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a  b  s  t  r  a  c  t

The  coastal  demersal  sciaenid  fish  “pescadinha”  Macrodon  atricauda  has  been  intensely  fished  along
southern  Brazil  in the  last  50 years,  a fact that  resulted  in  the  decrease  in  its  abundance,  maximum  age
and  landings,  and  an increase  in its growth.  In  this  study,  we  used  data  from  four  discrete  time  periods
between  1976  and  2011  to analyze  the  possible  influences  of fishing  on  the maturation  parameters  length
(L50, mm)  and  age  (A50, years)  at first  maturity  as  well  as  on  the  spawning  biomass.  Results  indicated
that the L50 of females  and  males  decreased  approximately  30  mm  and  the  mean  A50 of  females  was
reduced  from  2.2  to 1.6  years.  The  most  plausible  explanation  is that  these  changes  occurred  by  the
harvest  selective  pressure  of fishing  implying  lower  fitness  for individuals  that  mature  at larger  sizes.
However,  there  is some  evidence  suggesting  that  the  A50 may  also  have  been  driven  by  the  decrease  in
the  population  abundance  which  relaxed  density  dependent  effects  responsible  for  delaying  maturation.
acrodon atricauda If  constant  recruitment  is  assumed,  the  increase  in  fishing  effort  and,  hence,  total  mortalities,  should
have  reduced  female  spawning  biomass  to 13%  of  the  virginal  biomass;  however,  increased  growth  rate
and  earlier  maturation  resulted  in  a reduction  to only  28%.  Reduced  spawning  biomass  combined  with  a
decrease  in  the reproductive  potential  of the  population  (changes  in  A50 and/or  L50),  can  make  recruitment
more  vulnerable  to environmental  drivers  and  to any  further  increase  in  the  fishing  effort.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Long-term changes in the maturation dynamics of intensely
xploited fish stocks have been widely reported in the literature
Trippel, 1995, 1999; Law, 2000; Saborido-Rey and Kjesbu, 2005;

arshall and McAdam, 2007). Most studies report fishes reprodu-
ing at younger age and smaller size (Jørgensen, 1990; Rijnsdorp,
993a,b; Jørgensen et al., 2007; Sharpe and Hendry, 2009). A
pawning stock comprised by smaller and younger fishes have
heir reproductive ability reduced (Marteinsdottir and Begg, 2002;
utchings, 2005; Longhurst, 2010). It may  have negative conse-
uences for population growth rates (Hutchings and Fraser, 2008)

nd yield (Law and Grey, 1989; Stokes and Law, 2000; Conover
nd Munch, 2002). Moreover, it may  also increase the variability in
opulation abundance (Stergiou, 2002; Stenseth and Rouyer, 2008)

∗ Corresponding author. Tel.: +55 53 32336525.
E-mail addresses: cardosolg15@gmail.com,

uvopabv@yahoo.com.br (L.G. Cardoso), docmhm@furg.br (M.  Haimovici).

ttp://dx.doi.org/10.1016/j.fishres.2014.05.012
165-7836/© 2014 Elsevier B.V. All rights reserved.
and adversely affect its ability to recover from overexploitation
(Hutchings, 2005). Besides early maturation, decrease in spawn-
ing biomass also affects the population ability to recover, as the
recruitment success turns more vulnerable to adverse environ-
mental conditions (Brander, 2005; Ottersen et al., 2006, 2013).
Consequently, monitoring of life history traits as well as of the
spawning biomass of a fish stock is essential for the effective long-
term conservation and management of the resource (Trippel, 1995;
Jørgensen et al., 2007).

