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Abstract — The intense exploitation since 1972 of the formerly only slightly exploited protogynous
hermaphroditic fish Pagrus pagrus (L.) in southern Brazil has led in less than a decade to the collapse of the
fishery, with no recovery four decades later. In this study we analized the age structure, growth, reproduction
and mortality of the species were studied based on samples collected from 1976 to 1985 to provide a baseline
before the onset of overexploitation. Maximum estimated ages were 21 and 26 years based on scale and
otolith readings, respectively. Mean total length (TL) at age did not differ between males and females, while
hermaphrodites were smaller. The von Bertalanffy growth coefficients for all fish (immature, females,
hermaphrodites and males) were L., =447 mm, k=0.204 and ¢#,=—1.134 yr. Change in growth was observed
during the study period. Females were dominant at all sizes, hermaphrodites were only present up to
intermediate sizes, and males, despite being infrequent at small sizes, made up over 40% among the larger
specimen (TL > 400 mm). Spawning took place mainly in late spring and condition factors were lower after
spawning. Natural mortality was estimated as M=0.173 yr ' based on the von Bertalanffy growth
parameters. Total mortality (Z) and exploitation rate (£) estimated from catch curves of fully recruited red
porgies aged five to ten years increased from 0.24 yr ' and 28% before 1973 to 0.49 yr ' and 63% in the
following years. Two distinct scale and otolith patterns, one with well-marked annuli and another with faint
or absent annuli, suggested that the red porgy stock off southern Brazil might not be homogeneous and may

include subpopulations that do not fully mix.
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1 Introduction

The red porgy Pagrus pagrus is a sublittoral demersal fish
species with a wide distribution on the subtropical and warm
temperate continental shelves of the Mediterranean sea, in the
eastern Atlantic from the British Isles to Angola, and in the
western Atlantic from the latitude of New York to that of
Argentina (Ball et al., 2007). It is a relatively sedentary
species that has a patchy distribution over irregular and low
profile hard bottoms (Manooch and Hassler, 1978). The
species supports commercial and recreational fisheries
throughout its distribution range. During recent decades,
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more than half of recorded catches came from the
southwestern Atlantic (FAO, 2018). Since the 1950s, landings
in Argentina peaked at 15 365 tons in the 1980s and decreased
to less than 1000 tons in the late 1990s before recovering to
over 7000 tons in 2009, and falling again to around 4000 in
recent years (Lagos et al., 2009; MAGyP, 2017). In Uruguay,
landings never exceeded a few hundred tons (CTMFM,
2018). In southern Brazil, until 1972, red porgy was a bycatch
in the inshore bottom trawl fishery. In an exploratory bottom
trawl fishing survey carried out in 1972, a large concentration
of red porgy was detected between 50-80 m depths near the
Brazil — Uruguay border (Yesaki and Barcellos, 1974). In the
winter of 1973, a large number of trawlers shifted from
shallow coastal waters to the new fishing grounds and fished
5898 tons of red porgy. Recorded landings decreased rapidly
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in the 1980s to 240 tons in most recent years (Ibama/Ceperg,
2011; MPA-FURG, 2018).

Different aspects of the biology, population dynamics,
stock structure, and fisheries of red porgy have been studied in
Brazil and Argentina because of the importance of the species
in the southwestern Atlantic (Cotrina, 1977; Cotrina and
Christiansen, 1994; Cotrina and Raimondo, 1997; Lagos et al.,
2009; Garcia et al., 2011; Garcia and Déspos, 2015; Militelli
et al., 2017; Haimovici et al., 1996; Haimovici, 1998; Capitoli
and Haimovici, 1993; Avila-da-Silva, 1996; Costa et al., 1997;
Avila-da-Silva and Haimovici, 2006; Porrini et al., 2015;
Soares et al., 2018; Kikuchi, 2019).

The red porgy is a sequential protogynous fish. Three types
of gonadal developments have been described: (i) gonochoric
males, also referred to as primary males, where immature fish
develop the testicular tissue and the ovarian tissue degenerates
before sexual maturity; (ii) protogynous hermaphrodites,
where immature fish develop the ovarian zone of the gonads
and after single or possibly repeated spawning, change sex and
function as males, which is referred to as the secondary male
type (Fostier et al., 2000); and (iii) females, where immature
fish develop the ovarian tissue and never change sex.

In 1976, the University of Rio Grande initiated a sampling
program of the demersal fish resources landed by the industrial
fleet in Rio Grande (Haimovici, 1987). The aim of this
program was to study the population dynamics of the main
species caught by the trawl fishery, including red porgy
between 1976 and 1985. In this paper, we analyzed some
aspects of the population dynamics of red porgy along southern
Brazil in the late 1970s and early 1980s including age
estimation and growth, annual reproductive cycle, size and age
structure, stock identification through scale patterns, mortality
and exploitation rates. This paper is expected to be used as a
baseline for future studies on the population dynamics of the
unrecovered stock of the species in southern Brazil.

2 Material and methods

2.1 Sampling and data collection

Data on the size, sex and biology of red porgy were
obtained from a regular sampling program of industrial
fisheries landings in Rio Grande between 1976 and 1985 and
occasional bottom trawl surveys along southern Brazil
(Haimovici, 1987; Haimovici et al., 1996) (Fig. 1).

