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ARTICLE INFO ABSTRACT

Handled by George A. Rose Skipjack tuna (Katsuwonus pelamis) is one of the world's main fisheries resources. In Brazil, it is the most

abundant tuna and sustains an important pole-and-line fishery in the southwest Atlantic. We systematically

Keywords:

von Bertalanffy monitored landings of the pole-and-line fleet from January 2014 to May 2016 on fishing ports in Niter6i (RJ) to
Spawning evaluate the size structure of the catches, identify species reproductive patterns and to estimate growth, re-
Season cruitment and mortality parameters on the southeastern Brazilian coast. Captured specimens of K. pelamis (n =
Recruitment

5650) ranged from 36.5 to 84.7 cm (fork length-FL, mean = 52.0cm * 7.0) and from 0.9 to 15.3kg (total
weight-TW, mean = 3.1kg = 1.6). There was a modal progression of sizes throughout the austral seasons, with
smallest individuals entering in the spring, and larger individuals in the fall. The sex ratio was 1:1 (M:F), and
reproductive indices indicated a period of greater reproductive activity between the spring and early summer,
with spawning peaks in January. The length at maturity was estimated at 45.6 cm FL. The estimated von
Bertalanffy growth parameters were L., = 90.1 cm; k = 0.24 year ™ !; ty = —0.54. Recruitment into the fishery
occurs between 2 and 3 years of age. The total mortality, fishing mortality, natural mortality and exploitation
rate were estimated at 1.42year ™', 0.95year ', 0.47 year-1 and 0.67, respectively. Our results demonstrate
changes in population parameters of skipjack tuna captured in southeastern Brazil. The reduction in the size
structure of the fisheries, anticipation of length of first sexual maturation, small increase in the growth rate and
the 30% increase in the exploitation rate indicate that, after 30 years of intense fishing activity, the Western
Atlantic stock is under a high fishing pressure and must be monitored closely.

1. Introduction

Skipjack tuna (SKJ, Katsuwonus pelamis) is an economically valuable
species worldwide subjected to intensive international trade for can-
ning (Miyake et al., 2010; Grande et al., 2014). It is the most important
species among tunas and tuna-like species, comprising 58.1% of the
world’s total volume landed in 2010 (FAO, 2018), supporting a growing
global production in the last decades of above 3 million t/year (FAO,
2016). It is a cosmopolitan and migratory species, widely distributed
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throughout the world’s tropical and subtropical oceans between
55°-60 °N and 45°-50 °S, but is mostly abundant in the equatorial re-
gion throughout the year (Matsumoto et al., 1984). Industrial fleets
from different countries around the world exploit this fishery resource
(Arrizabalaga et al., 2012; Grande et al., 2014).

In the southwest Atlantic, SKJ catches represent between 10 and
17.0% of global production (ICCAT, 2000). Despite SKJ being con-
sidered a resilient species (ICCAT, 2006) due to the high productivity
and life history parameters (e.g., rapid growth and fecundity), it is
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classified as moderately vulnerable (Cheung et al., 2005, 2009). Recent
assessments indicate that the southwestern Atlantic stock is close to
reaching full exploitation status, with a maximum yield of about
30,000 t/year (ICCAT, 2011a).

In Brazil, the SKJ fishery production reached 18,000 t/year in the
last decade (FAO, 2014). The pole-and-line fleet has been operating
regularly on the resource since the 1980s in the south-southwestern
Brazilian coast (23°S - 34°S) supplying the tuna canning industry
(Almeida and Andrade, 2002; Andrade, 2006). However, since the mid-
1990s, their catches have declined to below 15,000 t/year (ICCAT,
2017).

Reproduction, growth and mortality are life-history attributes that
determine the dynamics and resilience of populations under fishing
pressure. Population productivity is pivotal in sustainable fisheries
management (Morgan et al., 2009), indicating the sustainable level of
fishing mortality that can be exerted and the population's ability to
recover from a state of overfishing. We investigated SKJ population
parameters in the southeastern Brazilian coast, evaluating the size-
structure of the catches, patterns of reproductive dynamics and mor-
tality parameters for the species. Our results provide updated in-
formation on the SKJ population attributes in the southwestern Atlantic
that may be used for productivity assessments and management of the
stock.