The sciaenid fish Macrodon atricauda (Günther, 1880) (some
local names are pescadinha, pescada-foguete, pescadinha-real),
inhabits shallow coastal waters in soft bottom areas from Espírito
Santo state (Brazil) to northern Argentina. This species was recently
discriminated from Macrodon ancylodon (Bloch and Schneider,
1801) from northeastern Brazil up to Venezuela (Santos et al., 2006;
Carvalho-Filho et al., 2010; Cardoso et al., 2012). Genetically, M.

atricauda comprises five populations (Rodrigues et al., 2013); the
most abundant one inhabits southern Brazil, between Chui and
Cape Santa Marta Grande (Lat 28◦S–34◦40′S) (Fig. 1) where it has
been exploited by the pair bottom trawl fishery since the late 1950s

dx.doi.org/10.1016/j.fishres.2014.05.012
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
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ig. 1. Fishing area of Macrodon atricauda at the coastal waters of Southern Brazil
light gray).

Yamaguti and Moraes, 1965; Yesaki and Bager, 1975; Valentini
t al., 1991; Haimovici, 1998). Even though time series of catch per
nit effort (CPUE) showed a population decreasing trend between
959 and 1963 (Yamaguti and Moraes, 1965) and from 1976 to 1992
Haimovici, 1998), intense fishing has still taken place.

The effects of intense fishing have already been identified in the
.  atricauda life history. Cardoso and Haimovici (2011) observed

he decrease of maximum age from 7 to 5 years, a fact that may  be
een as an indicative of decrease in the spawning biomass. Man-
gement demands make it necessary to analyze long term trends
n spawning biomass. Moreover, the growth rates, which increased
n the last four decades, were possibly induced by the decrease
n population density (Cardoso and Haimovici, 2011). Although no
nformation is available, these shifts may  indicate that the matura-
ion traits have also changed. It should be investigated along with

heir potential causes.

The identification of the driving forces of the maturation
hanges is very complex (Marshall and McAdam, 2007). The most
requently cited cause is the fishing pressure (Trippel, 1995; Law,

able 1
umber of individuals of females and males of Macrodon atricauda selected for maturity
long  southern Brazil. (L50) Length at first maturation; (A50) Age at first maturation; (S50)

Estimated indices n Females n Males n Fem

1976–1980 1983–
L50 Total 638 536 608 

Mature 353 355 427 

1976–1979 1984–
A50 Total 121 36 

Mature 86 31 

n Poole
1981

S50 Captured 4000
Selected 1809

n Poole
1976–1979 1984–

Z  Measured specimens 40,151 31,66
 Research 160 (2014) 120–128 121

2000), since it can influence changes in maturation in two ways:
the steady removal of biomass leads to decreases in the popula-
tion density, which increases food availability and relaxes density
dependent effects responsible for reducing growth and delaying
maturation (Barot et al., 2004). On the other hand, fisheries exert
a selective pressure implying lower fitness for individuals that
mature at older age and larger size. In the long term, it changes the
genetic frequencies of the population and increases the proportion
of individuals which reproduce earlier and smaller (Dieckmann and
Heino, 2007).

In this paper, the reproductive parameters length (L50) and age
(A50) at first maturity were estimated for four periods between
1976 and 2011 for samples of Macrodon atricauda from south-
ern Brazil. Trends in these parameters were analyzed and possible
drivers, such as decreasing abundance and selectivity of the fishing
gear, were studied and discussed. Total mortality coefficients (Z)
were estimated by decade and combined with the estimated A50
and the referred changes in growth rates in order to analyze the
impact of fishing on the reproductive biomass (RB) of females. The
role of possible life history changes on the RB were also analyzed
and discussed.

2. Material and methods

2.1. Data source

Macrodon atricauda was  sampled in several periods since 1976
in southern Brazil (Haimovici, 1987, 1998; Haimovici et al., 1996;
Cardoso and Haimovici, 2011). Data on total fish (W,  g) and gonad
weight (GW, g), fish length (L, mm)  and maturity stage of males and
females from landings of commercial bottom trawlers that fished
between latitudes 28◦28′ (Cape Santa Marta Grande) and 33◦40′

(Chui) (Fig. 1) were available from 1976 to 1980 (n: 1174), 1993
to 1988 (n: 1036), 1997 to 1998 (738) and 2008 to 2011 (n: 2035)
(Table 1). Data on age were also available for four discrete periods
from otolith readings validated by Cardoso and Haimovici (2011)
(Table 1).