During dock sampling, total length (7L), measured from
the tip of the snout to the midpoint of the upper and lower limbs
of the caudal fin, was recorded in 1cm interval classes to
analyze the length composition. Specimens selected for age
determination and reproductive cycle studies were measured in
millimeters, weighed in grams (7W) and sexed (undetermined,
male, female or hermaphrodite). Maturity stage and gonad
weight (GW, g) were recorded. For age determination, scales
from behind the pectoral fin insertion were collected, cleaned
and mounted between glass slides. Most scales from this
region are large, symmetrical and the proportion of regenerated
scales is low. The linear relationship between the total length
and the mean central radius of the scales of 116 individuals
measuring 160 to 420 mm was calculated. Sagittal otoliths of
a small sample (n=101) were collected for comparison of
estimated ages from scales and otoliths. Otoliths were
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Fig. 1. Sampling sites for Pagrus pagrus landed between 1976 and
1985 by pair trawlers (triangles), otter board trawlers (circles) and
handliners (squares) from the industrial fleet of Rio Grande, RS,
Brazil.

transversally sectioned (0.2 — 0.3 mm) through the nucleus
with a low speed rotary saw and examined under reflected light.

In addition to noting total landings for each sampled fishing
boat, between 91 and 360 specimens were necessary to ensure
95% confidence intervals of 10 and 5mm, respectively
(Haimovici, 1987).

2.2 Age determination and validation

Scales that had previously been cleaned in a 1% thymol
water solution were mounted dry between two glass slides and
examined under a binocular microscope. After several
preliminary readings, two readers counted the rings indepen-
dently. In cases of disagreement, a third joint reading was
carried out. If the disagreement persisted, the individual was
excluded from the age sample. To estimate maximum age, thin
sections of the otoliths were prepared so that the alternate
opaque and translucent bands could be counted even for the
older specimens that had crowded rings at the edge of their
scales.

The periodicity of ring formation was evaluated by
analyzing the distances between the last fully formed ring and
the anterior border of the scales, which were measured on the
screen of a microfilm projector. For each aged specimen, a
marginal increment index (MI) was calculated as follows:

MI = [R - Rn]/[Rn - (Rl’l—l)]

where R is the distance from the focus to the anterior margin of
the scale, and R,,_; and R,, are the distances to the second to last
and last rings.
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2.3 Weight-length relationships

There is no known distinctive character between juvenile
females which will change sex at some time and those which
will remain female throughout their lifetime. As the species is
hermaphrodite, it is impossible to known whether the size,
weight and age of an individual at the time of sampling resulted
from growth accomplished with the observed sex or with the
other sex. Therefore, possible differences in weight—length
relationships are difficult to interpret and only the relationship
of all fish independent of sex is of practical interest. Therefore,
a single relationship between weight and length was described
for all specimens fitting the model TW = a TL".

2.4 Allometric condition factor (K)

Allometric condition factors (K) (Heincke, 1908; Le-Cren,
1951) were calculated as follows:

K = TW/TL®

where b is the coefficient of the weight—length relationship
obtained for each period.

2.5 Growth

Back-calculated lengths-at-age were computed using the
proportional scale hypothesis (Francis, 1990) with the Fraser-
Lee formula:

TLi(mm) = {(TL o) (%)} be

where TL is total length in mm at the time of capture, 7Li is the
length at the formation of the ith ring, Ri are distances between
the focus and each age ring and c is the intercept of the
linear relationship between scales radius (R, mm) and fish
length (7L, mm).

Length-at-age data were fitted by a nonlinear iterative
quasi-Newton algorithm to the von Bertalanffy growth model
(VBGM), which is expressed as TLt=TL, (1 — e ~K=)
where 7Lt is length (mm) at age t (years), Loo asymptotic length
(mm), k the instantaneous growth coefficient and 70 the
theoretical age at zero length (years). A likelihood-ratio test
(=0.05) was used to compare mean length-at-age and the von
Bertalanffy growth model parameters between males and
females (Aubone and Wohler, 2000; Cerrato, 1990).

2.6 Reproductive cycle

Specimens were classified from macroscopic examination
as hermaphrodites when both testicular and ovarian tissues
were present in the gonads, and as males or females when all or
most of the tissue was testicular or ovarian, respectively.

Maturity stages were determined macroscopically with a
seven-point scale: (1) virginal immature, (2) developing
virginal, (3) developing, (4) advanced development, (5)
running, (6) partly spent, and (7) recovering (Holden and
Raitt, 1975) that was used as a standard scale for the sampling
of demersal fishes landed in Rio Grande (Haimovici and

Cousin, 1989). Although other scales are more adequate for red
porgy (see Militelli et al., 2017), the one used here
discriminates between immature, maturing, mature, partly
spent and resting stages.

The seasonality of reproduction was analyzed from
changes in the monthly proportion of mature specimens
(stages 3, 4, 5 and 6) and average gonadosomatic indices (GSI)
calculated as GSI=100 (GW / TW) (Wootton, 1998), where
GW is gonad weight in grams.

2.7 Age composition and mortality

Age compositions in the landings of pair and otter
trawlers and gill net fishing boats were calculated by
combining age-length keys with length frequencies for the
years 1976 to 1985.

Instantaneous total mortality (Z) was estimated from the
age composition as the slope of the catch curve (Ricker, 1975).
The 95% confidence interval of Z was calculated by
bootstrapping (Hammer et al., 2001).

Instantaneous natural mortality was calculated with the
empirical estimator M=4.118. K73 LQ{O'33 (Then et al.,
2015). M inferred from the von Bertalanffy growth model
coefficients, rather than from the observed longevity, was
preferred because it is less influenced by the subjectivity of age
estimation for very old fish or their absence on the fishing
grounds for which the samples were collected.

