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Abstract – Identifying changes in the population structure and dynamics for fish stocks is important to
support its management. Data obtained from 1976 to 2019 allowed to follow up long more than four decades
the changes in the population structure and life-history ofUmbrina canosai, an intensely exploited demersal
sciaenid fish in southern Brazil. Intense fishing caused the truncation of the length/age structure with the loss
of most of the bigger/older fishes and the sex ratio change, with increasing frequencies of males.
A considerable increase in individual growth was observed and attributed to the lower competition for food
due to the reduction in the density of the overall coastal benthic-feeding fish community caused by intense
fishing. The large increase in the mortality and the exploitation rate resulted in a drastic decrease in the
reproductive potential despite some anticipation in the sexual maturation. Despite the adaptative response to
intense fishing, the high exploitation rates and the drastic reduction of the spawning potential ratio in recent
years, are clear evidences that U. canosai could be reaching its adaptive capacity for resilience. Therefore,
an urgent necessity for a drastic reduction of the fishing mortality to avoid the economic collapse of the
fishery is required.
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1 Introduction

Marine fish populations are responsible for around half of
the world’s source of fish protein. It is also responsible for
many jobs and the well-being of millions of fishers and
workers in the fish food supply chains. Recent reviews on the
world’s fish resources show that, despite some management
successes in developed countries, the number of overfished and
collapsed fish stocks continues to increase (Pauly and Zeller,
2017; FAO, 2020).

The potential of marine bony fishes to resist large fisheries
is related to the flexibility in their growth and reproduction
strategies (Longhurst, 2010). The reductions in population
abundance due to the removal of biomass by fishing are often
accompanied by changes in their life histories as they adapt to
new mortality regimes and food availability (Dieckmann and
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lead to changes in the life history of marine fish, such as
changes in age, length, and sex ratio structure. These changes
can reduce the fish population’s capacity to withstand intense
fishing pressure and environmental variability, consequently
increasing the risk of the economic collapse of the fisheries
(Audzijonyte et al., 2016). However, these changes are often
not monitored and ignored for the stock assessment and
management of excessively exploited fish populations
(Saborido-Rey and Trippel, 2013; Audzijonyte and Kuparinen,
2016). Therefore, management resulting from stock assess-
ments that do not consider possible changes in population
dynamics may provide a false sense of accuracy as an
important source of uncertainty may be hidden (Kuparinen
et al., 2012; Evans et al., 2013).

Sciaenid fishes are important soft-bottom continental shelf
fishing resources worldwide in subtropical and warm temper-
ate waters, usually associated with large freshwater inputs
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Fig. 1. Stocks distribution range and sampling area of Umbrina canosai along southern Brazil.
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wide soft-bottom continental shelf of southwestern Atlantic,
along southern Brazil, Uruguay and Argentina, these environ-
mental characteristics favors the presence of large stocks of
several sciaenid fishes (Ruarte et al., 2004; Cousseau and
Perrotta, 2013; Gutiérrez and Defeo, 2013; Martins and
Haimovici, 2017) that form the bulk of the catches of coastal
demersal fisheries in the region (Haimovici and Cardoso,
2017). Although long-term changes in the population
dynamics of marine groundfishes have been frequently
addressed in the literature, few deals with sciaenid fishes
since long-term studies for this family are seldom available
(Keith and Hutchings, 2012).

The Argentinian croakerUmbrina canosai (Berg 1895) is a
demersal sciaenid fish endemic between Rio de Janeiro (lat.
220S) in Brazil and the southern end of the Buenos Aires
Province (lat. 410 30’S) in Argentina (Fig. 1), occurring at a
maximum depth of up to 150m in Brazil and 85m in Argentina
(Cousseau and Perrotta, 2013; Figueiredo et al., 2002). Two
stocks ofU. canosai are presently recognized (Canel et al., 2019;
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Kikuchi et al., 2021), a northern stock along Southeastern Brazil
(lat. 220S to 280S) and a southern stock along Southern Brazil,
Uruguay, and the Buenos Aires province in Argentina (lat. 280S
� 410S).

Umbrina cansoai is a relatively small and long-living
species (Haimovici and Reis, 1984), with high fecundity and
small pelagic eggs spawned in batches in shelf waters
(Haimovici and Cousin, 1989). The southern stock spawns
mainly along southern Brazil during winter and spring, and later
on, most adults migrate southwards during summer to feeding
grounds in coastal waters of Uruguay andArgentina (Gonzalez-
Alberdi andNani, 1967; Haimovici andCousin, 1989); however
mature spawning females were observed in the Rio de la Plata
outer waters and in the inner coastal shelf of El Rincon (Militelli
et al., 2013). Small juvenileswereobserved in autumn in shallow
coastal waters and larger juveniles from the winter on in its
nursery grounds, mostly between the 25 and 50m isobaths
(Haimovici et al., 1996). The species feeds mostly on inbenthic
and epibenthic small organisms (Haimovici et al., 1989).
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Fig. 2. Recorded landings of the Argentine croaker Umbrina canosai along all its distribution range from 1959 to 2019 (along the last six
decade).
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The southern stock of U. canosai is one of the main
demersal fish resources in the region, targeted almost
exclusively by industrial fishing, suffered several ups and
downs in the landings since the 1960 s, when it began to be
fished for fishmeal in Argentina (Fig. 2). In 1966–67 a Russian
distant waters fleet of bottom trawlers fished large quantities of
demersal fishes in the continental shelf off Argentina,
including U. canosai (Gonzalez-Alberdi and Nani, 1967).
From the 1960 s on, Brazilian trawlers began to fish heavily on
coastal sciaenid fishes along Uruguay and Argentina, and the
landings ofU. canosai attained ca 25,000 t in 1974 (Yesaki and
Bager, 1975). Since the mid-1970 s, Uruguay and Argentina
restricted access to their exclusive economic zone and most
fishing displaced towards southern Brazil. Due to intense
fishing, mostly in Brazil, total landings decreased steadily to
less than 7000 t in the late 1990 s (Haimovici et al., 1989;
Haimovici, 1998; Haimovici et al., 2006). During the 2000 s,
annual landings recovered to 15,000–20,000 t, followed by a
sharp decrease in the 2010 s to less than 7000 t in 2019. The last
fall was attributed to the development of midwater trawling
fishing on the migrating reproductive concentrations along the
outer shelf of southern Brazil (Haimovici and Cardoso, 2016).

Because of the economic importance of the sciaenid fishes,
including U. canosai, for the industrial demersal fishery along
southern Brazil, its landings in Rio Grande have been sampled
since 1976 (Haimovici, 1987). Based in these well-docu-
mented long-term data series, we analysed the long-term
changes in the population structure and dynamics of an
intensely exploited southern stock of U. canosai.