No remarkable changes in the pair trawl fishery were identi-
fied in the last four decades: boat size, engine power, trawl nets
design and mesh size in the codend changed little along the years
(Haimovici, 1998; Vasconcellos et al., 2006).

Data on selectivity of the fishing gear were available from two
research cruises designed to study the selectivity of the trawl nets
used by demersal fishery in southern Brazil. The codend of a mesh
of 69 mm between opposite knots was  covered with a cover net of

smaller mesh (Vooren, 1983).

Two  sources of data were used to estimate the instantaneous
total mortality coefficients (Z). For the first two  decades, from rel-
ative catch-per-effort at different ages landed by pair trawlers in

 and selectivity parameters in four periods between 1976 and 2011 from catches
 Length at first capture; (Z) Instantaneous total mortality coefficient.

ales n Males n Females n Males n Females n Males

1988 1997–1998 2008–2011
428 461 277 690 1345
347 250 187 316 1082

1986 1997–1998 2006–2009
131 116
112 185

d sex

d sex
1986 1997–1998 2006–2009

6 8849 9171
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Fig. 2. Posterior mean gonadosomatic indices (GSI) and their 95% credib

antos (shown in Fig. 2 in Yamaguti (1968)): ages 6 to 8 born from
953 to 1955, landed in 1961, represented the 1950s and ages 3 to

 born between 1958 and 1961, landed in 1964, represented the
960s. For the following decades, Z was estimated by using age-

ength keys introduced by Cardoso and Haimovici (2011) and length
ompositions in the catch of pair trawlers in Rio Grande (Table 1).

Statistical analyzes were performed using a Bayesian approach.
he parameters were estimated for comparison between suc-
essive periods and different categories. The probabilistic quan-
ification of uncertainty of estimated parameters simplified the
omparisons, because it enabled to do it visually which makes
nnecessary any statistical tests.

.2. Sexual maturation analysis

A gonadosomatic index (GSI) was calculated by the formula
Wootton, 1998):

SI = 100 · GW

W

here GW is the gonad weight and W is the total weight.
The monthly posterior distributions of the GSI were estimated

y a Bayesian approach. A priori, they were assumed as distributed
ith a non-informative uniform density [−∝, +∝]. The posterior
ean of GSI (Ẋ) was assumed to have approximately normal distri-

ution with mean � and standard deviation S/
√

n, which indicates
hat the likelihood is p (Ẋ|�).

The seasonality of the maturation was analyzed separately for
wo different length ranges, 210–300 and 300–450 mm for females,
nd 180–270 and 270–420 mm for males. These ranges were cho-
en to analyze the differences on the onset in the breeding season
y fishes of different sizes.

For both sexes, maturation was determined by using a seven-
oint scale based on macroscopic and microscopic characteristics
f the gonads of sciaenid fishes: I: Virginal immature; II: Developing
irginal; III: Developing, IV: Advanced development; V: Running;
I: Partly spent; VII: Recovering (Haimovici and Cousin, 1989). The
tage III was considered the onset on maturation.

To avoid misidentification between the spent and immature
tages for the estimation of maturation ogives by length, only data
n specimens collected during the peak of the reproductive period

ere selected. This period was visually estimated based on the

esults of the seasonality of the maturation.
The age maturation ogives were estimated with data from

ecember to March, as age data for the four periods in the
rvals (vertical bars) by month for Macrodon atricauda in Southern Brazil.

reproductive season were only available for those months. The
ogives were estimated only for females due to lack of sufficient
data on males.

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

Data were fitted to a logistic model, defined by a logit link func-
tion that transforms the parameter �i, restrict to the range [0,1] in
the binomial distribution, in m defined between (−∝, +∝) (Kinas
and Andrade, 2010). The logistic model was defined as follows:

mi = g(�i) = log

(
�i

1 − �i

)

mi = ˇ0 + ˇ1 · xi

where mi is the probabilities at each xi that are each age or length
class.