3 Results

Overall, between 1976 and 1985, 22491 red porgies
were measured from the landings of otter board trawlers
(43), pair trawlers (18) and handline fishing boats (6)
(Tab. 1). During the sampled fishing trips, otter board
trawlers fished mostly in the cold season at depths from 50
to 120 m, pair trawlers fished year-round mostly at depths
shallower than 50 m, and handliners fished on rough bottoms
at depths between 70 and 80 m in winter and spring. Red
porgies made up 67% of total landed weight of the sampled
catches of handliners, 23% of otter board trawlers, and 6%
of pair trawlers.

3.1 Scale patterns

The scales of red porgy are ctenoid and subrectangular in
shape with 7 to 12 radii in the anterior field. The circuli follow
approximately the shape of the scales. The growth rings, or
annuli, appear as discontinuities in the circuli.

In most samples, the growth rings on the scales were
classified as “well-marked” and most specimens were easily
aged. In some samples, many specimens had “faint or absent”
rings on the scales (Fig. 2). Each specimen showed the same
pattern in all its non-regenerated scales. Specimens with well-
marked, faint or absent rings on scales were found in both
sexes and for the entire size range. The overall percentage of
specimens with well-marked rings was 64.9% (n=3696); this
percentage was much lower in the last quarter of the year
(October—December) (32%) compared to the other quarters

(Fig. 3).
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Table 1. Number of sampled fishing trips, number of measured specimens and mean total length of Pagrus pagrus landed by handliners, pair
trawlers and otter board trawlers in southern Brazil between 1976 and 1985.

Handliners Pair trawlers Otter board trawlers
Sample Number Mean TL Sampled Number Mean TL Sampled Number Mean TL
trips (mm) trips (mm) trips (mm)
1976 6 448 376.0 3 1049 3447
1977 6 1073 337.5 12 2993 321.0
1978 5 1146 310.3 1 427 315.6
1979 1 134 321.6 7 1864 353.0
1980 2 3264 323.8
1981 10 4428 3325
1982 3 1210 338.8
1983 5 1627 370.4 3 1026 342.8
1984 1 463 372.2 1 143 369.2 2 736 305.8
1985 2 460 339.2
Total 6 2090 370.8 18 3404 3344 43 16997 331.4
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Fig. 2. Otolith section and scales of Pagrus pagrus fished along
Southern Brazil with “well-marked” annuli (a, 9 years old 450 mm
TL) and faint or absent annuli (b, unaged, 450 mm TL). Scale bar
1 mm. Black lines indicate annuli; black circle indicate the focus;
arrow indicate the circuli discontinuity; and the white dashed line
indicates the central radius.

Fig. 3. Quarterly proportion of growth rings classified as “well-
marked” in scales of Pagrus pagrus sampled in southern Brazil
between 1976 and 1985.

3.2 Weight-length relationship and conditions

The weight-length relationships for fishes between 180
and 500 mm was TW=1.735 10> TL >°7°° (n=2963; R*=
0.9814) (Fig. 4).

3.3 Age validation

The annual formation of rings was validated analyzing the
monthly variation of the proportion of specimens aged 2 to 6
years that had the last ring on the border of the scale (n=2692).
The bimonthly changes and the frequency distribution of the
marginal increments (MI) of the scales (0.2 mm intervals) of
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Fig. 4. Weight-length relationship for pooled sexes of Pagrus pagrus
sampled in southern Brazil between 1976 and 1985 (n=2963).
Continuous line indicates the regression line (W=1.735 x 107> x
TL>7% R= 0.9814).
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Fig. 5. Monthly proportion of Pagrus pagrus sampled in southern
Brazil aged 2 to 6 with the annuli in the border of the scales
(n=2692). Vertical bars represent 95% confidence intervals.

309 red porgies with two and three rings in their scales were
also analyzed. The monthly proportion of specimens with
rings on the border of the scale was over 40% between
December and February and less than 5% from June to
September (Fig.5). The thinnest marginal increments
occurred between November and February, while Mls over
0.4 were more frequent from May to October (Fig. 6). These
observations suggested that rings on the scales form annually
in winter and early spring and become evident on the border
of the scales when growth accelerates in late spring and early
summer.

The largest number of rings (annuli) on scales was 21, and
the largest number of alternate opaque and translucent bands in
sectioned otoliths was 26 (Fig. 7). The comparison of the
annuli readings was possible for 89 red porgies that were aged
using both scales and otoliths. Age determinations agreed for
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Fig. 6. Bimonthly frequency distributions of marginal increments
(MI) with two and three rings in the scales of Pagrus pagrus from
southern Brazil.

53% of specimens and differed by one year in another 40%
(Tab. 2). The correspondence was considered overall good,
showing that both structures are adequate for age determi-
nations. However, for older fish, age determination on scales is
less reliable because of the crowding of the rings at the scale
border. For example, a specimen with 12 rings on the scale had
19 opaque bands in its otolith.

3.4 Growth

Mean total length of males, females, and hermaphrodites
was calculated for all age classes with more than 10 specimens.
Kruskal-Wallis tests did not show any significant differences
between males and females except at age five and temporary
hermaphrodites were smaller than both males or females at
ages two and three (Tab. 3).
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Fig. 7. Thin transverse section of sagitta otolith of a 26+ years old
Pagrus pagrus fished in 1976 along southern Brazil. Scale bar
0.5 mm. White circles indicate the annuli; black circles indicate the
focus.

Table 2. Differences between the readings of annual growth marks in
otoliths and scales of Pagrus pagrus.