2. Materials and methods
2.1. Sampling data and measurements

Between January 2014 and May 2016, 57 landings of the pole-and-
line fleet were sampled at the main port used by the fleet in the State of
Rio de Janeiro, Niter6i. The fishing area for SKJ is located in the
southeastern Brazilian coast, between 20°30'0” S and 25°30'0” S, and
the isobaths of 50 and 3000 m deep (Fig. 1). The date-of-catch at the
fishing grounds were obtained through interviews with skippers or
consultations of the on-board maps. At each monitored landing, in-
dividuals randomly sampled during discharges were measured and
weighted. Sample size varied between landings aiming to measure as
many individuals as possible. Individuals had their fork length mea-
sured (FL, cm, from the tip of the upper jaw to the caudal fin fork), with
the standard approximation for the lower centimeter, and weighted (W,
g). A sub-sample of 15 to 30 individuals were randomly sampled for
laboratory processing, except in October 2015 because vessel produc-
tion had already been sold.

The FL values were distributed in size classes of 5cm and grouped
by austral seasons: summer (January, February, March), fall (April,
May, June), winter (July, August, September) and spring (October,
November, December). The Kruskal-Wallis test was used to determine
statistical differences in length frequency distributions between sea-
sons. In addition, a modal progression analysis of the population
structure of SKJ was performed using the Battacharya method, within
the FiSAT II package (Gayanilo and Pauly, 1997). The analysis aims to
identify and separate fish cohorts from the global length frequency
distribution (Gayanilo et al., 1997).

2.2. Sex ratio, maturity and histological treatment

Sub-samples were transported to the laboratory. All gonads were
weighed to the nearest 0.1 g. The gonads of each fish were evaluated for
sex and maturity stage based on the macroscopic characteristics de-
scribed by Brown-Peterson et al. (2011) and Grande et al. (2012). In
each season, ovaries at different stages of maturation were selected to
assess their microscopic anatomy and to validate the previous macro-
scopic classification. A portion of the collected ovaries was preserved in
10% formalin and later dehydrated, embedded in paraffin, sectioned to
5um thickness and stained with hematoxylin-eosin (Suvarna et al.,
2012) for histological examination. Ovaries were then classified
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microscopically in different reproductive phases (Brown-Peterson et al.,
2011) based on observations of the most advanced oocyte stage present
in the gonad (West, 1990) and the presence of post ovulatory follicles
(POF).

The sex ratios were verified between the different length classes and
seasons of the year. Chi-square test (X2) was used to evaluate the sig-
nificant deviation from the expected 1:1 sex ratio.

2.3. Length-weight relationship

The length-weight relationship was estimated for males and fe-
males, expressed as W = a.FL?, where: W is the weight, FL is the fork
length, a and b correspond to parameters related to the type of fish
growth. For each b, the Student's t-test was applied to test the hy-
pothesis that the calculated value was equal to 3.0 (Zar, 1984). In ad-
dition, ANCOVA was used to detect any differences in the parameters of
the length-weight relationship between males and females.

2.4. Spawning patterns

Three condition indices were estimated for females and males to
identify spawning patterns: the gonadosomatic index (Ig), the hepato-
somatic index (Iy) and the Allometric condition factor K (LeCren,
1951). I and I were calculated as the gonad or livermass, Mg and My
respectively, divided by the eviscerated weight (Mg). K’ was estimated
as the Mg divided by FL raised to the third power. The Delta K (AK) was
estimated as K-K’.

Ig = (Mg/Mg)*100

m = (My/Mg)*100

K = W/FLY%; K’ = Myg/FL?

Where W = weight; FL = fork length; b =allometric coefficient ob-
tained from the length-weight relationship. The Kruskal-Wallis test was
used to determine statistical differences in I;, AK e I; between months.

2.5. Length at maturity (Lso)

The length at maturity (Lsp) was estimated for males and females
separately and also to grouped sexes through the curve relating the
relative frequency of adults to the midpoint of the length classes, ad-
justed by equation: Fr = 1-(e ~%?), where (Fr) is the relative frequency
of adult individuals, (e) is the base of the neperian logarithm, (a and b)
coefficients estimated by the least squares method applied in the linear
relationship obtained by the transformation of the variables involved
and (FL) mean point of the fork length classes (Moresco and Bemvenuti,
2006).