From this model, A50 and L50 were defined as:

A50 or L50 = −ˇ0

ˇ1

To compare the estimates of A50 and L50 in different time periods
the posterior distribution p (ˇ0, ˇ1|D), where D = {(yi, ni, xi);
i = 1,. . .,k}, was  obtained via the stochastic process Monte Carlo
Markov Chain (MCMC). To obtain the posterior distributions of ˇ0
and ˇ1 they were considered independent and a normal distribu-
tion with mean 0 and large variance (1000) was  used as priori
distribution. After 50000 burn-in runs, every third value of the
remaining 9000 was retained, resulting in a final sample of 3000 in
the posterior distribution p (ˇ0, ˇ1|D) (Kinas and Andrade, 2010).
The posterior distribution of each estimated A50 and L50 provides
an easy and clear way  to compare the results among periods. All
statistics in this study were run by R version 2.12.0. The MCMC  was
performed by OpenBUGS, using the libraries R2WinBUGS (Sturtz
et al., 2005) and BRugs (Thomas et al., 2006).

2.3. Gear selectivity
The mean length at first capture (S50) was  calculated by using
data from two  research cruises (Vooren, 1983). In each cruise, the
total number of individuals captured in the cod end and in the cover
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et (ni) and the total number of individuals selected in the cod end
yi) for each ith length class were calculated. The yi was assumed
o follow a binomial distribution Bin (ni, �i in which �i denotes the
robability of an individual of the ith length class to be selected. For
he estimation of S50, the same approach applied to the estimation
f L50 and A50 was used. Hence, S50 was defined as:

50 = −ˇ0

ˇ1

o obtain the posterior distribution p (ˇ0, ˇ1|D), where D = {(yi, ni,
i); i = 1,.  . .,k}, the S50 parameters ˇ0 and ˇ1 was assumed to have a
ormal priori distribution with mean 0 and large variance (1000).
he MCMC  was run as previously described for L50 and A50.

.4. Total mortality estimates

The instantaneous coefficient of total mortality (Z) was calcu-
ated by catch curves (Ricker, 1975). A Bayesian approach was used
o obtain the mean of the posterior distribution of the negative of
he slopes of the regressions (Z = −ˇ1). Therefore, the catch curve
f log (catch) (yi) against age (xi) when i = 2,. . .5,was defined as the
ollowing linear model:

i = ˇ0 + ˇ1xi + ωi

here ωi is the error term, which represents the combined effect
f the omitted variables. The non-informative Jeffreys’ prior was
ssumed for the parameters (p (ˇ0, ˇ1, �2)  ̨ 1/�2) and the normal
istribution (N (ˇ0 + ˇ1 xi, �)) for p (yi|ˇ0, ˇ1, �). Thus, the marginal
istributions of the parameters were defined as follows (Kinas and
ndrade, 2010):

P(ˇ0|xiyi)∼St(n − 2, b0, Sˇ0)

P(ˇ1|xiyi)∼St(n − 2, b1, Sˇ1)

P(�2|xiyi)∼GInv((n − 2)/2, ((n − 2)/2, S2
e )

here St denote Student distributions and GInv denote Inverse
amma  distributions; b0 and b1 are last squares estimates for ˇ0
nd ˇ1, respectively, and S2

e is the residual variance. The Z estima-
ion was obtained via the stochastic process Monte Carlo Markov
hain (MCMC). The MCMC  was run as previously described in this
aper.

.5. Model of reproductive biomass

The reproductive biomass of females was modeled by decades
ince 1950, considering the changes in the A50, in growth, total
ortality and assuming a constant recruitment at age 1 (N1 = 1000)

er decade. They are presented as relative to the 1950s reproduc-
ive biomass, considered as the pre-fishing status of the stock. It
as called relative reproductive biomass (RRB). The numbers of

emales by age (Ni+1) were obtained by applying the estimated total
ortality coefficients.

i+1 = Nie
−Zd

here Ni is the number of individuals of the previous age and the
d is the total mortality coefficient per decade. The reproductive
iomass by age (RBi) was estimated by the following formula:

Bi = NiMiWi

here Mi is the proportion of mature females at each age and Wi is
he mean individual weight per age calculated by the formula:
i = af (Linfp (1 − e−kp(i−t0p)))bf

here af and bf were the female weight-length relationship param-
ters and the Linfp , the kp and the t0p were the female Von Bertalanffy
 Research 160 (2014) 120–128 123

growth parameters for each time period according to Cardoso and
Haimovici (2011).