Otolith > Scale Scale > Otolith

Growth +7 +2 +1 0 +1 +2 Total
marks

2 3 5 8

3 2 4 7 3 16

4 5 12 1 18

5 2 9 2 1 14

6 2 5 6 13

7 3 7 1 1 12

8 1 1

9 1 1

10 2 1 3

11 1 1

12 1 1 2
Total 1 4 22 47 13 2 89

% 1% 4%  25% 53% 15% 2% 100%

The linear relationship between total length and the mean
radius of the scales of 116 specimens measuring 160 to
420 mm was calculated as TL=4.37 R — 92.225; R* = 0.957.
The back-calculated TL at the formation of the annuli on the
scales at each age for 1041 males, females, hermaphrodites and
unsexed red porgy samples from 1976 to 1978 are shown in
Table 4.

500 -
450 -
400 -
350 -
300 -

1
250 -

200

Mean length at age (mm)

1976 1977 1978 1979 1980 1981 1982 1983 1984 1985

Fig. 8. Mean total length of Pagrus pagrus sampled in southern
Brazil at ages 1 to 11 in the years 1976 to 1985 (n=4 274).

Mean TL at age between 1976 and 1985 did not show any
trend, therefore the von Bertalanffy growth curves by sex were
calculated using data pooled across the sampling period
(Fig. 8).

The difference between mean total length of the catch and
mean back-calculated length using the scales showed that
bottom trawls fished selectively the larger red porgies at ages
one and two, and only specimens aged three and older were
fully retained by the bottom trawls (Tab. 4). Back-calculated
TL at ages 1 and 2 better represent the growth of specimens not
fully recruited to the fishing gears. Therefore, the von
Bertalanffy model parameters (Tab. 5) were calculated using
the interpolated TL at age 1 and 2 from the mean back-
calculated TL at age (Tab. 4) and the mean TL observed in each
age class from 3 to 15 (Tab. 3).

The calculated parameters for the pooled sexes, including
unsexed and hermaphrodites individuals, were L,, =447 mm,
k=0.204 and 7,)=-1.134 yr; the asymptotic weight using the
estimated weight-length equation was W,,=1 363 g.

3.5 Reproductive seasonality and fish condition
factor

Average total length-at-maturity and age-at-maturity were
not estimated because of the small number of young red
porgies sampled in October and November. However, it was
observed that few specimens were mature under 270 mm and
only six among the 14 specimens at age three (43%) were
maturing or mature. Therefore, the annual cycle of gonadal
maturation and the condition factor of adult red porgies were
calculated using only specimens over 270 mm. The highest
proportions of specimens with developing to partly spent
gonads (stages 3 to 6) were from October (52%) to December
(62%) for males and between October (68%) and November
(85%) for females, later decreasing from December to April
(<25%) (Fig. 9).

The gonadosomatic index for both sexes increased sharply
in October and attained a maximum value in November (GS/
females=3.70; GSI males=3.08) before decreasing in
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Table 3. Mean total length at age (7L), the number of specimens (#) and 95% confidence intervals (C/) for male, female and hermaphrodites and
pooled sexes of Pagrus pargus from southern Brazil sampled between 1976 and 1985. The results of the Kruskal-Wallis test between sexes by
age are shown in the right column. The pooled sexes number includes non-sexed specimens.

Age Kruskal-Wallis
class Males Females Hermaphrodites Pooled sexes Male vs. Female Herm. vs. Male Herm. vs. Female
n TL C n TL CI n TL ¢l n TL CI df ¥ p N p Na p

(mm) (mm) (mm) (mm)

1 8 230 17327 220 80 18 234 58 106 205 6.6 1 0.89 0.76 094 0.75 1.21 0.27

2 32 261 6.8 102 266 44 60 251 43 346 260 34 1 090 0.34 399 <0.05 164 <0.05

3 66 293 58 164 289 42 65 280 47 503 290 33 1 092 033 104 <0.05 669  <0.05

4 84 312 52 131 311 47 22 306 68 519 310 32 1 028 0.59 1.04 0.30 0.63 0.42

5 136 324 43 197 335 40 21 326 7.0 746 329 3.0 1 128 <0.05 024 0.62 1.64 0.19

6 101 349 5.0 157 351 40 6 348 9.6 578 346 32 1 028  0.59

7 80 364 55 152 365 42 7 365 92 541 365 32 1 0.01 093

8 72 383 6.1 89 378 49 2 330 17 336 382 36 1 054 045

9 59 391 62 64 392 58 1 375 270 394 37 1 001 094

10 34 400 59 50 406 57 2 415 22 199 406 40 1 1.19 027

11 22 421 77 27 416 5.7 130 419 44

12 13 424 75 15 411 8.1 73 429 49

13 10 437 1219 436 104 39 442 7.1

14 3 459 1985 435 16.1 26 438 8.7

15 4 445 1421 445 13 452 12,0

16 3 466 14.8

17 1 425 3 476  30.6

19 1 559

21 1 605 1 605

Total 724 1192 204 4433

Table 4. Back-calculated total length (mm) at age of pooled sexes of Pagrus pagrus fished from 1976 to 1978 along southern Brazil.

Age (years)

Annuli num Num 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 42 155

2 151 125 217

3 243 108 207 265

4 126 105 204 268 302

5 130 113 213 268 308 328

6 114 114 220 273 306 332 349

7 95 134 238 286 314 333 351 364

8 49 133 234 288 319 341 357 372 384

9 30 119 219 278 313 335 351 363 376 387

10 32 121 219 276 316 340 358 373 384 394 403

11 18 115 225 287 321 344 359 372 383 393 403 412

12 8 117 232 284 314 337 357 371 382 395 406 416 425

13 1 164 256 322 348 373 383 399 414 414 434 445 450 455

14 2 132 230 289 317 340 354 364 375 392 402 414 420 427 431
Weigted mean 118 216 267 309 333 353 368 382 392 404 414 426 436 431
Annual increments 118 98.2 56.3 374 23.7 19 15.2 14.4 9.7 12.1 10.2 12.5 9.6 -5.0
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Fig. 9. Mean monthly gonadosomatic index (line) and percent of maturing and mature macroscopic stages of male (a) and female (b) Pagrus
pagrus over 270 mm total length from southern Brazil. Vertical bars represent 95% confidence intervals.