2 Material and methods

The data for the analysis of long-term changes in the
population dynamics of the southern stock, were collected
along a sampling program of the industrial fishing landings in
Rio Grande from 1976 to 2019 along southern Brazil, and
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complemented by occasional bottom trawl surveys in the same
region (Haimovici, 1987; Haimovici et al., 1996).

In the multi-species coastal industrial bottom-trawl and
gillnetfisheries,fish are stored onboardwith ice in holdswithout
previous size classification. Therefore sampling for length-
frequency distributions involved measuring randomly selected
U. canosai at the dockside landings (Haimovici, 1987). The
number of specimens measured took into account the range of
total lengths and the time available to sample each landing.
Between 1976 and 2019, 374,896U. canosai were measured
from 1419 dockside landings of single otter board trawlers, pair
trawlers, double rig trawlers, and bottom gillnet boats. For the
length frequencies samples, fishes were measured to the lower
cmfrom the snout tips to the endof the extendedcaudalfin.More
detailed biological samplings included the (TL, mm), total
weight (TW, g), gonadsweight (GW, g), sex andmaturity stages,
and otoliths collected for age determinations. Biological
sampling took place either at the dock or in the laboratory.
Overall, we determined the sex of 21,897 specimens, aged
19,916, recorded the total weight for 18,310, and the maturity
stage and gonads weight of 13,299 individuals (Tab. 1).

Data were collected in 38 of the 46 years between 1976 and
2019. For growth, length, age and sex structure, spawning
potential and mortality data were grouped in ten periods in
which both length compositions and age determinations were
available: (1) 1976–1978, (2) 1979–1981, (3) 1982–1984, (4)
1985–1987, (5) 1988–1990, (6) 1992–1994, (7) 1997–2001,
(8) 2006–2009, (9) 2011–2015 and (10) 2016–2019. Only
samples from the beginning (1976–1984) and the end (2011–
2018) of the sampling period were considered for length and
age at first maturity, and reproductive investment studies.

2.1 Age and growth

Umbrina canosai, as most sciaenid fishes, have relatively
large and stout otoliths that show alternate opaque and
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Table 1. Number of Umbrina canosai sampled along southern Brazil for the analysis of its life-history and population structure.

Year
Period
acronym

Sex
examined

Aged
specimens

Total
weight

Maturity
stage & gonad
weights

Number of measured fish

Pair
trawl

Otter board
trawl

Double rig
trawl

Bottom
gillnet

Total

1976
1

1,061 1,01 1,091 306 3,694 4,608 8,302

1977 1,653 1,47 1,656 524 10,385 3,764 14,149
1978 1,231 1,106 1,137 4 22,513 11,015 33,528
1979

2

1,678 1,592 1,5 1,296 9,137 4,310 13,447
1980 1,856 1,797 1,765 1,55 8,606 14,130 22,736
1981 1,175 1,153 1,108 730 8,416 13,972 22,388
1982

3

1,23 1,21 1,229 1,07 12,026 10,976 23,002
1983 711 702 712 591 11,179 4,593 15,772
1984 905 880 906 749 11,726 4,296 16,022
1985

4

927 888 791 438 12,240 3,010 15,250
1986 1,607 988 991 681 14,533 3,235 17,768
1987 1,336 970 934 820 11,782 4,008 15,790
1988

5

824 745 824 714 7,286 1,480 8,766
1989 590 565 590 537 6,633 1,362 7,995
1990 422 410 263 283 5,823 828 6,651
1991

6

6,967 3,810 10,777
1992 9,209 3,216 554 12,979
1993 6,320 1,025 7,345
1994 1,007 977 1,007 767 2,837 2,495 469 5,801
1997

7

3,722 670 4,392
1998 261 421 682
1999 737 722 475 73 5,607 2,492 37 732 8,868
2001 347 326 273 246 3,214 1,126 510 4,850
2002 134 134
2006

8

2,798 890 281 1,806 5,775
2007 603 586 604 165 2,483 539 277 2,351 5,650
2008 148 148
2009 2,302 763 728 1,718 5,511
2010 252 252
2011

9

119 116 118 89 1,651 954 1,784 4,389
2012 453 435 328 243 3,150 2,639 367 1,882 8,038
2013 272 247 272 271 254 254
2014 95 37 96 95 1,246 1,348 2,594
2015 554 414 554 553 5,768 1,803 7,571
2016

10

450 443 450 450 14,134 740 207 915 15,996
2017 35 42 6,242 1,470 302 884 8,898
2018 54 92 94 54 6,297 1,329 3,695 11,321
2019 479 626 1,105
Total 21,897 19,916 18,310 13,299 240,800 110,420 3,005 20,671 374,896
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translucent bands, each pair corresponding to one year of life
(Haimovici and Reis, 1984). For age determinations, the
otoliths were polished transversally up to the height of the
nucleus using a grinding machine and examined with a
binocular microscope with lateral transmitted light. The
number of opaque zones was counted along the edge of the
sulcus of the otolith surface. The type of band (opaque or
translucent) deposited on the otolith edge was recorded. The
otoliths were read independently by the first author and
different second readers along the years. If counts differed,
otoliths were read again, and if differences persisted, the
specimens were discarded from further analyses requiring age
Page 4 o
determinations. Overall. 95.1% of the 20,968 specimens with
examined otoliths were consistently aged. The percentage of
opaque bands in the border of the otolith increased gradually
from less 3% in August to a maximum of 81% in January and
decreased to non in July (Fig. 3), showing the otoliths’
suitability for accurate age determinations. For growth
modeling, we convened a common birthday on October 1,
based on the reproductive cycle (see Sect. 3.2).

The von Bertalanffy growth model were fitted to age-
length data following a Bayesian approach to describe the
individual growth of U. canosai. The von Bertalanffy
parameters (TL∞= asymptotic length in mm, k= instantaneous
f 19



Fig. 3. Relative monthly frequency of opaque (black columns) and translucent (grey columns) borders (edges) of the sectioned otoliths of
Umbrina canosai sampled in southern Brazil (n = 19,916).
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growth coefficient and t0 = theoretical age at zero length) and
their 95% credibility intervals were calculated for each sex
separately and pooled sexes for each of the sampling periods.