We  have no information on the age at first maturity of M.  atri-
cauda prior to exploitation. In the 1970s 75% of its Linf is attained
at age 2 and 80% at age 3 (Cardoso and Haimovici, 2011). It is
unlikely that a small species with longevity of approximately 10
years reaches sexual maturity, neither at large sizes (Beverton and
Holt, 1959) nor at old ages (Waggy et al., 2006). For this reason,
the RRB in the almost unexploited stock (1950s) and approximately
ten years before the beginning of the industrial fishery in the 1960s
was calculated as the sum of half of the biomass of females at age
2 plus the total biomass of older ones. In addition to the scenario
where growth and maturity changes, the RRB was estimated also
for three different scenarios: (1) taking into account only changes
in the proportion of mature females by age; (2) taking into account
only changes in growth, (weights per ages) and considering the pro-
portion of mature females by age as those of the 1950s and 1960s
and (3) without considering changes in maturation nor in growth.

3. Results

3.1. Sexual maturation

GSI values were higher between October and March for females
and from October to April for males (Fig. 2). It can be observed
that larger adult females mature a month earlier than smaller ones
(Fig. 2). The period in which the GSI values are higher for larger
and smaller females and males was  defined as occurring between
November and March. It was  considered the peak of the reproduc-
tive period.

Posterior credible intervals (95%) of ˇ1 do not include zero and
prove a significant relationship between age and length and sexual
maturity (Table 2).

The posterior distributions show decreases in L50 between 1976
and 2011 (Fig. 3) for both sexes. For females, the decline in the mean
L50 was  gradual between the 1970s (L50 = 278.7 mm), the 1980s
(L50 = 274 mm)  and the 1990s (L50 = 269.3 mm)  and abrupt between
the 1990s and the 2000s (L50 = 248.8 mm)  without overlap in their
95% credible intervals (Table 2 and Fig. 3) between the first and
the last period. For males, the decrease in L50, was also statisti-
cally significant; it was abrupt between the 1970s (L50 = 228.2 mm)
and the 1980s (L50 = 203.3 mm)  but remains substantially the same
in the former periods: the 1990s (L50 = 199.2 mm)  and the 2010s
(L50 = 200.8 mm)  (Table 2 and Fig. 3).

Decline in the estimated mean A50 of females was  gradual
between the 1970s and the 2000s from 2.2 to 1.6 years without
overlap of their 95% credible interval between the first and last
periods (Table 2 and Fig. 4). It means that, in the 1970s, the first
maturation occurred mostly between ages 2 and 3 while now it
occurs mainly between age 1 and 2.

3.2. Gear selectivity

Posterior credible intervals (95%) of ˇ1 parameter of the logis-
tic model fitted to the selectivity data do not include zero (mean
ˇ1 = 0.03, CrI2.5 = 0.028 and CrI97.5 = 0.031) and prove a signifi-
cant relationship between length and selectivity. The estimated
parameters of mean S50 were 169.94 mm (CrI2.5 = 167.08 mm and
CrI97.5 = 172.97 mm)  (Fig. 5).

3.3. Total mortality
The total mortality increased threefold between the 1950 and
the 2000s. The estimated instantaneous total mortality coefficients
(Z) increased steadily from near 0.5 in the 1950s to near 1.2 in the
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Table  2
Model parameters (ˇ1 and ˇ0), estimated maturation indices (L50 and A50) for females and males of Macrodon atricauda landed in Rio Grande in different periods between
1976  and 2011. A50ˇ1 and A50ˇ0 are the estimated logistic model parameters for the calculation of the age at first maturity (A50). L50ˇ1 and L50ˇ0 are the estimated logistic
model  parameters for the calculation of the length at first maturity (L50). All parameters and indices are presented as the mean of their posterior distribution obtained via
stochastic procedure. The credible intervals (Cr I) of 2.5 and 97.5% are presented for all parameters and indices.