Table 5. Von Bertalanffy’s growth parameters and their respective
confidence intervals (C/=0.05) for Pagrus pagrus fished off southern
Brazil.

Male Female All
Lower CI 410 402 416
L, Mean 437 423 447
Upper CI 463 444 478
Lower CI 0.176 0.208 0,147
k Mean 0.231 0.265 0,204
Upper CI 0.286 0.321 0,261
Lower CI -1.220 —-0.931 —1.949
t Mean -0.703 -0.474 -1.134
Upper CI —0.186 -0.017 —-0.320

December and remaining low from February to September
(Fig. 9). It was concluded, that in southern Brazil most
spawning occurred in spring. However, maturing and mature
females were observed until early autumn.

The monthly average K of red porgies larger than 270 mm
was lower between August and January compared to February
to July (Fig 10).

3.6 Sex ratios

We analyzed the gonads of 2907 red porgies, among which
6.1% were juveniles that could not be sexed: 9.2% were
hermaphrodites, 53.2% were females, and 31.5% were males.
Most specimens smaller than 180 mm had filiform gonads that
could not be macroscopically sexed; hermaphrodites were
more frequent between 210 and 300 mm, but some attained
over 400 mm; and female was the most frequent sex for fish
over 240 mm. Among the 2228 specimens aged, the proportion
of males gradually increased with size and reached over 35%
of the fish over 300 mm and near 50% among the larger sizes
(Fig. 11a). Hermaphrodites were more frequent at the younger
ages and became infrequent among fishes over 6 yrs., females
were dominant at all ages over 2 yrs. and the proportion of

1.20

1.15 -

1.10 4

1.05 -

Contidion factor

1.00 -

0.95 +

0.90
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Fig. 10. Monthly average of condition factor for pooled sexes of
Pagrus pagrus between 270 and 450 mm 7L (n = 2495) fished along
southern Brazil. Vertical bar represents 95% confidence intervals.

males increased with age and made up over 40% of the red
porgies aged over 8 yrs. (Fig. 11b).

3.7 Length and age compositions

Length and age frequencies for each fishing gear and year
from 1976 to 1985 are shown in Figure 12. Age frequencies
were calculated by combining the length frequency with the
length-age key (Tab. 6). Because no changes in length-at-age
were observed during the study period (Fig. 8), a common age-
length key was used to reduce random errors, particularly
among the older red porgies.

Red porgies landed by otter board trawlers between 1976
and 1984 included few small specimens, and the length
frequency distributions were mostly unimodal with a mean 7L
of331.4 mm. Age compositions were unimodal with ages three
to five as the most frequent age classes (Fig. 12).

The catch of pair trawlers between 1976 and 1985 included
both small and large red porgies measuring on average
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Fig. 11. Sex ratio by (a) total length classes of 30 mm intervals (n=2907) and (b) by age classes (n=2228) of Pagrus pagrus sampled in Rio

Grande from 1976 to 1985.

Table 6. Length—age key of Pagrus pagrus from southern Brazil sampled between 1976 and 1985. TL total length in mm.

TL interval

Age (years)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 164+  Total
180 14 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 15
210 38 64 4 0 2 1 1 0 0 0 0 0 0 0 0 0 110
240 24 172 125 25 1 2 0 0 0 0 0 0 0 0 0 0 349
270 2 81 225 177 87 19 1 0 1 0 0 0 0 0 0 0 593
300 1 22 100 194 332 142 46 1 1 1 1 0 0 0 0 0 850
330 0 6 30 92 230 246 192 64 25 9 0 0 0 0 0 0 894
360 0 0 16 26 74 131 202 125 89 32 11 2 2 1 0 0 711
390 0 0 2 4 15 32 78 105 110 102 56 24 7 6 2 0 543
420 0 0 0 1 4 4 16 24 35 42 49 35 16 12 6 2 246
450> 0 0 0 0 1 1 5 8 9 11 13 12 14 7 5 10 96
Total 79 345 503 519 746 578 541 336 270 197 130 73 39 26 13 12 4407

334.4mm TL. Annual length frequencies were multimodal and
variable between years. Most age compositions were also
multimodal, in 1976 the most frequent age was seven years, in
the following years it ranged from two to five years, and a
slight pattern of decrease in the frequency of the older
individuals was observed (Fig. 12).

Handliners landed mid-sized and large specimens over
500mm, with a mean of 370.8mm. Length frequency
distributions were unimodal in 1983 and bimodal in 1984.
Age compositions were mostly unimodal and fishes in the age
class seven years were the most abundant (Fig. 12).

Otter trawlers targeted concentrations of large red porgy.
Therefore, the length compositions in their landings were
considered to provide the most representative samples of the
age structure of the adult fraction of the stock for total
mortality estimates.

