Pooled sex 599.3 617.6 639.2 0.28 0.33 0.37 —-1.13 —0.82 —0.56
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Fig. 9. Growth curves of male and female Percophis brasiliensis in southern Brazil. Dashed lines: 95% credibility intervals.

3.5. Population size, age, and sex structures

The mean length and age in the landings of the trawling gear
were 526 mm and 4.01 years, respectively, and were 553 and
4.97 years, respectively, in the bottom gillnets. The frequency
of females increased from less than 30% at the lower lengths
(<330 mm) and ages (<1 yr) up to 100% among the specimens
over 630 mm and the 80% of specimens older than ten years.
The overall proportion of females was 56% among the entire
specimen’s pool.

3.6. Natural mortality

The older specimens were 12 years; therefore, the considered
maximum age for the M estimate was 13 years. The mean and
standard deviation of the four estimates were 0.419 and 0.105,
respectively.

3.7. Population dynamics

A population dynamics model was built to accommodate the
sex-specific estimated growth and maturity parameters (Table 4).
The natural mortality parameter and weight-length coefficient
and exponent were considered to be the same for both sexes
(Table 4). Steepness was set to 0.73, which is the value for the
order Perciformes using the FishLife package in R (Thorson, 2020;
Thorson et al., 2017), which is the closest taxonomic estimate
available for P. brasiliensis. All the parameters used in the model
and their utilization are provided in Table 4.

The sizes at first maturity and 95% maturity for males were
obtained from Militelli and Macchi (2001) since they were not
estimated in this study.

The available data covered 34 years from 1985 to 2019, but
not all data were available for all the years (Fig. 3). The catch
time series covered the more extensive time, followed by the
abundance indices (Fig. 4). The standardized catch per unit of
effort (CPUE) was available from 1999 to 2019 for the double
rig bottom trawling fleet. The overall CPUE presented a slight
increase between 2000 and 2010, when it decreased slightly
until 2019 (Fig. 10). Size compositions were available for only

a few years from 2007 and 2019 but were extremely important
since they allowed the estimation of the current stock status
by length-based stock assessment methods integrated into the
overall model.

The overall fit to the length data was good, and residuals
showed a random distribution (Fig. 11). The overall fit to the
index of fleet 1 was also good, and the residuals showed a random
pattern (Fig. 12).

The final gradient of the model was notably small (0.0000121),
and the Hessian matrix for the parameter estimates was positive
definite. The models run relatively fast (~23 s) and show good
convergence properties.

The retrospective performance of the model is overall good
(Fig. 13), with all values falling within the confidence intervals
of the different runs. The scale of spawning stock biomass (SSB)
increased as the analysis removed —4 and —5 years but with-
out changing the overall pattern. The scale of F/FMSY did not
change as the final years were removed, also without changing
the overall pattern (Fig. 13).

The model shows high stability in the log-likelihood with dif-
ferent starting values (Fig. 14). All 50 jitter model runs converged,
with 32 model runs at the total negative likelihood estimate value
of the base case model run (192 likelihood units), and 18 model
runs had smaller total negative likelihood values (Fig. 14). The
jittered model was robust to the initial values of the parameters
and provided no evidence that the base case model converged to
a local minimum of the objective function instead of the global
minimum.

When analyzing the model prediction ability, the fitted index
and length compositions included at least one observation that
fell within the hindcast evaluation period, 2015-2019 (Fig. 15).
However, MASE scores >1 for the index indicated a lower pre-
dictive ability than that of the length compositions of all fleets
(Fig. 15).

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 (Fig. 16). The current SSB was
estimated at 0.68 of the SSBmsy, classifying the stock status as
overfished (Fig. 16). The fishing mortality increased from 1986
until the early 2000s, remained high until the early 2010s and
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Fig. 10. The standardized catch per unit of effort for the double rig bottom trawling fleet landing Percophis brasiliensis fished in southern Brazil. Vertical bars indicate
the coefficient of variation.
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Table 4
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Model parameter inputs into the Stock Synthesis Data Limited Tool (SS-DL tool) and how they are utilized in the reference Stock

Synthesis model for P. brasiliensis off southern Brazil.