2.6. Growth, recruitment and mortality

The growth parameters were estimated based on the fish size data
obtained in the landings sampling, considering a single theoretical year.
The ELEFAN I routine of the FiSAT II package (Gayanilo and Pauly,
1997) was applied according with the von Bertalanffy equation (1938):
L = L.(1-e ¥t~y where L., = asymptotic length (cm), k = growth
coefficient (year), t = age of the individual, and t, = age of fish at
zero length. This last parameter was calculated using Pauly’s empirical
formula (Pauly, 1980): log(-ts) = -0.3922 - 0.2752 logL..-1.038 logk.
The growth parameters (L.. and k) were used to determine the length
converted catch curve, with the conversion of length classes into age
intervals by the inverse growth equation of von Bertalanffy - VBGF
(Sparre and Venema, 1992) to estimate total mortality (Z). The natural
mortality coefficient (M) was obtained using the empirical formula
proposed by Pauly (1980), which requires the growth parameters and
the mean ambient temperature (T = 23.3°C) in which the species is
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Fig. 1. Area with the main catch points of skipjack tuna caught by the pole-and-line fleet of southeastern Brazil during the sampling period between January 2014

and May 2016.

inserted: log(M) -0.0066 - 0.279log(L..) + 0.6543log(k) + 0.4634
log(T). The fishing mortality rate (F) was estimated from the equation:
F = Z-M, whereas the Exploitation rate (E) was estimated by the
equation: E = F/Z.

The recruitment pattern was also determined from the subroutine of
the FISAT II package that reconstructs the recruitment pulses from a
time series of length-frequency data, determining the number of pulses
per year and the relative strength of each pulse. Growth parameters L..,
k and t, were used as input data. By backward projection, along a
trajectory defined by the VBGF of the frequencies onto the time axis of a
time-series of samples, plots showing the seasonal patterns of recruit-
ment into the fishery were obtained. Monthly length-frequency data of
SKJ samples collected were pooled by months to create one theoretical
year.

3. Results
3.1. Sample size and FL frequency

A total of 5650 individuals, ranging from 36.6 to 84.7 cm
(¥ =52.0 £ 7.0; median = 50.8), were sampled in 57 landings
(Table 1). Size distribution presented a unimodal pattern centered in
the 50.0 cm FL class (Fig. 2). Four hundred and nine fish had their
gonads examined for sex and stage of maturation (37.7-84.7 cm;
X =51.5 = 7.8).

Seasonal size distributions (Fig. 3) revealed a seasonal pattern [H (8,
n = 5650) = 1315.971 p = 0.000], and a modal progression between
summer and winter of 2014, and between summer and fall of 2015. The
smallest individuals occurred in fall and spring of 2014/2015 (< 40.0
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cm), whereas the largest fishes (> 71.0 cm) were observed in the fall
and winter of 2014. Throughout the annual cycles, distinctive modes
were observed. In the summer a unimodal and bimodal pattern with FL
varying between 43.0 and 48.0 cm was evident. Increased sizes oc-
curred in the fall with most frequent fork lengths between 50.0 and
52.0 cm. The winter of 2014 showed great variability between length
classes with a prominent mode in 64.0 cm FL. In spring, a clear bimodal
structure occurred in both years, with the first mode located at the 41.0
cm FL class, and the second at the 54.0 cm FL in 2014, and at the 51.0
cm FL in 2015 (Fig. 3).

The seasonal decomposition of length frequency distributions (FL)
using the Battacharya routine showed a bimodal and trimodal pattern
among all seasons of the years evaluated, indicating the presence of
three age groups (Fig. 4). Up to 4 cohorts (C1, C2, C3 and C4) were
identified along the successive seasons. C1 started in the summer 2014
(mean FL = 48.03cm) progressing until the fall 2015 (mean FL =
67.34 cm); C2 started in the spring 2014 (mean FL = 54.41 cm) and
progressed until the spring of the following year (mean FL = 66.00 cm);
C3 started in the spring 2014 (average FL = 44.18 cm) and progressed
until the summer 2016 (mean FL = 59.34 cm); and C4 started in the
summer 2015 (mean FL = 43.62 cm) and progressed until the fall 2016
(Fig. 4). The observed increments between the beginning and the end of
each cohort lasting five to six seasons were: Cl = 19.31cm;
C2 =11.59cm; C3 = 15.16; and C4 = 10.79 cm FL.