3.8 Mortality and exploitation rate

The instantancous natural mortality coefficient was
calculated using the estimated von Bertalanffy growth

coefficients (k=0.204 and L., =447) as M=0.173. Further,
annual instantaneous total mortality coefficients for the period
1976 to 1984 were calculated using annual catch curves for
ages 5 to 10 and represented the mean total mortality suffered
by red porgies fully recruited to the bottom trawl fishery
(Ricker, 1975). The 5 to 10 years age range was a compromise
between including a wide range of ages for which data were
available, and minimizing the violation of the assumption of
constant fishing and natural mortality in the years represented
in the catch curves (Ricker, 1975). The Z estimates were
averaged for two periods, representing before and after the
intensification of fishing along southern Brazil. The first
period included Z estimates from 1976 to 1979 with mean
Z=0.25yr ' (0.20t0 0.29 yr ") and an exploitation rate (E=F /
(F+ M) 100) of 28% (13 to 41%). The second period included
annual estimates from 1980 to 1984 in which the mean Z was
nearly doubled to 0.49 yr ' (0.42 to 0.64 yr ') and mean E was
more than doubled to 63% (59 to 73%) (Fig. 13). Estimates for
the first period included cohorts born between 1969 and 1974,
which were only marginally affected by the rapid expansion of
fishing in the second half of 1973. In contrast, the second
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Fig. 12. Relative length and age composition in the landings of Pagrus pagrus fished along southern Brazil between 1976 and 1985 by pair

trawlers, otter board trawlers, and handliners.

period included cohorts born between 1975 and 1979, which
were affected by intense fishing. Comparing mean total
morality values for the two periods, total mortality of red
porgies aged over 5 years increased by 100% and exploitation
rate by 126% because of the intensification of fishing in 1973.

4 Discussion

The red porgy Pagrus pagrus has a large distribution range,
and its biology, population dynamics, and fisheries aspects
have been studied in different regions of the western and
eastern Atlantic Ocean and Mediterranean Sea. The results

found herein reveal both common and contrasting aspects of
red porgy population dynamics in southern Brazil compared to
other regions.

4.1 Age and growth

The annual formation of one ring (annuli) on the scales
of red porgy has been validated in different regions. In
southeastern Brazil, annuli become evident at the edge of
scales in winter (Avila-da-Silva, 1996, Costa et al., 1997),
while in southern Brazil (this study) and Argentina (Cotrina,
1977; Cotrina and Raimondo, 1997) it is in summer after
spawning, and in the North Atlantic in spring (Manooch and
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Table 7. Older recorded ages on otoliths (0) and scales (s), parameters of the weight—length relationship and the von Bertalanffy growth
equation of Pagrus pagrus estimated in former studies in the southwestern Atlantic Ocean, northern Atlantic Ocean and the Mediterranean Sea in
which age determinations were validated. For consistent comparisons, the length-at-age was standardized to the total length, measured from the
snout to the tip of the upper limb of the tail in the normal position as used in this study. A factor of 0.97 was applied for the length measured from
the snout to the extended caudal fin and a factor of 1.19 to convert fork lengths recorded.

Authors, regions and sampling periods Older Weight— Weight— Infinite Growth Intercept  Infinite
recorded length length length coefficient  (#y) weight
age parameter parameter (L,) mm (k) years (aL:b)

a b grams

Manooch and Hunstman (1977), southeastern US, 1972-1974 15(s) 15(0) 2.524 x 107°  2.893 763 ETL  0.096 —-1.88 5513

Vassilopoulou and Papacons-tantinou (1992), 13(0) 33 x 107° 2.928 557 FL 0.078 —3558 3617

Mediterraneans Sea, 1985-1986

Pajuelo and Lorenzo (1996), Canary Islands, 1991-1993 14(0) 1.794 x 107> 2.958 640 ETL 0.144 —0.994 3585

Avila-da-Silva (1996), Southeastern Brazil, 1988—1995 8(0) 3.830 x 107° 2916 461 FL 0.198 —0.271 2247

Cotrina and Raimondo (1997), Argentina 35°—36°S, 1972-1981  16(s) 1.17 x 1072 3.04 447 TL 0.154 -2.96 1217

Cotrina and Raimondo (1997), Argentina 39°—40°S, 1972-1981  16(s) 0.713 x 1072 3.117 499 TL 0.153 —2.81 1495

Costa et al. (1997), Southeastern Brazil, 1995-1995 11(0) 3.524 x 1070 2.84 529 TL 0.107 —2.78 1872

Machias et al. (1998), Mediterraneans Sea (Creta), 1990—1995 12(s) 12(0)  0.020 3.105 443 FL 0.137 -0.96 2589

Hood and Johnson (2000), Gulf of Mexico, 1995-1996 17(0) 459 TL 0.11 —6.60 1236

Potts & Manooch (2002), Southeastern US, 1989-1998 18(0) 885 x 10°°  3.06 664 ETL  0.15 —0.76 3484

DeVries (2006), Gulf of Mexico, 1998-2001 343 ETL  0.28 —2.25 507

fsmen et al. (2013), Aegean Sea, 20062008 9(s) 0.021 2.885 516 ETL  0.12 -1.13 1833

Garcia and Despos (2015), Argentina 34°—39°S, 2010-2012 16(0) 269 x 1073 2.85 444 TL 0.15 -2.71 1254

Garcia and Despos (2015), Argentina 39°—42°S, 2011-2013 16(0) 2.69 x 107 285 470 TL 0.21 —0.86 1606

This study, Southern Brazil, 1976-1978 21(s) 26(o) 1.735 x 1075 2979 447 TL 0,204 -1,134 1363
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Fig. 13. Annual total instantaneous mortality coefficient Z (upper
panel) and exploitation rate £ (lower panel) of Pagrus pagrus fished
in southern Brazil between 1976 and 1984. Vertical bars represent
95% bootstrap confidence intervals.