Period Parameters Females Males

Mean Cr I2.5% Cr I97.5% Mean Cr I2.5% Cr I97.5%

A50ˇ1 6.03 3.64 8.69
1976–1979 A50ˇ0 −13.1 −19.6 −7.6

A50 2.2 2.0 2.3
L50ˇ1 0.04 0.03 0.05 0.05 0.04 0.06

1976–1980 L50ˇ0 −10.7 −12.8 −9.1 −11.8 −13.7 −9.7
L50 278.7 273.3 284.2 228.3 223.2 233.1

A50ˇ1 5.52 2.40 9.72
1984–1986 A50ˇ0 −10.2 −18.6 −3.7

A50 1.8 1.4 2.1
L50ˇ1 0.08 0.06 0.09 0.08 0.06 0.11

1983–1988  L50ˇ0 −20.8 −25.2 −16.2 −16.4 −21.6 −13.0
L50 274.0 269.3 278.3 203.3 198.4 207.7

A50ˇ1 5.42 3.35 8.29
1997–1998 A50ˇ0 −9.11 −13.71 −5.50

A50 1.7 1.5 1.8
L50ˇ1 0.05 0.04 0.06 0.05 0.03 0.06

1997–1998  L50ˇ0 −14.0 −16.5 −11.7 −9.0 −12.3 −6.4
L50 269.3 262.7 276.2 199.2 191.5 205.8

A50ˇ1 5.35 3.29 8.53
2006–2009 A50ˇ0 −8.9 −13.8 −5.7

A50 1.6 1.5 1.8
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L50ˇ1 0.12 0.10 

2008–2011  L50ˇ0 −30.2 −35.6 

L50 248.8 246.5 

970s (Fig. 6). In the 1980s, Z has a small decrease and, thereafter,
t increased up to near 1.8 in the 2000s (Fig. 6).

.4. Female’s reproductive biomass model

Four scenarios for the changes in the reproductive biomass of
he females (RRB) along five decades are shown in Fig. 7. When
hanges in growth and maturation were taken into account, the
RB in the 1960s was reduced to 85% of the pristine biomass and
ecreased to 35% in the 1970s. After a little recovery in the 1980s,
hen it reaches 46%, the RRB decreased again reaching 41% in the

990s and 28% in the 2000s. When just the maturation changes
ere considered, the RRB was reduced to 83% in the 1960s and 34%

n the 1970s, recovered a little in the 1980s to 43% and decreased
gain to 39% in the 1990s and 28% in the 2000s. When just growth
hanges were considered, the RRB was reduced to 76% in the 1960s
nd 26% in the 1970s. Again, after a little recovery in the 1980s to
3%, it decreased to 22% in the 1990s and 10% in the 2000s. In a
cenario in which growth and age at maturation remain the same
long time, in the 2000s the RRB should have decreased to 9% of
he pristine biomass.

. Discussion

The observed decreasing trend in the length and age at first
aturity of Macrodon atricauda must be analyzed with some caveat.

hese reproductive parameters can vary in the short and long term
Saborido-Rey and Kjesbu, 2005). The use of pooled data collected
n some long time periods, such as 6 years between 1983 and 1988,
an hide short term changes. Although our results cannot support
trong conclusions about the maturation changes, various plausi-
le hypotheses can explain the causes of the changes observed in

he maturation trends.