We assumed that the age-length data (or the number of
bands-length data) followed a log-normal distribution: yi=
logN(mi, s2), where yi is the length distribution with an
average expected length at an age class (or band class) i with
variance s2. A logarithmic version of the von Bertalanffy
equation was used for computational convenience:

mi ¼ log TL∞ð Þ þ log 1�k i�toð Þ
� �

Uninformative priors were constructed:

p logTL∞ð Þ∼ dN 0; 0:001ð ÞI �5; 5ð Þ

p logkð Þ∼ dN 0; 0:001ð ÞI �5; 5ð Þ

p logt0ð Þ∼ dU �3; 0ð Þ

p sð Þ∼ dU 0; 5ð Þ:
We obtained posterior distributions of each time period via

the stochastic process Monte Carlo Markov Chain (MCMC) to
compare the estimates of the growth parameters across time.
After 10,000 burn-in runs, every second value of the remaining
20,000 was retained, resulting in a final sample of 10,000 in the
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posterior distribution p (log TL∞, log k, log t0ǀD) (Kinas and
Andrade, 2010). The posterior distribution of each estimated
parameter provided an easy and clear way to compare the
results among periods. All statistics in this study were run by R
version 3.6.1 (R Core Team, 2019). The MCMC was
performed by OpenBUGS, using the libraries R2WinBUGS
(Sturtz et al., 2005) and BRugs (Thomas et al., 2006).

2.2 Weight–length and condition factor

The relationship between weight and length was described
by the potential model (TW = aTLb). For comparisons, the data
were transformed into decimal logarithms, and the linear
regression models were compared between sexes through
covariance analysis (a= 0.05) (Zar, 1999). For each specimen
an allometric condition factor K= TW/TLb (Le-Cren, 1951)
was calculated, where b is the coefficient of the potential
equation of the weight–length relationship.

2.3 Reproductive cycle

Amaturation scale of seven stages was used to characterize
the maturity of both males and females macroscopically (i.e.
by naked eye). The seven-stage scale encompasses I: Virginal
immature; II: Developing virginal; III: Developing, IV:
Advanced development; V: Running; VI: Partly spent; VII:
Recovering (Haimovici and Cousin 1989). Stage III was
considered the onset of maturation, and specimens in stages III
to VI were considered sexually mature. For each specimen, a
gonadosomatic index was calculated as GSI ¼ 100 TW

GW

� �
(Wooton, 1998). It was observed that for both sexes, the
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Fig. 4. Relationship between the gonadosomatic indices and
macroscopic maturity stages for males (n = 5971) and females
(n= 6900) Umbrina canosai from southern Brazil. Vertical bars
represent 95% confidence intervals of GSI.
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mean GSI corresponding to the virginal and developing I, II
stages, and the recovering stage VII were all significantly lower
than1,whereas specimens indeveloping topartly spent stages III
to VI had GSI over than 1 (Fig. 4). Therefore, specimens with
GSI > 1 were considered to describe the annual reproductive
cycle. In addition, the relationship between the GSI (response
variable) and the length, age, and weight (continuous variables)
of sexually mature females in the reproductive periods
(categorical variable) were analyzed using generalized linear
models (GLM)assumingGaussiandistributions.Thebestmodel
was identified according to the weighted values of the Akaike
information criterion (AIC).

2.4 First maturation analysis

The length (TL50,mm) and age (A50, years) atfirstmaturity
corresponding to the beginning (1976–1984) and the
end (2011–2018) of the sampled period were calculated with
a Bayesian approach to the logistic model (Kinas and
Andrade, 2010; Cardoso andHaimovici, 2014). Only samples
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from months in which most specimens were in developing to
partly spent stageswere selected for the estimationofmaturity
ogives.

The total number (ni) and the number of mature specimens
(yi) were calculated for both sexes for each age class and for
each 10-mm total length class intervals for both periods. If ui
denotes the probability of an individual of the ith age class or
ith length class being mature, yi was assumed to follow a
binomial distribution Bin (ni,ui).

Data were fitted to a logistic model, defined by a logit link
function that transforms the parameter ui, restrict to the range
[0, 1] in the binomial distribution, in m defined between (–∞,
þ∞) (Kinas and Andrade, 2010). The logistic model was
defined as follows:

mi ¼ ðuiÞ ¼ log
ui

1� ui

� �

mi ¼ b0 þ b1⋅xi

where mi is the probabilities at each xi length class.
From this model, the length and age of first maturation are

defined as follows:

TL50 or A50 ¼ �b0
b1

and TL95 or A95 ¼ 2:94�b0
b1

The posterior distribution p (b0, b1|D), where D= {(yi, ni,
xi) ; i = 1, ... , k}, of the parameters were obtained using Monte
Carlo Markov Chain (MCMC) sampling performed using
JagsUI (Kellner, 2019).

2.5 Population structure

Sex ratios were calculated for all different periods grouped
by ages and 30mm total length intervals (bins). Differences
among age or size classes were tested with the X2 test for
heterogeneity, and among sampling periods, with 2� 2
contingency tables (Zar, 1999).

Length-frequency distributions were calculated in 30mm
TL bins in ten multi-annual sequential periods as defined in
Table 1. Data were available for all periods between 1976 and
2019 for otter-board and pair trawls and between 1991 and
2019 for double rig trawls and gillnets. Age composition was
calculated combining length-frequency distributions with age-
length keys for the same ten periods.

2.6 Mortality analysis

The instantaneous natural mortality coefficient M was
calculated with the empirical estimator based on the age of the
oldest aged specimen (tmax), assuming that the older fishes in the
unexploited stocks were still present at the beginning of the
samplings. Two empiric models were used: M ¼ 4:899t�0:916

max
(Thenetal., 2015)andM= ln0.15/tmax (Dureuil andFroese,2021).

For the total mortality analysis, the length frequencies
in the landings of pair trawlerswere considered representative
of the length composition of the stock because this gear
fishes at all depths of the inner shelf (<100m). In
addition, because of the migratory behaviour of U. canosai
f 19
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(Gonzalez-Alberdi and Nani, 1967; Haimovici and Cousin,
1989), the length and age composition the catches fromwinter
and spring (second semester) in which the species reproduces
along southern Brazil were considered to better represent of
length and age structure of the stock. Therefore, the length
compositions from the second semesters were converted to
age frequencies using the corresponding age-length keys in
ten multiannual sequential periods between 1976 and 2019.

The instantaneous total mortality coefficient (Z) was
calculated using catch curves (Ricker, 1975). U. canosai
younger than 3 years are not fully recruited for the mesh sizes
used by bottom trawlers in the region (Vooren, 1983), and
small specimens are discarded on board (Haimovici and
Palacios, 1981; Cardoso et al., 2021). Specimens older than ten
years become infrequent in the last periods. Therefore, only the
frequencies of ages three to ten were included in this analysis.
Furthermore, this choice was also a compromise between using
the largest proportion of the stock age structure and the
assumption that Z is constant for the fully recruited age classes
(Ricker, 1975).