Huntsman, 1977). On otoliths, opaque bands were found to
form annually in summer in Argentina (Garcia et al., 2011), in
spring along the eastern coast of the USA (Potts and
Manooch, 2002) and in the Canary Islands (Pajuelo and
Lorenzo, 1996), and during late spring to early summer in the
eastern Gulf of Mexico (Hood and Johnson, 2000). Therefore,
a common pattern for the formation of annual rings on scales
and alternate translucent and opaque bands on otoliths
appears to occur throughout its distribution range for this
species.

The maximum age recorded for red porgies varied between
regions. In Argentina, it is 16 years, based on both scale and
otolith readings (Cotrina and Raimondo, 1997; Garcia and
Déspos, 2015). To the east of the United States, it is 15 years
when based on scales (Manooch and Huntsman, 1977) and 18
years when using thin transverse sections of otoliths (Potts and
Manooch, 2002), 17 years in the Gulf of Mexico (Hood and
Johnson, 2000). In the Canary Islands, it is 14 years based on
otoliths (Pajuelo and Lorenzo, 1996). To the best of our
knowledge, the 26-year-old specimen fished in 1976 off
southern Brazil from a lightly exploited stock (Fig. 7) is the
oldest individual reported for this species and may represent
the maximum longevity of red porgy.

The von Bertalanffy growth and weight—length parameters
reported in the literature are presented in Table 7 and the
corresponding growth curves are shown in Figure 14. In the
southwestern Atlantic at the same age, red porgies were larger
in the southernmost latitudes (over 39°S) and similar in the
northern latitudes of Argentina, in Rio Grande do Sul and in
Rio de Janeiro in Brazil (Cotrina and Raimondo, 1997; Garcia
and Despos, 2015, Costa et al., 1997; this study). The lowest
reported growth was for Sao Paulo State (Avila-da-Silva, 1996)
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Fig. 14. Von Bertalanfty growth curves of Pagrus pagrus for the southwestern Atlantic (left) and the northern Atlantic and Mediterranean Sea
(right) for which age determinations on scales or otoliths was validated. For consistent comparisons, lengths-at-age were standardized to total
length, measured from the snout to the tip of the upper limb of the tail in the normal position, as used in this study. A factor of 0.97 was applied to
the length measured from the snout to the extended caudal fin and a factor of 1.19 to convert fork lengths.

(Fig. 14). In the northern hemisphere, the largest lengths at age
were reported from the northwestern Atlantic between Florida
and the Carolinas (Manooch and Huntsman, 1977; Potts and
Manooch, 2002) and the Canary Islands (Pajuelo et al., 1996).
Intermediate growth was reported for the eastern Mediterranean
Sea (Vassilopoulou and Papaconstantinou, 1992; Machias et al.,
1998) and the lowest growth was observed in the eastern Gulf of
Mexico (Hood and Johnson, 2000, DeVries, 2006) and in the
Aegean Sea (Ismen et al., 2013) (Fig. 14). These comparisons
should be regarded with caution because of possible
differences in the methods used for measuring fish and
estimating age. Also, sample size was small for some studies.
Nevertheless, growth seems to be more variable in the northern
hemisphere and generally increases with latitude in the southern
hemisphere.

4.2 Sex ratios

In sex-changing organisms, the prevailing theory predicts
that the sex ratio is biased towards the first sex and that this bias
is larger in protogynous species, such as red porgy (Allsop and
West, 2004). In southern Brazil (this study) and in Argentina
(Cotrina and Christiansen, 1994), females were dominant at all
sizes, hermaphrodites were only present up to intermediate
sizes, and males were infrequent at small sizes and increased
up to over 40% for larger specimens (>400 mm). Along the
eastern United States and in the Canary Islands, females were
also dominant among the smaller length classes, and the
proportion of males among red porgies over 450 mm was over
50% (Manooch, 1976) and 75% (Pajuelo and Lorenzo, 1996),
respectively. No sex ratio selectivity of red porgies fished with

hand lines in the Gulf of Mexico has been observed (DeVries,
2007), and trawls are unlikely to cause sex selection.
Therefore, the age or size at which individuals change sex
seems to fluctuate in response to local demographic or
environmental drivers (Mariani et al., 2013). Therefore, the sex
ratio observed in this study, where the proportion of males
increases with age but females are more abundant at all ages, is
considered to be representative of the actual sex ratio in the
population.

4.3 Reproductive seasonality and fish condition
factor

The red porgy is an asynchronic spawner that in the
Southwestern Atlantic has most of its spawning concentrated
at an initial peak followed by low-intensity spawning over
several months (Aristizabal, 2007; Militelli et al., 2017; this
study).

In the southern hemisphere in the shared Argentinian/
Uruguayan fishery zone (34° — 39°S), the highest gonadosso-
matic indices (GSI) for females were observed in November
and December (Militelli et al., 2017) and spawning peaked in
December — January in water temperatures of 17° to 21°C
(Cotrina and Christiansen, 1994). In this study of southern
Brazil (30° — 34°S), higher GSI were found in October and
November (Fig. 9) with surface water temperatures from 19° to
22°C (Cardoso and Haimovici, 2011). In Rio de Janeiro, along
southeastern Brazil spawning was reported to peak between
November to February in a coastal upwelling region in
which the seawater mean temperature is higher (Costa et al.,
1997).
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In the northern hemisphere, the highest GSI values in the
eastern United States were found from December to March and
spawning occurred in March and April at bottom temperatures
ranging from 16.4° to 21°C (Manooch, 1976). In the eastern
Gulf of Mexico, GSI peaked in December and January and
spawning took place in December to February at bottom
temperatures from 18.5° to 21.1°C (Hood and Johnson, 2000,
DeVries, 2006). In the Canary Islands, the highest GSI were
recorded in January to March, when sea surface temperature
ranged between 18° and 20°C (Pajuelo and Lorenzo, 1996),
and in the western Mediterranean Sea from February to April
(Machias et al., 1998).