3.2. Sex ratio

Out of 409 processed fish, 53.1% were males (37.7-84.7 cm) and
46.9% were females (40.2-81.9 cm), generating a sexual ratio of 1:1
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Table 1
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Samples of the skipjack tuna (K. pelamis) collected from the landings of the pole-and-line fleet in Niteréi, RJ, Brazil, between January 2014 and May 2016.

Year Month Landings Fish measured Fork Length (cm) Weight (kg) Sub-sampled
Min-Max Average (SD) Min-Max Average (SD)
2014 January 3 316 42.3-70.4 50.5 ( + 5.0) 1.2-8.6 29 (=11 22
February 4 407 39.3-63.9 53.4 (= 4.3) 1.2-6.1 3.4 (%09 29
March 3 295 44.0-70.8 55.8 ( 6.4) 1.5-8.5 3.9(%1.5) 30
April 6 327 46.0-72.9 58.0 (£ 6.0) 1.8-8.2 4.4 (= 1.6) 40
May 4 230 36.5-84.7 51.3 (+7.1) 0.9-15.3 29(%17) 28
July 1 98 47.3-76.8 62.3 (£ 6.9) 2.0-10.7 5.5 (% 2.0) 9
August 1 101 46.1-82.1 66.6 (+ 8.8) 1.9-13.3 7.1 (%2.9) 11
October 3 288 41.2-66.3 56.8 ( + 4.3) 1.4-6.8 41(%1.1) 9
November 2 220 38.1-60.7 48.1 (£ 6.2) 1.1-5.3 24 (%11 10
December 3 333 39.6-66.0 49.8 (+ 5.8) 1.2-6.6 2.7 (£1.1) 41
2015 January 3 398 38.2-64.9 48.7 (+ 3.8) 0.9-5.9 2.4 (%0.7) 16
February 2 261 39.5-63.8 46 (+4.7) 1.0-5.7 21(%7.9 19
March 2 255 38.2-61.0 46.2 (+ 4.6) 1.0-5.5 2.0 (%0.8) 25
April 1 133 41.3-60.4 50.2 ( + 3.9) 1.3-4.5 2.6 (= 0.6) 10
May 3 286 36.5-75.6 58.2 (  8.3) 1.0-10.4 4.8 (%2.3) 15
June 3 133 38.0-70.8 52.2 (+6.7) 1.1-7.8 31(%15) 15
October 1 116 41.7-67.9 51.4 ( * 4.6) 1.5-7.4 2.9 (+1.0) -
November 3 193 38.0-68.3 49.4 (£6.2) 1.0-7.6 25(=1.1) 20
December 2 415 39.5-71.0 50.7 ( % 5.6) 1.1-8.2 2.7 (1.0 10
2016 January 1 368 41.9-65.9 48.8 (+3.1) 1.4-6.1 2.4 (£0.5) 11
February 2 216 40.7-62.8 49.9 (£ 3.6) 1.1-5.3 2.5(%0.7) 10
March 2 202 40.6-63.5 47.8 (£ 4.7) 1.1-5.6 2.2 (%0.8) 20
May 2 59 40.5-60.0 52.1 (3.9) 1.3-4.9 3.1(%08) 9
Total 57 5650 36.5-84.7 52.0 (= 7.0) 0.9-15.3 3.1(=%1.6) 409
8 1 3.4. Spawning period
" n = 5650
x 6 Histological sections made from ovaries of 30 females (45-75cm
g FL) allowed the identification of different stages of oocyte development
S5 confirming the macroscopic classification. At the spawning capable
§’4 | stage, we identified oocytes at all stages of development without a
I dominant cell population, corroborating the asynchronous pattern of
_g 31 oocyte development. Mature individuals occurred throughout spring
o2 and summer, and immature in all the seasons, except winter (Fig. 5).
12 1] The values of the gonadosomatic index (Ig) confirmed the seasonal
reproductive pattern observed in the analysis of the histological sec-
0 - tions. During the sampling period, the I; varied between 0.02 and 8.53
3% 40 45 50 55 60 65 70 75 80 85 -

Fork Length (cm)

Fig. 2. Fork length (FL) relative frequency distributions for skipjack tuna
caught by the pole-and-line fleet in southeastern Brazil during the sampling
period.

(M:F) (x* = 0.37). Males predominated in most of the size classes, ex-
cept for classes of 55 and 65cm FL in which there was a significant
predominance of females (y? > 3.84). Above 70 cm FL, males pre-
dominated. The seasonal distribution of sexual proportions did not
show a regular pattern.