Parameter Male Female Treatment
L (cm) 57.3 62.5 Fixed
Kyear ! 0.34 0.39 Fixed
to —1.13 —0.25 Fixed
Lso (cm) 28.9 40.7 Fixed
Lgs (cm) 33 46.2 Fixed
Natural mortality 0.41 (0.05) Fixed
Weight (g)-length (cm) alpha 0.0026 Fixed
Weight (g)-length (cm) beta 3.105 Fixed
Weight-based fecundity coefficient 1 Fixed
Weight-based fecundity exponent 1 Fixed
Steepness 0.71 Fixed
Initial recruitment (InRg) 0.72 Estimated
Bottom trawling (Fleet 1) length at 50% selectivity 45 Estimated
Bottom trawling (Fleet 1) length at peak selectivity 50 Estimated
Bottom gillnet (Fleet 2) length at 50% selectivity 55 Estimated
Bottom gillnet (Fleet 2) length at peak selectivity 65 Estimated
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Fig. 13. Retrospective plots of spawning biomass and F/Fmsy for P. brasilensis from southern Brazil.

presented a steep decline until 2014, when it began increasing
again. It reached high values (F>Fmsy) in 2019, causing us to
conclude that the stock is suffering from overfishing (Fig. 12). The
recruitment estimations did not show deviations until the 2000s
since they presented a dynamic pattern with positive deviations
between 2000 and 2010 and negative deviations between 2010
and 2016 (Fig. 16).

The sensitivity to recruitment compensation (i.e., steepness)
and natural mortality (M) were explored using likelihood profiles
(Fig. 17). These parameters are often difficult to directly measure
but can have a large effect on population scale and relative size.
The base model value of h 0.71 was determined by the
life history meta-analysis (Thorson et al. 2017), as the model
lacked strong information to estimate steepness. Most of the in-
formation used to estimate the steepness was obtained from the

length compositions, as seen in the likelihood profiles (Fig. 17).
The estimated population indices (initial spawning biomass, final
spawning biomass, and depletion) did not show strong sensitiv-
ity to steepness (Fig. 17). Regarding the natural mortality, most
information was obtained from the recruitment and index, as
seen in the likelihood profiles. Some population indices showed
slight sensitivity to M, with the initial spawning biomass slightly
decreasing and the fraction of unfished increasing as M increased
(Fig. 17). However, the final spawning biomass did not change
according to M value (Fig. 17).

4. Discussion

The present study generated essential data on the life his-
tory and population dynamics of Percophis brasiliensis fished in
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SB. Furthermore, the life history parameters combined with the
available information on landing time series, size composition,
and catch per unit of effort allowed us to assess the current stock
status in SB. However, the assessment is “data-limited”; length
compositions are lacking for the early years, and an index from
the gillnet fleet is missing. Thus, the results should be cautiously
interpreted.

4.1. Reproduction

The reproduction of P. brasiliensis was studied in detail in
its southern range by Militelli and Macchi (2001), who showed
that the species is a multiple-batch spawner. Furthermore, Ro-
drigues (2012) showed that although females in different ma-
turity stages were observed year-round, high gonadosomatic in-
dices were found only in spring and summer when active spawn-
ing females were observed histologically. In SB, although different
maturity stages were observed year-round, monthly mean gona-
dosomatic indices were higher from July to December, with peaks
from September to November (Fig. 7); therefore, spawning is lim-
ited to spring. Rodrigues (2012, and references therein) recorded
spawning activities in El Rincon and the Argentine-Uruguayan
Common Fishing Zone (CFZAU) at temperatures between 12 °C
and 19 °C and salinities lower than 33 ups in several spring
surveys. The authors also recorded waterfronts and recirculation
cells favoring larval and juvenile retention in enriched shallow
warm waters in El Rincon. The species shares the spawning
grounds with several other abundant bony fishes, such as Mi-
cropogonias furnieri, Umbrina canosai, and Cynoscion guatucupa.
Although we have limited data on the circulation and bottom
seawater temperatures in SB, the range of temperatures of the
spawning grounds observed in Argentina was observed in SB only
in September and November in bottom trawl surveys (Martins
and Haimovici, 2017). It was lower than 14 °C in August and
higher than 20 °C in February and April in the 1980s, while
primary production is higher in spring and lower in summer
(Ciotti et al., 1995; Odebrecht and Castello, 2001). Therefore, the
high bottom temperatures and low primary productivity may not
be adequate for P. brasiliensis reproduction during summer in SB.
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4.2. Age and growth

The observed opaque edge deposition during spring and sum-
mer agrees with previous observations in Argentina-Uruguay
(AU) coastal waters (Barretto et al., 2011; Lopez et al.,, 2019). The
same pattern was observed in bony species such as Macrodon atri-
cauda (Gunther 1880) (Cardoso and Haimovici, 2011), Cynoscion
guatucupa (Cuvier 1830) (Vieira and Haimovici, 1993), Umb-
rina canosai Berg 1895 (Haimovici and Reis, 1984), Dules auriga
(Rovani and Cardoso, 2017), and Cynoscion jamaicensis (Alves
et al., 2020).