The decrease in size at maturation was gradual between the
970s and the 2000s for females while, for males, it was abrupt
etween the 1970s and the 1980s and remained stable for the
0.14 0.07 0.06 0.08
−25.9 −14.2 −16.4 −12.4
251.2 200.8 197.6 203.7

following 25 years. This fact remains difficult to be explained.
The phenotypic plasticity (Roff, 1992) of life history traits, such as
growth and reproduction, is a response to environmental variabil-
ity, but there are genetically determined constrains (Houston and
McNamara, 1992; Dieckmann and Heino, 2007). The L50 of males
in the last decades was around 200 mm,  which corresponds to age
one (Cardoso and Haimovici, 2011) and the A50 of females was near
1.5 years. Since M. atricauda is a seasonal breeder in southern Brazil
in spring and summer (Fig. 2), A50 cannot keep decreasing. Thus, it
is reasonable to conclude that the species is near its lowest limits
of size and age at maturation.

Fishery creates a selective pressure toward low age and small
size at maturation by removing the genotypes of the fastest grow-
ing fishes and delayed maturation from the population (Law, 2000;
Heino and Godø, 2002). Ernande et al. (2004) demonstrated that,
when the minimum harvest size is below the maturation reac-
tion norm, modeled populations presented evolutionary effects of
decreasing age and size at maturation. The length at first catch (S50)
of M. atricauda in the pair trawl fishery was smaller than the L50 in
all periods under study and the correspondent age was lower than
one year (Cardoso and Haimovici, 2011). It means that the mini-
mum  harvest size of M. atricauda was  always below the maturation
reaction norm and the selection pressure applied by fishing could
be creating an evolutionary response toward decreasing age and
size of maturation. Thus, it is plausible to propose that the observed
decrease in the A50 and L50, if it really represents a decreasing trend
in the maturation parameter can be interpreted as a result of selec-
tive pressure of the fishery toward individuals maturing at younger
ages and smaller sizes. However, fishery may  also influence age
and size at maturation by decreasing the population density. It
may  increase the individual energy availability resulting in faster
growth and earlier maturation due to the phenotypic plasticity of

the population (Heino et al., 2002; Dieckmann and Heino, 2007).
This hypothesis requires reduced abundance. In fact, increasing
total mortality (Z) and decreasing catches and CPUEs (Yamaguti
and Moraes, 1965; Haimovici, 1998) indicate gradual reduction
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ig. 3. Length maturity ogives (upper panels) and the posterior distribution of the
outhern Brazil between 1977 and 2011.

n abundance. Furthermore, competition for prey may  also have
ecreased, not only due to the decrease in the abundance of M.
tricauda, but also because intense bottom trawl fishery affected
he abundance of other predator species (Haimovici, 1998), such
s Cynoscion guatucupa (Miranda and Haimovici, 2007), the main
ompetitor for shrimps, squids and small fishes along the southern
razil inner shelf (Martins, 2000). This evidence of declining density
ombined with the increasing size per age (Cardoso and Haimovici,
011) enable us to think that density dependent processes are part
f the life history changes of M.  atricauda. Shifts in the reproductive
arameters induced by density dependent processes would usually

ead to lower A50 and higher L50 (Grift et al., 2003; Pérez-Rodríguez
t al., 2010; Engelhard and Heino, 2004); however, in our case, both
50 and L50 are lower. If the observed data reflect the real A50 in the

ast decades, it can be interpreted as a density dependent change;
n other words, fishes are growing faster and reaching maturity at
arlier age due to higher energy availability.

Furthermore, other environmental changes, such as water
emperature, cannot be discarded as possible explanations. Inde-
endent evidence provided by other studies carried out in the
egion (Schroeder and Castello, 2010; Hirata et al., 2010) sug-

ests that coastal waters have got warmer. Evidence of increasing
ir temperature anomalies and river flows of the Patos Lagoon
asin were attributed to global warming by Schroeder and Castello
2010). On the other hand, another study reported a significant
ated L50 (lower panels) for females and males of Macrodon atricauda fished along

rising trend of the water level of the Mirim lagoon and attributed
it to the high frequency of El Niño-Southern Oscillation (ENSO)
events in the second half of the 20th century (Hirata et al., 2010).
The influence of the temperature on the maturation processes
was demonstrated for wild populations by Morgan and Colbourne
(1999) and, in experimental conditions, by Tobin and Wright
(2011), who  reported that an increase in 4 ◦C in the water tem-
perature can decrease the L50 of the Melanogrammus aeglefinus,  a
temperate marine fish, in about 4 cm.