3.3. Length-weight relationship

The analysis of covariance (ANCOVA) applied to length-weight re-
lationship parameters for separated sexes indicated significant differ-
ences (r* = 0.96, F = 10 df = 1 p < 0.001), showing a faster growth
for males. The t-test revealed no significant differences in the "b" value
between sexes for allometry coefficients (females, t = 7.53; p < 0.01)
and (males, t = 9.82; p < 0.01). The overall length-weight relationship
equation (n = 5650) was W = 0.004FL3*184 (12 = 0.96), for females
W = 0.005FL>*** (> =0.96) and for males W = 0.004FL>*!®
(® = 0.90).

139

(x = SE = 1.63 + 1.57). Significant differences were observed in the
monthly values of I [H (21, n = 409) = 284.0152; p = 0.000]. The
highest I; means were recorded between spring and early summer,
corresponding to months of higher reproductive activity. The spawning
peaks were always recorded in early summer (Jan/2014:
x =3.74 = 1.07; Jan/2015: x = 4.62 = 1.85; Jan/2016:
x = 4.56 = 1.38) (Fig. 6a), indicating a well-marked seasonal pattern.
The lowest I; values were observed in the fall when gonads were at rest
(Fig. 6).

The monthly variation of AK values followed the same pattern ob-
served for the I, thus strengthening the recognition of reproductive
peaks (Fig. 6b). The Iy values also showed significant variation
(p < 0.05) between months [H (21, n = 409) = 97.58838; p = 0.000].
However, the observed pattern was not consistent with the typical en-
ergy transfer dynamics during the reproductive period (Fig. 6¢).

3.5. Length at maturity (Lsg)

The estimated length at which 50% of the female population
reached maturity was 43.2cm FL. The male population reached ma-
turity at 46.2 cm, and grouped sexes at 45.6 cm (Fig. 7). The L;s and
Ligo values for the grouped sexes were estimated at 49.1 cm and
63.3 cm, respectively. Out of the total individuals measured, 15.0%
were below the Ls.
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Fig. 3. Fork length (cm) seasonal distributions of skipjack tuna caught in southeastern Brazil during the sampling period.
80 ° 3.7. Growth and mortality
75 A
20 | = cl1 The growth parameters were estimated in: L.. = 90.1 cm, k = 0.24
= . C2 yr ! and t, = -0.54. The linearized catch curve based on the age
% 65 ] . ¢ c3 composition data for the theoretical year, representing two and a half
"E‘n 60 . - year cycles, showed a total recruitment age for the fishery between 2
2 . * C4 and 3 years (Fig. 9). From this regression, Z was estimated at 1.42 yr ™.
'é—:; 35 1 . - . The fishing mortality F was 0.95. The natural mortality (M), estimated
k50 1 4 . = . A by Pauly’s method (Pauly, 1980) presented a rate of 0.47 yr~'. The
45 4 . . A calculated E rate was 0.67.
A
40 j . i ) T j ) 4. Discussion
sum fal win spr sum fal win spr sum fal
2014 2015 2016

Fig. 4. Modal progression of four cohorts by seasons,using the Battacharya
routine. Each symbol refers to an age group.

3.6. Recruitment patterns

The analysis of the recruitment pattern of the SKJ, simulated for a
theoretical year, evidenced two peaks of recruitment: one in May, re-
presenting 18.3%, and another weaker (10.8%) in October (Fig. 8).

140

The unimodal behavior of fork length recorded in the SKJ catches of
the pole-and-line fleet in southeastern Brazil confirms the selectivity of
this fishing modality. On the other hand, the analysis of length fre-
quency distributions by seasons of the year showed a multimodal pro-
gression, with the presence of up to three age groups. This mode dis-
placement shows a cohort substitution, suggesting a constant entry of
smaller individuals into the fishing grounds, mainly in fall and spring.
No data were available during the winters of 2015 and 2016 due to
landings prohibitions on the fishery for Brazilian sardine (Sardinella
brasiliensis), which is used as bait by the pole-and-line SKJ fleet
(IBAMA, 2009).
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Fig. 5. Histological sections of ovaries of skipjack tuna at different stages of development: (a) immature (May/2016); (b) spawning capable (January/2014); (c)
regressing, postovulatory follicle (POF) present (August/2014); (d) Regenerating, a-atresia present (January/2015).