Opaque and translucent band deposition may be driven by en-
dogenous factors, such as diet and reproduction, and exogenous
processes, such as seasonal changes in the water temperature or
photoperiod, which can result in seasonal changes in food avail-
ability (Green et al., 2009; Morales-Nin, 2000). In this region, the
seasonal shift of the subtropical convergence western boundary
changes the bottom seawater temperature seasonally, reaching
up to 10 °C (Martins et al., 2017), inducing considerable differ-
ences in the primary productivity between seasons (Odebrecht
and Castello, 2001).

The maximum observed age and the VB growth parameters
estimated in this study differed from those of previous studies
(Table 5). In Argentina, San Roman (1974) only counted up to
seven growth bands, probably missing several annuli, resulting in
low k and high Loo estimates. The maximum number of observed
annuli was 19 by Barretto et al. (2011), 17 by Rico et al. (2018),
and 14 by Lopez et al. (2019). These maximum numbers of
annuli were substantially higher than the 12 opaque bands in our
study, suggesting higher longevity in the colder southern range
of the species distribution, as it cannot result from the highest
exploitation in SB since bottom trawl fishing was equally intense
for many decades in both regions (Haimovici and Cardoso, 2017;
Rico et al., 2018).

Although we did not find significant differences in the VB
growth parameters between males and females (Table 3), differ-
ences between sexes were observed in all studies, with females
growing larger than males. When comparing the growth curve
from this study with the most recent growth curve in the ZCPAU
(2013, in Rico et al., 2018), it can be observed that P. brasiliensis
from SB attains a smaller Loo and at an earlier time in life than
the species in its southern range (Fig. 18). It was also observed
that the estimated sizes at ages 1 to 4 were smaller in the ZCPAU
than in SB in this study. This difference in early-life growth may
be an artifact resulting from the differences in the interpretation
of the nuclei of the otoliths. Previous studies in the southern
range of this species may discriminate more opaque bands near
the nucleus, resulting in older Ager interpretations for small-
sized fish than those in this study. It is possible that in SB
at lower latitudes, yearlings are born earlier and grow longer
before forming the first opaque band than those born at higher
latitudes in Argentina, where comparable seawater temperatures
are reached later. The lower maximum age in SB can reflect
either the depletion of the older fish caused by intense fishing or,
most likely, lower longevity due to higher water temperatures, as
observed for stocks of other species (Beverton, 1987).

4.3. First maturation

In SB, the first maturity of females was estimated at 407.9 mm
and 2.18 years, and in Argentina and Uruguay, it was estimated at
383.4 mm (Milliteli & Macchi, 2001), 367 mm (Rodrigues, 2012),
and 2.56 years (Rico et al., 2018). Thus, differences are slight and
all within the confidence intervals of the values in SB. However,
the maturity at a larger size and lower age in SB cannot be
discarded, as the differences are congruent with those observed
in growth (Item 4.2).
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Fig. 15. Hindcasting plots for the index and length composition fits for P. brasiliensis from southern Brazil.