Seasonal changes in water temperature and photoperiod
are important factors that trigger the annual sexual maturation
of fishes (Wootton, 1998; Juntti and Fernald, 2016). Timing for
mating is critical to maximize the lifetime reproductive success
of many bony fishes and can be regulated by chronological
factors such as seasonal and circadian cues, like water
temperatures and day length (Juntti and Fernald, 2016).

Therefore, in both hemispheres red porgy has an annual
reproductive cycle, in the northern hemisphere gonadal
development takes place in winter and the main spawning
peaks are in spring. In the southern hemisphere, the main
spawning peaks are in late spring and early summer. Therefore,
the onset of the annual cycle of maturation of adult red porgies
can be associated with increasing water temperatures and
increasing photoperiod and spawning in all regions seems to be
associated with temperatures mostly between 17° and 21°C.

The condition factor of adult red porgies in southern Brazil
decreased in winter and increased in summer. In this region,
red porgies feed on epibenthic invertebrates, fishes and
cephalopods and have a larger supply of prey in the cold season
when the region is under the influence of richer northward-
flowing colder waters (Capitoli and Haimovici, 1993).
A possible explanation for the lower condition factor of
maturing and spawning red porgies despite having a larger food
supply inthe cold season (see following section) was provided by
Aristizabal (2007). This author studied the energy investment in
the annual reproductive cycle of red porgy females in
Argentinian waters and observed lower energy allocation and
higher dependence on food during the spawning period.

4.4 Mortality and exploitation rate

Our estimate of natural mortality based on growth
parameters (M=0.17 yr ') was consistent with annual total
mortality estimates for the period prior to intense exploitation
(Z=0.20 to 0.29 yr ') and with the range of Z estimates (0.18
—0.22 yr ') obtained applying Taylofs formula by Cotrina and
Raimondo (1997) and Garcia and Déspos (2015). There is
evidence that M varies over ages and sizes. As it is based on a
regression model fitted to a large dataset of growth parameters
and direct estimates of M, our estimate of M might represent
the overall natural mortality of the exploitable age groups of
red porgy along Southern Brazil; such an estimate is, however,
uncertain (Then, 2015).

Total mortality estimates based on catch curves applied to
1976 to 1984 for red porgies older than 5 years in the otter trawl
landings illustrated well the contrast between an initial period
of slight exploitation followed by a period of heavy
exploitation (Fig. 13). The rapid increase in total mortality

and exploitation rate after 1973 is in agreement with the rapid
decrease in abundance and the collapse of the red porgies
fishery in southern Brazil. During the prosperous years of the
fishery, most of the fishing activities targeting red porgies in
Brazilian waters were performed in winter near the border with
Uruguay, an indication that most red porgies performed
seasonal movements across the border (Fig.1). These
migrations can be explained by the winter northward
displacement of colder and more nutrient-rich waters of
sub-Antarctic and La Plata River outflow (Ciotti et al., 1995;
Moller et al., 2008). The coastal circulation between northern
Argentina and southern Brazil is dominated by the cool, north-
flowing western branch of the Malvinas/Falkland Current,
which mixes with the La Plata River plume in the cold season,
and the warmer and more saline south-flowing coastal waters
of the Brazil Current in the warm season (Piola et al., 2000;
Moller et al., 2008). These oceanographic features do not seem
to represent a barrier for the displacement of marine fish in the
region since many teleost and elasmobranch species carry out
seasonal migrations across these confluence/frontal zones
(Haimovici, 1997; Vooren, 1997). Although red porgies are
considered to be relatively sedentary as adults (Manooch and
Hassler, 1978; DeVries, 2006), recent tagging experiments
showed that they can perform tens of km displacements
(Afonso et al., 2009),

Capitoli and Haimovici (1993) found that red porgies
fished in winter and spring in the mid-shelf at depths between
50 and 120 m had larger stomach contents with more pelagic
and demersal fish and squids, while those sampled in summer
in coastal waters at depths shallower than 50 m were lighter
and contained mainly less nutritive prey items, such as benthic
invertebrates, small crabs and echinoderms. Therefore, the
northward winter feeding displacements could be linked to
increased energy demands for gonadal growth during sexual
maturation (Aristizabal, 2007).

However, part of the stock was fished year-round and
spawned in Brazilian waters, as evidenced by the year round
catches and the presence of mature spawning red porgies in the
region (Figs. 1 and 9). Our results showing the presence of two
patterns of scales and otoliths, one that has well-marked annuli
and the other one that has only faint or absent annuli (Fig. 3),
suggest the existence of two life cycles but not necessarily two
independent stocks in the region. In addition, otolith shape
analysis showed significant differences between red porgies
with well-marked and faint annuli (Kikuchi, 2019). This result
supports the hypothesis that those specimens with well-marked
annuli in their scales and otoliths feed in Brazil in the winter
and move southward to spawn in Uruguay in spring.
In contrast, those with faint or absent annuli in their scales
and otoliths remain year-round and spawn in Southern Brazil.
The limitations of this hypothesis are that both well-marked
and faint annuli were observed year-round, although the
specimens with faint annuli were most frequent during the
warm season (Fig. 3). Further studies are necessary to
investigate the relationship between the scale and otoliths
patterns and stock structure of red porgy in the region.
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