The size distributions reported in the 1980s by Vilela and Castello
(1993) for the south-southeastern region of Brazil presented a mode at
the 55cm FL class, and for the years 2002-2004, the smallest mode
found for the southern region was 51 cm (Garbin and Castello, 2014).
The length structure observed in this work presented a mode at the class
of 50 cm, indicating some stability in the catches in the past ten years.
The length distributions recorded in the present study indicated an
increase in the frequency of smaller individuals and the decrease in the
frequency of larger fish in the last ten years, a fact also observed for the
southern region by Garbin and Castello (2014).

When comparing the fork length values recorded by different au-
thors for the southeastern region of Brazil, it is possible to observe that
the size amplitudes recorded in this study are similar to those recorded
in previous periods. The size distributions registered in the 1980s by
Jablonski and Matsuura (1985) in landings in Rio de Janeiro presented
individuals between 34 and 82 cm FL (average of 58.3 cm). Menezes
et al. (2010) followed commercial discharges of SKJ captured in the
same area during the year 2007 and recorded average lengths of
59.4 cm (41.1-85.6 cm). Even though the available amplitudes are si-
milar, we observed a decrease in the order of five centimeters in the
mean fork length in the present study (52.0 cm). This size reduction
reinforces the observed trend reported by Garbin and Castello (2014).

The sex ratio close to 1:1 was also observed in a previous study in
the southeastern region of Brazil (Vilela and Castello, 1993). Never-
theless, Jablonksi et al. (1984) and Cayré and Farrugio (1986) identi-
fied a global sex ratio significantly in favor of males in the same region.
Although in the present study the predominance of males in classes
above 70 cm FL was not significant, a similar pattern in favor of males
in the larger length classes was also observed for the species captured in
other oceans. Stéquert and Ramcharrun (1996) and Timohina and
Romanov (1996) identified a predominance of males in larger size
fishes in the Indian Ocean. According to Timohina and Romanov
(1996), as the fish grow older, the proportion of females in the popu-
lation is reduced, a phenomenon observed when tunas reach a length of
around 70 cm. In size groups over 86 cm fork length, females were
completely absent (Timohina and Romanov, 1996).

The relative growth parameters a and b were compared between
two regions of the southwestern Atlantic. Estimates of both parameters
are dependent upon each other in such a way that the variation in one is
reflected on the other (Andrade and Campos, 2002). The coefficient of
allometry obtained in the general length-weight relationship
(n = 5650), when compared to those obtained for the southeast
(Amorim et al., 1981; Menezes et al., 2010) and southern regions of
Brazil (Vilela and Castello, 1991; Andrade and Campos, 2002), in-
dicated positive allometric growth for the SKJ during the last 30 years.
The coefficient a is related to body shape and was slightly lower than
those reported previously in 1980s-1990s. Such variations may be at-
tributed to a combination of one or more factors: i) number of speci-
mens examined; ii) fishing grounds; iii) health; iv) sex; v) gonadal ma-
turity; vi) differences in the observed length ranges of the specimens
(Hossain et al., 2014). Garbin and Castello (2014) observed variations
in these parameters for over three decades, where fish of the same size
presented higher weights compared with previous periods. Thus, the
estimates of a and b can be related to ecological processes in time and
space, between stocks and even between areas.

The histological analysis confirmed the occurrence of immature
individuals in different seasons, indicating the presence of recruits in
the fishing grounds. This is the first evidence that the reproduction of
the SKJ in tropical areas occurs continuously throughout the year.
Nevertheless, the I; showed a reproductive peak in the summer. These
results corroborate with Andrade and Santos (2004) and with the first
results obtained in the southwestern Atlantic in the 1980s (Goldberg
and Au, 1986; Matsuura, 1986). In addition, such continuous spawning
can be justified by the opportunistic spawning behavior of the species,
where spawning occurs whenever favorable conditions to reproduction
are present (Cayré and Farrugio, 1986).

Previous studies in the south-southwestern Brazilian coast (Cayré
and Farrugio, 1986; Goldberg and Au, 1986) indicated that the re-
production of SKJ begins between December and March, with a re-
productive peak in January-February, corroborating with the larger
averages of I; recorded for the present study. Studies in the Indian
Ocean (Stéquert and Ramcharrun, 1996; Timohina and Romanov,
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1996; Grande et al., 2014) identified two reproductive peaks between
November and March (northeast monsoon) and from June to July
(southeast monsoon). In the Pacific, no reproductive peaks were iden-
tified (Schaefer, 2001).