Table 5
Maximum recorded ages and growth parameters of von Bertalanffy of P. brasiliensis in different studies throughout its distribution in Argentina, Uruguay, and southern
Brazil.
Reference Sampling area Sampling period N (age) Sex Older age Loo (mm) k (yr ) to
San Roman (1974) Argentina 1971 392 M+F 7 862.0 0.17 0.25
Perrotta and AUCFZ 1993 250 M+F 12 683.9 0.19 —1.96
Fernandez- El Rincon. Argentina 1993 351 M+F 12 707.8 0.14 —2.86
Giménez
(1996) 439 M 19 581.0 0.26 —2.02
Barretto et al. (2011) AUCFZ 1998-2004 414 F 15 652.0 029 115
Rico et al. 2012 in AUCFZ 2005 463 M 623.5 0.28 —0.50
Rico et al. (2018)
534 F 704.8 0.26 —0.16
1004 M+F 16 676.7 0.25 —-0.37
Sanz et al.. MS. in AUCFZ 2013 298 M 640.3 0.30 0.04
Rico et al. (2018)
446 F 686.5 0.33 0.52
744 M+F 17 673.8 0.31 0.28
Lopez et al. (2019) San Martin Gulf. 2009-2014 97 M 12 545.8 0.36 —0.46
Argentina
196 F 14 783.1 0.11 —3.61
294 M+F 860.6 0.08 —5.51
This study Southern Brazil 2018-2019 297 M 12 573.4 0.34 —-1.13
215 F 12 625.3 0.39 —0.26
514 M+F 617.6 0.37 —0.82

4.4. Is there a single stock in the region?

Whether the stock along SB is a continuity of the stock in the
AUCFZ is relevant for stock assessment. In Uruguay and Argentina,
the species is considered to migrate toward deeper waters in
winter and return to coastal waters to reproduce in spring, mainly
in the El Rincon region (Barretto et al., 2011; Rodrigues, 2012).
P. brasilinesis is also considered to migrate in the cold season
toward the north of the Rio de la Plata front (Jaureguizar et al.,
2004) and further north to SB waters, according to Rico et al.
(2018). However, this hypothesis is not sustained by the monthly
distribution of the landings in the three locations along with
the species distribution: the ZEE of Argentina, south of 39°S,
the Argentinian-Uruguayan Common Fishery Zone and in the SB
landings in Rio Grande and Itajai. In all three regional series,
the lower landings occurred during the winter, which indicates
no exchanges of individuals between the regions during these
months (Fig. 19).

The differences observed in growth, age, and spawning period
length, although not conclusive, also contribute to the hypothesis
of limited connectivity between the two regions. This view is
supported by the differences in the assemblages of long-lived
larval parasites between the two regions (Braicovich et al., 2017),
distinct from those observed in the species’ southern range.
The stock structuration is attributed to latitudinal gradients in

oceanographic conditions, mainly temperature and salinity (Can-
tatore et al., 2015). Therefore, for management purposes, we
recommend a separate stock assessment.

To obtain a better conclusion, DNA studies may be necessary
to validate these conclusions.

4.5. Stock assessment

The availability of landing series, size composition, and abun-
dance index combined with the life history parameters estimated
in this study made it possible to assess the current stock status
and reconstruct the spawning output trajectory of the Percophis
brasiliensis SB stock.

The declining biomass trajectory until the early 2000s is in
agreement with the stock assessment of the species in the Com-
mon Fishery Zone between Uruguay and Argentina. However,
according to Model 1, the current stock depletion in SB is 0.25,
which is higher than that estimated by Rico et al. (2018) (0.43)
for the ZCPAU. This result initially appears counterintuitive, as
P. brasiliensis is not directly targeted in SB; however, in this last
region, intense bottom trawl fishing targeted other species in the
same depth range that P. brasiliensis inhabits (Haimovici and Car-
doso, 2017). According to our modeling, the current stock status
is overfished, an expected result after 50 years of poorly managed
intense fishing on demersal species in the region (Haimovici and
Cardoso, 2017).

11



D.S. Hirota, M. Haimovici, R. Sant’Ana et al.

SSB/SSBysy
15 20 25 30 35

1.0

0.0 05

Year

400 500
1 1

SSB
300

200

100
1

0

T
1990

Year

Recruits

1483438444444 {

l

é

«I’;I

= T T T

T T

F/Fusy

T T T T T T
1995 2000 2005 2010 2015 2020

I T I T I T
1995 2000 2005 2010 2015 2020

Catch
200

1990 1995 2000 2005 2010 2015 2020

Year

Regional Studies in Marine Science 55 (2022) 102597

T T T T T T
1990 1995 2000 2005 2010 2015 2020
Year

T 1 1 T 1 T I
1990 1995 2000 2005 2010 2015 2020
Year

400

300
1

100

o T T T T T T

1990 1995 2000 2005 2010 2015 2020
Year

Fig. 16. Estimated time series from 1985 to 2019 for P. brasiliensis from southern Brazil. Spawning biomass (SSB)/SSBmsy (top left panel), fishing mortality (F)/Fmsy
(top right panel), spawning biomass (middle left panel), fishing mortality (middle right panel), recruits (bottom left panel), and catch time series (bottom right panel).