The catch curve of log (catch) (yi) against age (xi) when
i= 3, ..., 10, was defined by the following linear model to
obtain the posterior distribution for the slopes of the
regressions (Z) and their credibility intervals:

yi ¼ b0 þ b1xi þ vi

where b0 is the intercept, b1 is the slope of the linear model and
vi is the model error. Jeffreys’ priors were assumed for the
parameters (p (b0, b1, s

2) a 1/s2) and the normal distribution
(N (b0þ b1 xi, s)) for p (yi ǀ b0, b1, s). The marginal posterior
distributions of the parameters are (Kinas and Andrade, 2010):

p b0jxi; yið Þ∼ St n� 2; b0; Sb0ð Þ

p b1jxi; yið Þ∼ St n� 2; b1; Sb1ð Þ

p s2jxi; yið Þ∼GInv
n� 2

2
;

n� 2

2

� �
Se2

� �

where b0 and b1 are the least-squares estimates for b0 and b1,
respectively, Se

2 is the residual variance and St (g,m,v) are non-
central Student distributions with g degrees of freedom, mean
m and scale v. The variance s2 follows an inverse gamma
distribution. To obtain the posterior distribution of Z, we
sampled 3000 values from the marginal posterior using the
library MASS (Venables and Ripley, 2002).

2.7 Spawning potential ratio

The spawning potential ratio (SPR) measures the spawning
biomass per recruit left after the fishing activity (assuming a
logistic selectivity) and is an equilibrium measure of relative
stock status under constant fishing mortality. SPR was
calculated by using the LB-SPR package (Hutchings and
Jones, 1998), which measures the SPR from size composition
data and life-history inputs: M/k, TL∞, and a maturity ogive
(Hordyk et al., 2015). In addition, the LB-SPR estimates the
fishing mortality and selectivity for each year of length
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compositions assuming each year independently. So, the
model was applied for each sampling period defined in
Section 2 (Tab. 1) independently, considering the growth
parameters of females in each period (Tab. 2). The female
maturity ogives used in the model were those estimates at the
beginning and end of the samplings (Tab. 3), while for the
intermediate years for which no estimate is available, the mean
values of the parameters estimated in the beginning and end of
the sampled period were used. Two models were run
considering the two estimations of the instantaneous natural
mortality coefficient (i.e. Then et al., 2015; Dureuil and Froese,
2021; see Sect. 2.6) and the length composition of the pair
trawlers in the second semesters of each period, considered to
better represent the length structure of the stock due to the
reasons mentioned in Section 2.6.

3 Results

3.1 Growth analyses

The weight (g)–length (mm) relationships for fishes
between 93 and 535mm did not differ between sexes
(F = 0.01211; p= 0.9124). The relationship for pooled sexes
including unsexed juveniles was W= 0.00001342 TL3.0111,
R2 = 0.9776.

Clear evidence of changes in growth along time was
observed. Both sexes’ mean length-at-age and weight-at-age
show a gradual increase between the initial and last sampling
period at all ages (Fig. 5).

A general trend of increasing asymptotic length along the
sampling periods was observed for both males and females
(Fig. 6), with no overlapping of the credibility intervals between
the first and last sampling periods. However, the credibility
intervals of the individual growth rates (k) as well as t0,
overlapped in most years with no changing trend along time
(Tab. 2). As the t0 parameter can be considered a “mathematical
artifact” of the VB growth model, we were not able to analyze
with more details the growth changes of the first ages.

In all the periods, the mean asymptotic length of females
was larger than males, however, in most periods, the
corresponding credibility intervals overlapped.

3.2 Reproduction and condition

The monthly mean gonadosomatic index (GSI) and
condition factor were calculated for all the sampling periods
for three total length strata: 180–269mm, 270–359mm, and
over 360mm, corresponding respectively to small, mid-sized,
and large females and males. Gonadosomatic indices of both
sexes in all three length strata showed annual cycles (Fig. 7).
The GSI of the large and mid-sized females and males began to
increase in July attained their higher values between August-
September and November. The small-sized specimens began
maturation a couple of month later. Males attained the higher
GSI from September to December and females from October
to January. For all size classes, the lower values occurred from
February to June.

Condition factors of both males and females in all three
length strata also show an annual cycle with the higher values
in May and June, decreasing from July to December and
January, and increasing from February to May and June
f 19



Table 2. Von Bertalanffy’s growth parameters and their 95% credible intervals for females, males and pooled sex of Umbrina canosai from
southern Brazil sampled in different sampling periods between 1976 and 2019.

Sex Period TL∞ Cr I 2.5% Cr I 97.5% k Cr I 2.5% Cr I 97.5% t0 Cr I 2.5% Cr I 97.5%

Polled sex

1976–1978 356.8 353.2 360.6 0.27 0.26 0.29 –1.51 –1.67 –1.37
1979–1981 364.6 361.8 367.3 0.36 0.34 0.35 –0.48 –0.55 –0.41
1982–1984 370.2 366.0 374.8 0.30 0.29 0.32 –0.66 –0.76 –0.57
1985–1987 382.4 377.0 388.1 0.29 0.27 0.30 –0.92 –1.08 –0.76
1988–1990 393.9 386.7 401.7 0.24 0.22 0.26 –1.29 –1.50 –1.08
1991–1994 382.8 377.3 388.7 0.34 0.32 0.37 –0.68 –0.84 –0.53
1997–2002 389.6 384.4 395.1 0.42 0.39 0.44 –0.06 –0.18 0.00
2006–2010 397.8 390.7 405.7 0.34 0.30 0.37 –0.60 –0.86 –0.36
2011–2015 420.8 411.5 430.7 0.25 0.23 0.28 –1.27 –1.54 –1.02
2016–2019 408.5 400.2 417.9 0.29 0.26 0.33 –0.82 –1.12 –0.55

Male

1976–1978 351.9 346.5 357.6 0.26 0.24 0.28 –1.82 –2.09 –1.58
1979–1981 355.5 351.3 359.8 0.36 0.34 0.39 –0.49 –0.61 –0.38
1982–1984 360.7 353.9 368.1 0.32 0.29 0.34 –0.64 –0.80 –0.49
1985–1987 375.6 367.9 383.8 0.29 0.26 0.31 –1.03 –1.30 –0.79
1988–1990 387.0 376.8 398.9 0.25 0.22 0.27 –1.36 –1.71 –1.06
1991–1994 373.6 365.7 382.2 0.37 0.33 0.42 –0.55 –0.78 –0.33
1997–2002 382.7 373.4 393.8 0.41 0.36 0.46 –0.17 –0.47 –0.01
2006–2010 391.9 382.2 402.7 0.33 0.28 0.39 –0.82 –1.26 –0.42
2011–2015 416.6 401.7 433.8 0.25 0.21 0.29 –1.34 –1.74 –0.97
2016–2019 403.8 388.3 421.3 0.29 0.24 0.36 –0.91 –1.42 –0.45