The asynchronous pattern of oocyte development observed in the
present study, based on histological slide analysis, confirmed the pat-
tern already registered in other studies for the species (Stéquert et al.,
2001; Grande et al., 2014). For Grande et al. (2016), this pattern of
oocyte development masks the temporal variability of condition indices
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142

ASONXNDIJ FMAM

2015 2016

SE) in the gonadosomatic index (a), Delta K (b) and hepatosomatic index (c) for the skipjack tuna during the sampling period.

and biochemical constituents. Grande et al. (2014) suggested that SKJ
reproduces more actively in conditions of higher primary productivity
and large aggregates of prey. Both attributes may contribute to in-
creased energy supply, and therefore, increase reproductive capacity in
response to the high metabolic rate of the species. For Grande et al.
(2016) and Druon et al. (2017), SKJ should be considered an income
breeder, i.e., support their reproductive efforts through a concurrent
intake of food during the breeding season, regardless of energy storage.

The estimates of length at maturity generated in the present study
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Fig. 9. Catch curve for skipjack tuna caught in southeastern Brazil. The slope of
the regressed line (b) is an estimator of total mortality rate (Z).

are lower than those established by Vilela and Castello (1993) in the
southwestern Atlantic (52 cm FL for females and 51 cm for males) and
Goldberg and Au (1986) in Rio de Janeiro, where the smallest sexually
mature specimen was identified at 51 cm FL. Both works only made use
of macroscopic analysis of gonads for the estimates. However, the Lsq
values in the present study were close to the values found by Cayré and
Farrugio (1986) for the whole Atlantic Ocean (females: 42 cm and
males: 45cm) and Cayré (1981) on the eastern side of the Atlantic
(females: 44 cm and males: 46 cm), which also made microscopic ana-
lysis. The first authors used histology, and the second ones, oocyte
distribution. In other regions, such as the Pacific Ocean, Schaefer and
Orange (1956) identified the smallest mature specimen at 50 cm FL. In
two studies from the Indian Ocean, Timohina and Romanov (1986)

143

Fisheries Research 212 (2019) 136-145

identified that 50% of the females reached sexual maturity at 43 cm and
males at 40 cm, while for Stéquert and Ramcharrun (1996) females
reached maturity at 41-42 cm and males at 42-43 cm.

The use of different methodologies to classify maturation stages,
such as macroscopic scales (Schaefer and Orange, 1956; Goldberg and
Au, 1986; Vilela and Castello, 1993), oocyte diameter distributions
(Cayré, 1981), and histological analysis (Cayré and Farrugio, 1986;
Timohina and Romanov, 1986; Stéquert and Ramcharrun, 1996), allow
the generation of different estimates of Lso, even for the same region. In
this sense, the histological analysis performed in the present study
provided greater safety in determining the gonadal maturation stage
and the spawning periods. We do not discard the hypothesis that the
smallest length at maturity recorded here represents an anticipation of
the length at maturity for the SKJ population. This might indicate a
strategy of adaptation to environmental changes and fishery pressure
for population balance recovery (Barbieri et al., 2004).

The identification of two annual recruitment peaks corroborates
with the pattern found by Andrade and Santos (2004). It should be
noted that the peak of recruitment observed in the fall coincides with
the period in which the pole-and-line fleet in the southwestern Atlantic
decreases its performance. This fact may contribute to the entry of
young recruits into the fishery. Jablonksi et al. (1984) raised the hy-
pothesis of a reproductive migration along the south-southwestern
Brazilian coast, which may be justified by the fact that few specimens
are found in a pre-spawning stage in the southern most range of the
stock distribution (Vilela and Castello, 1993). In the present study,
where captures occurred towards the northern range of the geo-
graphical distribution, spawning capable individuals were identified.

During winter and early spring (May - October/November), the
cooler waters from the Malvinas Current move over the shelf waters
towards the North, displacing SKJ schools to lower latitudes (Castello,
2000). At the end of spring, warm waters of the Brazil Current progress
southwards into the region of the Subtropical Convergence, merging
with the cold Malvinas Current. This water movement allows the return
of the schools to its southernmost range until early fall (Castello and
Habiaga, 1989; Castello, 2000). Matsuura (1986) identified areas sui-
table for massive spawning in the North and northeastern Brazil,
especially off the Abrolhos archipelago (17.9°S). Thus, it is possible
that spawning of SKJ is occurring over this migratory movement across
latitudes in the southwestern Atlantic. Matsuura (1982) reported the
close relationship between the occurrence of SKJ larvae and water
temperatures above 24 °C in the Brazil Current (Matsuura, 1986). After
spawning on the northeastern coast of Brazil, SKJ schools move
southward, influenced mainly by the Brazil Current (Matsuura and
Andrade, 2000; Castro et al., 2006).