Following several fishery management agencies worldwide
that consider 40% and even 30% of the unfished biomass as a
limit for a maximum sustainable yield (Punt et al., 2014), any
increase in the fishing effort would lead to overfishing of the
P. brasiliensis stock. However, Pauly and Froese (2020) argue
that fishery management should maintain the fish population’s
biomass above the MSY level for increasing stock yields and that

12

this would allow them to better fulfill their ecological roles as
prey or predator. The intense fishing in the region (Haimovici and
Cardoso, 2017) may have pushed the P. brasiliensis stock from SB
to its limit, and whether it can be considered overfished or not
depends upon the objectives of Brazilian fishery management.
These results highlight the importance of life-history studies
and continuous monitoring of all species, including those that



D.S. Hirota, M. Haimovici, R. Sant’Ana et al.

12

Fraction of unfshed
04 08

90 95 100 105

Change in -log likeihoed

o
T T T T T T T <@ Y T T T T T T

85

080 085 070 075 080 085 080 060 065 070 075 080 085 080
SR_BH_steep SR_BH_steep
———— .
8 -
g 8 Bg
w o 4
g
" o
T T T T T T T T T T T T T
060 065 070 075 080 085 080 060 065 070 075 080 085 080
SR_BH_steep SR_BH_steep

~
3 2 1.1
H S
3 7] '/4—/
e 2 5 <
§ - g ©
g
2 ]
T E § T T T e T T T T
030 038 040 045 050 030 035 040 045 050
NatM_p_1_Fem_GP_1 NatM_p_1_Fem_GP_1
§ | \\ s | \H
84 2
s § j
o - @ g -
8 ] 2
o] o]
T : T T T T T T T T
0.30 035 040 045 0.50 0.30 0.35 0.40 045 050
NatM_p_1_Fem_GP_1 NatM_p_1_Fem_GP_1

Regional Studies in Marine Science 55 (2022) 102597

Changes in total

-9~ Tonal lenkhood
<~ Recruftment ikelihood

o]

Largth Skalinood
=w= Index likeihood

w0

05

Change in -log-Akelhood

o0& 06s oro 0rs 080 085 0w

Change in -log-ikehood

Crange in -log-ikedhood
0

-~ ! == Torsl likalihood
S i -4~ Recruitment bkelihood

— H e Ikl

_ : == Length ikeihood

Change in -log-ikethcod
10 20 20
[
/
¢
[

//
|

030 035 040 045 050
. Changes. in length. by fleet
2 : - aLs
“ : = Fisheryl
H H L Fishery2
ge H __:-‘——" - Fisheryd
g o %*
030 035 040 045 050

Changes in Index likeli by fleet

2

Crange in -log-ikeihood

024648

030 0385 040 048 050

Fig. 17. Likelihood profiles for the reference model. Left top and bottom panels (clockwise): Likelihood profile, fraction of unfished biomass, initial spawning biomass
and current spawning biomass. The blue dot indicates the reference model value. Right top and bottom panels (top to bottom): Likelihood component profiles by

likelihood element, length compositions and index.

800
700
600
500

400

300

Rico 2013

Total Length (mm)

200

100

0123456 7 8 91011121314151617
Age (Years)

Fig. 18. The von Bertalanffy growth curve and 95% credibility intervals estimated
for Percophis brasiliensis in southern Brazil in 2018-19 (black solid and dashed
lines) and in the CFZAU in 2013 (Rico et al,, 2018) (in red). . (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

13

30% 1
25% 4 Argentinian ZEE
go m AUCFZ
5 20% A
s W Southern Bazil
T 15% -
=
c
©
5 10% A
R
5% A
0% -

Jan  Feb Mar Abr May Jun Jul Ago Sep Oct Nov Dec
Months

Fig. 19. Monthly landings as percentages of the Argentinian ZEE annual landings,
south of 39°S, the Common Fishery Zone of Argentina and Uruguay (AUCFZ) and
southern Brazil (sources in the text).

are not the main target of fisheries, as intense fishing may make
their populations less resilient to stochastic effects such as cli-
matic variations and threaten their functional roles in marine
ecosystems.
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