Female

1976–1978 360.1 355.5 365.1 0.28 0.26 0.30 –1.30 –1.49 –1.12
1979–1981 370.3 366.8 374.1 0.34 0.33 0.36 –0.45 –0.55 –0.36
1982–1984 374.5 369.1 380.0 0.31 0.29 0.32 –0.63 –0.75 –0.51
1985–1987 388.5 381.5 396.1 0.31 0.26 0.31 –0.79 –1.01 –0.60
1988–1990 397.2 388.3 407.0 0.25 0.22 0.27 –1.17 –1.45 –0.92
1991–1994 390.7 383.2 399.1 0.32 0.29 0.35 –0.79 –1.03 –0.59
1997–2002 395.5 389.0 402.3 0.41 0.38 0.43 –0.05 –0.17 0.00
2006–2010 404.0 393.9 415.4 0.33 0.29 0.38 –0.47 –0.81 –0.17
2011–2015 421.0 410.8 432.3 0.27 0.24 0.30 –1.15 –1.50 –0.84
2016–2019 411.6 401.5 423.3 0.30 0.25 0.34 –0.81 –1.21 –0.45

Table 3. Generalized Linear Models results for the relationship between gonadosomatic index (GSI) and the different sampling periods
(1976-84 and 2011–18) and populational variables (length, age and weight) of sexually mature females of Umbrina canosai. Estimates and
statistical significance of the fixed factors are shown for each variable. The AIC (Akaike’s information criterion) are shown in the last column.

Model (GSI ∼) Intercept Periods Length Weight Age AIC

Periods 5.347
(<0.01)

–0.027
(0.90)

2572

Periods þ Length –0.322
(0.69)

–0.386
(0.08)

0.017
(<0.01)

2305

Periods þLength þ Weight 8.632
(<0.01)

–0.461
(0.03)

–0.024
(<0.01)

0.010
(<0.01)

2233

Periods þ Length þ Weight þ Age 8.859
(<0.01)

–0.312
(0.16)

–0.026
(<0.01)

0.008
(<0.01)

0.146
(<0.01)

2142
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(Fig. 7). The amplitude of the annual cycle of the condition
factor increased with the length of the fishes. The minimum
monthly condition factor in all three length strata was observed
three to four months after the maximum GSI.

During the spawning season, the GSI was higher among the
larger specimens, followed by the mid-sized and the smaller
specimens, suggesting an increased reproductive investment
Page 8 o
along with growth (Fig. 7). In fact, for sexually mature females
captured in the spawning season, all the generalized linear
models showed that theGSIvalueswere significantlyaffectedby
the length and by age and weight according to the best fit model
(Tab.3).Regardlessof the samplingperiods (1976–84and2011–
18), it is possible to observe a positive relationship between the
GSI and length, weight, and age (Fig. 8)
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Fig. 5. Mean total length (left) and weight at age (right) by age classes of theUmbrina canosai along ten sampling periods from Southern Brazil.

Fig. 6. Von Bertalanffy’s growth curves for males and females of Umbrina canosai from southern Brazil sampled in different time periods
between 1976 and 2019.
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3.3 First maturity

Only data from October to December were included in the
first maturity analyses as this was when the length range of the
younger U. canosai had the highest gonadosomatic indices
(Fig. 7 and Haimovici and Cousin, 1989).

The credibility intervals (95%) of all logistic models
parameters b1 did not include zero, which indicates that sexual
maturity has a significant relationship with size and age (Tab. 4,
Fig. 9). For both sexes, the decrease of L50 and A50 between
periods was significant as the 95% credibility intervals did not
overlap (Fig. 9). The mean total length and age at first maturity
(L50 andA50) in the 1996–84periodwere 241mmand2.40 yr for
males and225mmand2.43yr for females,dropping in the2011–
18 period to 219mmand 1.90 yr formales and 203mmand 1.67
yr for females (Tab. 4).
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3.4 Sex ratio

Significant differences were observed in the sex ratios
between the initial (1976–1984) and the last years (2011–
2019) of the sampling periods. The proportion of females
increasedwith age and size in both periods; however, in the last
period a significant reduction in the proportion of females in all
size classes or at ages under five years (Tab. 5). In the first
period, the proportion of females was over 50% for all TL over
300mm and in all age classes, while in the last period, these
proportions were only above 50% for specimens over 330mm
TL and 6 years old (Fig. 10). When the proportion of females
was weighed by the numbers in each length class in the
landings of the pair trawlers in each period, the proportion
of females decreased from 51.3% (CI95 = 50.9–51.5%) in
1976–1984 to 47.3% (CI95 = 47.0–47.5%) in 2011–2019.
f 19



Fig. 7. Monthly mean gonadosomatic indices and condition factors of Umbrina canosai in southern Brazil sampled between 1976 and 2019 in
three total length strata: 180–269mm in blue, 270–359mm in orange and over 360mm in green. Vertical bars represent 95% confidence
intervals.

Fig. 8. Mean gonadosomatic index by total length, weight and age of sexually mature females of Umbrina canosai captured in the spawning
season along Southern Brazil in 1976–1984 (in black) and 2011–2018 (in gray) periods. Vertical bars represent the 95% confidence intervals.
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Thus, the overall sex ratio shifted from female dominance to
male dominance.

3.5 Size and age structure

Changes in the length and age compositions for the pair
trawl, otter board trawl, bottom gillnet, and double rig trawl
fisheries were analysed by examining their relative frequencies
in each of the periods in which data were available (Fig. 11).
Larger and older specimens progressively decreased between
the first and last sampling periods for all four legal gears.
Page 10
The landings of pair trawlers shifted gradually from larger
and older to smaller and younger fishes along time, with the
modal TL decreasing from 330–359mm to 210–269mm and
the modal age class decreasing from 3 yr to 1 yr.

The landings of the otter board trawlers showed a gradual
decrease in the length and ages in the first eight sampling
periods before the 2000 s. In the last two periods, a bimodal
distribution was observed because it included the landings of
nominal bottom trawlers that fished illegally with midwater
trawls, targeting concentrations of large specimens during
reproductive migrations (Haimovici and Cardoso, 2016). The
of 19



Table 4. Logistic model parameters (b1 and b0), the calculated length and age at first maturity (L50mm; A50 yr) and the length and age at which
95% of the specimens were mature (L95mm; A95 yr) forUmbrina canosai landed in Rio Grande in two time periods: 1976–1984 and 2011–2018.
All parameters and indices are presented as the mean of their posterior distributions and the 2.5 % (Cr I2.5%) and 97.5% (Cr I97.5%) credibility
intervals.