The simplified relative reproductive biomass modeling of
females with no recruitment fluctuations showed that changes,
mainly in maturation but also in growth, have partly compensated
the effects of increasing mortality rates (Fig. 7). By comparison with
growth changes, decrease in the A50 was the main factor which is
responsible for avoiding a further decrease in the RRB of females.
The recruitment of a higher percentage of fishes at lower ages in
the spawning biomass prevented the decline of the spawning pop-
ulation up to 13% of the virginal biomass; it occurred when no
maturation changes were considered. Nevertheless, a decrease in
72% of the virginal biomass, even when maturation is considered
(compensatory effect), is worrisome for future yields since little or

no recovery was  shown to be associated with declines of more than
60% of the population (Hutchings and Reynolds, 2004).

However, the reproductive potential of a fish population is not
only affected by the spawning biomass but also by variables such
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Fig. 4. Age maturity ogives (upper panels) and the posterior distribution of the esti-
mated A50 (lower panels) for females of Macrodon atricauda fished along southern
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Fig. 5. Selectivity ogive (left axis) and the posterior distribution of the total length
at  first capture S50 (right axis) of a 69 mm cod end mesh size in the pair trawl bottom
fishery for Macrodon atricauda in southern Brazil.

Fig. 6. Instantaneous total mortality coefficients (Z) by decade for the Macrodon
atricauda population of southern Brazil calculated from catch curves with a Bayesian
approach. Vertical lines indicate 95% credible intervals.

Fig. 7. Modeled female’s relative reproductive biomass (RRB) by decade of Macrodon
atricauda population from southern Brazil. Full black line: Considering long term
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razil between 1976 and 2009.

s mean population fecundity and offspring viability, which varies
ith age, size, condition of spawning fish and spawning experience

Trippel, 1999; Marteinsdottir and Begg, 2002; Palumbi, 2004).
arger females of M.  atricauda have a higher contribution to the
eproductive output, since the fecundity is positively related with
ength (Juras and Yamaguti, 1989; Militelli and Macchi, 2004) and
hey have longer breeding seasons than smaller ones (Fig. 2). Thus,
lthough the decrease in the L50 associated with higher mortal-
ty can compensate the decrease in spawning biomass, it may  lead
o lower overall fecundity of the population. The spawning mean
ge and “experience” also seem to decrease as the maximum age
f females in the catches decreased from 8 years in the 1960s
Yamaguti and Santos, 1966), to 6, in the 1980s and to 5, in the
000s (Cardoso and Haimovici, 2011). Besides, no further decrease

n the age at maturation is possible and growth seems to be stabi-
ized (Cardoso and Haimovici, 2011). For this reason, the stability of
he reproductive biomass may  be near its limit, leaving recruitment
ore vulnerable to environmental changes and, thus, suggesting
hat any further increase in the fishery effort may  be followed by
he collapse of the stock.
changes in growth and decreased age at maturation. Dotted black line: Considering
only decreased age at maturation. Full gray line: Considering only changes in growth.
Dashed black line: Without considering neither changes in growth nor maturation.
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Série Documentos Técnicos SUDEPE/PDP (11).

http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0300
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0305
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0310
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0315
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0320
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325
http://refhub.elsevier.com/S0165-7836(14)00165-9/sbref0325

	Long term changes in the sexual maturity and in the reproductive biomass of the southern king weakfish Macrodon atricauda ...
	1 Introduction
	2 Material and methods
	2.1 Data source
	2.2 Sexual maturation analysis
	2.3 Gear selectivity
	2.4 Total mortality estimates
	2.5 Model of reproductive biomass

	3 Results
	3.1 Sexual maturation
	3.2 Gear selectivity
	3.3 Total mortality
	3.4 Female's reproductive biomass model

	4 Discussion
	Acknowledgements
	References