Females Males

Period Parameters Mean Cr I 2.5% Cr I 97.5% Mean Cr I 2.5% Cr I 97.5%

1976–1984

b1 0.28 0.25 0.32 0.33 0.29 0.37
b0 –6.3 –7.3 –5.4 –7.9 –8.8 –7.1
L50 225.1 216.6 232.5 241.5 237.4 245.4
L95 330.5 323.1 338.4 330.7 323.7 337.7

2011–2018

b1 0.27 0.21 0.33 0.69 0.55 0.85
b0 –5.4 –6.9 –4 –15.2 –18.7 –12.1
L50 203.5 192.9 212.9 219.4 215.4 222.8
L95 315.7 301.9 331.4 262.2 255.3 270.1

1976–1984

b1 0.68 0.59 0.76 0.51 0.43 0.60
b0 –1.6 –1.9 –1.3 –1.2 –1.6 –0.9
A50 2.43 2.17 2.67 2.4 2.1 2.8
A95 6.8 6.4 7.2 8.2 7.6 9.0

2011–2018

b1 1.26 0.93 1.64 3.06 2.33 4.13
b0 –2.1 –3.0 –1.3 –5.8 –8 –4.2
A50 1.67 1.4 2.0 1.9 1.8 2.0
A95 4.1 3.6 4.6 2.9 2.7 3.1

Fig. 9. Maturity-at-length (left) and maturity-at-age (right) ogives and corresponding probability densities fitted to data from 1976–1984
(dashed line) and 2011–2018 (full line) of females (upper panels) and males (lower panels) of Umbrina canosai sampled in southern Brazil.
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Table 5. Percentages of females in 30mm TL interval classes and age ofUmbrina canosai in the landings of commercial fishing along Southern
Brazil landed in 1976–1984 and 2011–2018. x2 and P(x2, 95%) are the scores of 2� 2 contingency tables to test the differences between periods
and the corresponding 95% probabilities. *indicate significant differences.

1976–1984 2011–2019

Parameters n % n % x2 p(x2)

Age

1 914 0.61 301 0.39 15.83466 <0.01*
2 1607 0.51 270 0.40 2.926637 0.087
3 1886 0.56 291 0.43 4.154572 0.041*
4 1277 0.66 225 0.52 3.893351 0.048*
5 825 0.69 146 0.45 7.818268 <0.01*
6 591 0.70 96 0.58 1.342162 0.247
7 427 0.64 71 0.59 0.177175 0.674
8 312 0.71 63 0.67 0.121449 0.727
9 219 0.76 45 0.73 0.049091 0.825
10 175 0.73 34 0.71 0.015214 0.901
>11 506 0.63 84 0.73 0.731458 0.392

Total Lenght

180 653 0.53 57 0.46 1.142297 0.285
210 1062 0.49 275 0.40 6.20483 <0.01*
240 1827 0.44 252 0.37 4.416351 0.035*
270 2265 0.45 217 0.42 0.520261 0.47
300 2270 0.55 261 0.41 16.61109 <0.01*
330 1785 0.64 309 0.58 17.48223 <0.01*
360 562 0.73 281 0.60 17.48226 <0.01*
>390 77 0.82 231 0.71 3.745018 0.052

Fig. 10. Percentage of females of Umbrina canosai larger than 180mm TL in 30mm TL interval classes (left) and in age classes (right) in the
landings of commercial fishing along Southern Brazil in 1976–1984 (in black) and 2011–2018 (in gray). Vertical bars represent the 95%
confidence intervals.
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left modal length decreased from the 270–299mm interval in
the earlier periods to 210–239mm in the last period, and from
age class three to age class one, respectively.

Bottom gillnet fishing started being sampled in the 1991–
94 period with 80–110mm stretched mesh between knots that
are still in use (Vasconcellos et al., 2014); the modal length
decreased from 330–359mm to 240–299mm and from the age
class four to the age class three in all the following periods.

Since U. canosai is not a target species for double rig trawl,
few samples for this fishing gear’s age and length composition
were obtained. At the beginning of this fishery (1991–94), when
thisfishery targetedmainlydemersalfish, themodal lengthwas in
the 300–329mmTL interval. However, in the following periods,
Page 12
when small shrimp became the main target of this fishery in
coastal waters (Haimovici and Mendonça, 1996) a rapid decline
toamodal lengthof210–279mmwasobserved.Despite changes
in modal length, no evident changes in age composition were
observed, where age classes 0 and 1 were predominant.

3.6 Mortality, exploitation rate and spawning potential
ratio

The instantaneous coefficient of natural mortality (M)
based on a tmax of 26 years, corresponding to the older sampled
U. canosai, was estimated asM= 0.248 yr�1 and 0.161 yr�1 for
the empirical formulas proposed by Then et al. (2015) and
of 19



Fig. 11. Relative frequency percentage of total length, in 30mm bins and age forUmrbrina canosai along southern Brazil in the landings of pair
trawl, otter trawl and gillnet industrial fisheries along Southern Brazil in ten sampling periods between 1976 and 2019.
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Fig. 12. (a) Instantaneous total mortality coefficients (Z) of Umrbrina canosai aged 3 to 10 yr, fished along southern Brazil and their 95%
credibility intervals. (b) Exploitation rates considering a natural mortalities of 0.248 yr�1 (lower values) and 0.161 yr�1 (higher values).
(c) Natural logarithms of relative frequencies at age per year classes in ten sampling periods between 1976 and 2019.
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Dureuil and Froese (2021) respectively. Estimated instanta-
neous total mortality coefficient (Z) for ages three to ten,
increased abruptly from less than 0.32, in the first two periods,
to 0.56 in the third period and gradually increased to reach over
0.86 in the last two periods (Fig. 12a).

The exploitation rate E ¼ ZM
Z

� �
, considering the M of

0.248 yr�1, was estimated at approximately 20% between 1976
and 1984, increasing to 50% in the following three decades and
finally reaching about 70%after 2011.When theM of 0.161 yr�1

was considered,E in the twofirst periodswas 50%, raised to 75%
in the intermediate decades, and reached 86% in the final periods
(Fig. 12b). The natural logarithm of the frequencies by age for all
the ranges of ages for each period illustrates the gradual decrease
of survival over time (Fig. 12c).

The spawning potential ratio (SPR) at the beginning of the
samplings (1976–1978), estimated with anM of 0.161 yr�1 and
0.248 yr�1, were 26% and 40%, decreased sharply to only 5%
and 10%, respectively, in the last period (2016–2019). These
scenarios suggest losses between 95% and 90% of the spawning
potential in relative to the pristine condition (Fig. 13).

4 Discussion

Identifying changes in the population structure and life
history for fish stocks for which long time sampling series are
available are important information to support its management
Page 14
(e.g. Bianchi et al., 2000; Sharpe and Hendry, 2009;
Audzijonyte et al., 2013, 2016). Decades of intense fishing
of the Argentinian croaker in the southern range of its
distribution resulted in increased individual growth; decreased
size and age at first maturity; truncation of length and age
structure; drastic increase in the total mortality and exploration
rate; and a large decrease of the spawning potential ratio,
raising an alert to the need of decreasing fishing mortality for
the stock. Following, we discuss the reasons that led to these
population dynamics changes in the southern stock ofUmbrina
canosai, as well as the consequences of these processes for the
stock resilience.

4.1 Changes in growth and maturity

Growth and maturation are highly plastic traits with rapid
responses to changes in fishing selectivity, food availability,
and intra- and interspecific competition (Enberg et al., 2012;
Morrongiello and Thresher, 2015; Audzijonyte et al., 2016),
as well as climatic changes (Baudron et al., 2014). Based
in the well-documented long term data series of the stock of
U. canosai, we postulate that the increased growth was
affected mainly by the density-dependent processes. In
contrast, the decreased size and age at first maturation were
determined by both density-dependent processes and the
fishery selectivity.
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Processes at the population level can be influenced by the
physical environment and therefore affected by climate changes.
The southwest Atlantic Ocean is one of the largest and fast-
warming regions in the global ocean with well-documented sea
surface temperatures changes in the last decades (Hobday and
Pecl, 2014; Gianelli et al., 2019; Franco et al., 2020). Although
climatic change impacts on marine species have been rarely
documented in the Southwest Atlantic Ocean (Bertrand et al.,
2018) a recent study by Baudrom et al. (2014) on the growth of
fishes in theNorthSea, associated increases inwater temperature
to a decrease of the body size of several species. These authors
attributed this change in growth to an adaptation to reduce the
risk of oxygen deprivation. If a similar process affected the
southern stock of U. canosai, it was dwarfed by the opposite
trend of growth increase observed over the last four decades.
Therefore, we attributed the changes in growth to the density-
dependent processes triggered by the intense fishery.

Intense industrial fishing along decades in the southwest-
ern Atlantic decreased the abundance of U. canosai and the
abundance of the whole demersal fish community in the
continental shelf (Haimovici, 1998; Vooren and Klippel, 2005;
Haimovici and Cardoso, 2017). Consequently, the overall
reduction in the density of the demersal fish community led to
the reduction of the competition for benthic prey, which may
have increased the food availability for some sciaenid species
in the region (Cardoso and Haimovici, 2016). Furthermore,
there are pieces of evidence that highly disturbed sea beds by
bottom trawling, like the continental shelf bottom (Haimovici
et al., 1989), may benefit small benthic infauna and epifauna
species by increasing their abundance (Hiddink et al., 2008;
Van Denderen et al., 2015). In fact, with higher energy
available, increased individual growth has been observed for
some species (Haimovici and Cardoso, 2017). An increase in
individual growth was observed for the weakfishes, Cynoscion
striatus (Miranda and Haimovici, 2007) and Cynoscion
jamaicensis (Alves et al., 2020), that feed both on nektonic
and benthic preys (Martins and Haimovici, 2020). However,
species that feed mainly on epibenthic preys, such as
whitemouth croaker, Micropogonias furnieri (Sánchez et al.,
1991; Martins and Haimovici, 2020), and the king weakfish,
Macrodon atricauda (Cardoso and Haimovici, 2016), have
shown larger increases in individual growth in recent decades
(Cardoso and Haimovici, 2011; Haimovici et al., 2021). As
well as these species, U. canosai, which feeds mostly on
benthic and epibenthic prey (Haimovici et al., 1989; Martins
and Haimovici, 2020), showed a high increase in individual
growth (Figs. 5 and 6). Along the sampled periods, the length
and weight-at-age of U. canosai increased gradually, around
30–40% along the last four decades (Fig. 5). Thus, it was
concluded that the positive change in the size of U. cansoai
occurred as a density-dependent response to intra- and
interspecific competition caused by the overall decrease of
the biomass of demersal fishes along southern Brazil.

The changes in the growthofU. canosaiweredue to the large
increase in asymptotic length (TL∞) and not by changes in the
instantaneous growth coefficient (k), which did not show an
increasing trend (Tab. 2). Although there is no consensus on how
density-dependent processesmight affect life-history parameters
(Audzijonyte et al., 2016), in the evolutionary and physiological
interpretation of the von Bertalanffy growth model presented by
Charnovetal. (2013),TL∞ isdeterminedbyboth foodavailability
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and or changes inmaintenance and reproduction. In contrast, k is
affected only by the allocation to maintenance and reproduction
(Charnov et al., 2013). According to this formulation, increased
food availability is expected to increase TL∞, but should not
change k. Therefore, the increased availability of benthic prey
may result in a larger TL∞ and lead to a greater accumulation of
energy, which, in turn, allows for an advanced acquisition of the
minimumenergynecessary to reach sexualmaturity (Roweet al.,
1991; Reynolds, 2003). In other words, fishes that grow faster
reach maturity at earlier ages due to higher energy availability.

Besides the age, the size at first maturity of U. canosai also
decreased between 1976–84 and 2011–18 (Fig. 9; Tab. 4). It is
widely accepted that intense fishing may create a selective
pressure toward lowage and small size atmaturation by removing
thegenotypesof the fastest-growingfishesanddelayedmaturation
from the population (Law, 2000; Heino and Godø, 2002;
Dieckmann andHeino, 2007). Ernande et al. (2004) demonstrated
that, when the minimum harvest size is below the maturation
reaction norm, modeled populations presented evolutionary
effects of decreasing age and size at maturation. This is probably
the case withU. canosai, since its recruitment to the mesh size in
the codend of the trawl nets used along southern Brazil begins at
approximately 150mm TL and is substantial under 200mm TL
(Vooren, 1983, Cardoso et al., 2021). Thus, the minimum harvest
sizeofU.canosaiwasalwaysbelowthematuration reactionnorm,
and the selection pressure applied by fishing can have produced a
response toward decreasing age and size of maturation. Since
fisherymayalso influenceageandsizeatmaturationbydecreasing
the population density, the observed reduction in length and age at
maturity of U. canosai could result from both density-dependent
processes and selective pressure from fisheries.

4.2 Changes in size, age, and sex structure

Intense fishing drastically reduced the frequency of larger
and older fishes in the landings, except for a recent and illegal
mid-water trawls fishery, resulting in a drastic truncation in the
size and age composition of the stock (Fig. 11; Haimovici and
Cardoso, 2016). Other sciaenid fishes that also underwent long
and intense exploration in the region presented losses of the
larger and older individuals as Cynoscion guatucupa (Miranda
and Haimovici, 2007), Macrodon atricauda (Cardoso and
Haimovici, 2015) and Micropogonias furnieri (Haimovici
et al., 2021). The removal of bigger and older fish from
populations has been recognized as a direct result of fishing
that may reduce the resilience of the stock (Trippel et al., 1997;
Beamish et al., 2006) by reducing their lifetime reproductive
potential (Stewart, 2011).

In addition, bigger and older individuals, suchas theBOFFFs
(big old fat fecund females), contributes disproportionally to the
overall fecundity of the stocks and offspring viability, as
producing more and larger eggs with higher amounts of yolk,
resulting in faster-growing larvae and higher survivability
(Trippel, 1999; Marteinsdottir and Begg, 2002; Palumbi,
2004; Hixon et al., 2014). Umbrina canosai can probably be
included among these BOFFF species, as the gonadosomatic
index increaseswith the length,weight, andage (Fig.8), as shown
by the GLM analysis (Tab. 3). Therefore, the size and age-class
truncation probably lead to a reduction in the proportion
of BOFFFs, reducing resilience and hindering recovery of the
U. canosai southern stock.
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Fig. 13. Spawning potential ratio and their 95% confidence intervals of the Argentinian croaker Umbrina canosai from Southern Brazil
considering a natural mortalities of 0.248 yr�1 (black) and 0.161 yr�1 (gray).
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Furthermore, the sex ratios shifted from females’ overall
dominance to males dominance between the first (1976–1984)
and last (2011–2019) sampling periods, but mostly among
specimens younger than six years, that from the bulk of the
catches in recent years (Fig. 10). This may be due to
differences in growth, with females being relatively larger than
males along all sampling periods, thus reaching the recruitment
size earlier. If factors that affect the probability of being caught
by fisheries, such as growth, differ between sexes, then
exploitation will produce changes in the sex ratio that can
affect reproductive success negatively by reducing the
probability of encountering potential mates or by reducing
fertilization success (Rowe and Hutchings, 2003). Thus, the
changes observed for size, age, and sexual structure suffered
by the intense exploitation of U. canosai over the last four
decades are acting negatively for the recovery of the stock.

4.3 Changes in mortality, exploitation rate, and
spawning potential ratio

An increase in mortality, decrease in SPR, and the changes
in the age frequencies of the U. canosai southern stock have
consisted of three stages since the first sampling period
(Figs. 12 and 13). In the first stage, mortality increased, and
SPR decreased steadily up to the early 1980 s, however, fish
above twenty years old were still present in the landings. In the
second stage (1980 s to 1990 s), the mortality and SPR
remained stable with little variation, but there was a decrease in
the frequency of older individuals and the almost disappear-
ance of fish older than 16 years in the landing (Fig. 12c). In the
third stage, from 1997 to the late 2010 s, mortality increased
sharply to reach over 0.86 in the last two periods, SPR
decreased sharply to only 5% to 10%, and the frequency of
older individuals continued to decrease, with few reaching
over 13 years. This increased mortality, abrupt reduction in
both the SPR and older individuals of U. canosai has been an
indicator of the potential economic collapse of the stock.
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These changes need to be considered in the context of the
life-history theory (Hutchings, 2002; Roff, 2002). The
apparent stability from the early 1980 s to the late 1990 s
might be the result of a combination of life-history traits and
fishery characteristics that favor resilience and recovery
(Reynolds, 2003; Reynolds et al., 2001; Cardoso and
Haimovici, 2015; Haimovici et al., 2021), such as: high
fecundity (Haimovici and Cousin, 1989) and extended
spawning season; flexible and low age at maturity; flexible
and rapid individual growth; and a relatively short lifespan
(this study). However, after more than 30 years of high
exploitation rates (>0.5, Fig. 12b), there is evidence that U.
canosai could be reaching its adaptive capacity for resilience.
For example,U. canosai has not increased its growth rates over
the past decade (Tab. 6), lost up to 90% of its reproductive
output (Fig. 13), the sex reason shifted to fewer
females (Fig. 10), and the size and age structure were reduced
(Fig. 11), probably leading to a drastic decrease of BOFFFs
(see Sect. 4.2). Other factors, such as the introduction of mid-
water trawl fishery, a new technique that drastically increased
the fishing power, catching schools of maturing and spawning
females (Haimovici and Cardoso, 2016), may also have
contributed to the reduction in the resilience of U. canosai in
the late 2000 s. Therefore, even with a life history that favors
resilience, the persistence of SPR reductions, high mortality,
and exploitation rates might endanger the long-term produc-
tivity of the population.
4.4 Concluding remarks

Intense fishing for several decades led to important
changes in population structure and dynamics of the southern
stock ofU. canosai including increased growth and anticipated
maturity. The large increase in the mortality and exploitation
rate resulted in a drastic decrease of the stock’s reproductive
potential due to the intense fishing.
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Despite the anticipation in the sexual maturation and an
increase in individual growth, which may favor resilience, the
intense and prolonged fishing has led to both changes in the sex
ratio, increasing the male’s frequency, and to a marked
truncation of length and age structure with the loss of most of
the larger and older fish, decreasing the reproductive potential
of the stock, consequently hindering stock recovery. Thus, both
the extremely high exploitation rate and the very low spawning
potential ratio indicate the urgent need for a drastic reduction
of fishing mortality to avoid the economic collapse of the
fishery. However, in order to take adequate management, it is
necessary to carry out the stock assessment to define desirable
states for a fishery in terms of target reference points and/or
limit reference points, that define a state that it is deemed the
stock should be managed (Haddon, 2011).

Estimates resulting from stock assessments that do not
consider possible changes in stock structure and life history,
such as those observed in this study, can provide a false sense
of accuracy as an essential source of uncertainty may be hidden
(Kuparinen et al., 2012; Evans et al., 2013). In this context,
model misspecifications can lead to several problems for stock
assessment, and hence the provision of management advice
(Punt et al., 2021). For example, misspecification of growth
can overestimate the current biomass relative to the unfished
biomass (stock depletion), but this bias may be mitigated or
eliminated if the assessment model includes growth variation
(Stawitz et al., 2019). Therefore, for future assessments of the
southern stock of U. canosai, we strongly suggest to take into
account the changes in the population structure and life history
parameters to increase the accuracy of the estimates of stock
status and reference points for the proper management of the
resource. Unfortunately, anymanagement measures designed to
reducefishingmortalitywill impact thenear-term future catches,
but, as in all overfishing cases, the long-term survival of afishery
depends on management. This goal is not easy to achieve as it
requires a consensus of the users and administrators and an
increase in fishing regulations’ enforcement capacity.
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