Tuna species exhibit asymptotic growth ranging from 75cm FL
(SKJ) to 400 cm FL (Atlantic bluefin tuna), with different growth rates
ranging from 0.95 yr~ ! (SKJ) and 0.05 yr-1 (Atlantic bluefin tuna)
(Murua et al., 2017). Thus, SKJ is considered the fastest growing species
of all tunas. Similarly, fish in the Western Atlantic Ocean reach a L..
higher than in the Eastern Atlantic (Matsuura and Andrade, 2000).
Overall, the estimated L.. values range between 80 and 112 cm and the
k values range between 0.15 and 0.6 yr~ ! in the Atlantic Ocean. Pacific
SKJ growth rates are higher than those recorded for the Atlantic and
Indian Oceans. In addition, the Atlantic SKJ also reaches larger
asymptotic sizes but with a slower growth rate than the Indian Ocean
(Murua et al., 2017).

Comparing the values of SKJ performance indices (¢), based on
modal progression analysis, we observed that there are differences
between stocks in the Western Atlantic, Eastern Atlantic, Pacific and
Indian Oceans. In the Atlantic Ocean, values of ¢ range from 2.9 to 3.5
(Vilela and Castello, 1991; Andrade et al., 2004; Garbin and Castello,
2014), whereas values of ¢ for SKJ captured in other oceans ranged
from 3.4 to 3.8 (Brock, 1954; Joseph and Calkins, 1969; Marcille and
Stéquert, 1976; Hafiz, 1985; Koya et al., 2012). One possible explana-
tion for such differences may be related to the fact that tuna growth
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undergoes different stanzas of growth rates (Murua et al., 2017). These
stanzas have been linked to: i) changes in habitat use through different
life history stages (Hearn and Polacheck, 2003), ii) sexual maturation
(Eveson et al., 2015) and iii) changes in prey as fish size/age increases.

The growth parameters obtained for the present study revealed a
higher L.. value (90.1 cm FL) compared to the values calculated for the
1980s (87.1cm FL) and 2004 (66.9 cm FL) obtained by Vilela and
Castello (1991) and Garbin and Castello (2014), respectively. The
growth rate was similar to the one obtained in 2004 (0.24 yrfl) but
slightly higher when compared to 1984-1986 (0.22 yr™ ).

In studies conducted in the 1980s, the fishing mortality coefficient
was estimated around F = 0.75 (Jablonski and Matsuura, 1985; Vilela
and Castello, 1993), while in the present study, F = 0.95. Regarding the
rate of exploitation (E), the current rate showed a significant increase in
catches compared to previous decades (Jablonksi and Matsuura, 1985;
Vilela and Castello, 1993). Despite the use of different methodologies,
the present values are much higher than those estimated by Andrade
(2006), which could represent an increase in catches. The exploitation
rate of less than 0.35 in the early 2000s indicated a sustainable ex-
ploitation of SKJ.

The estimated exploitation rate in the present study (E = 0.67) in
addition to those estimated for the southern region in the period
2004-2009 are all higher than 0.5 (Garbin and Castello, 2014), sug-
gesting that the exploitation level is above the biological recovery ca-
pacity. The results obtained in the present study demonstrated that,
after 30 years, the exploitation rate for the current catches of SKJ in the
southwestern Atlantic increased by 30% when compared to the rate of E
during the period of 1980-1983 (Vilela and Castello, 1993). In addi-
tion, Ruffino et al. (2016) stated that, according to recent stock as-
sessments published by ICCAT, there are indications that the West
Atlantic unit is close to the full exploitation status. These estimates were
based on a conservative maximum sustainable yield of around 30,000 t
per year (ICCAT, 2011a). According to ICCAT (2011b), the Brazilian
pole-and-line fleet is currently accounting for about 75% of the catches
for the West Atlantic stock. Recently, ICCAT has proposed a subdivision
of the current East and West Atlantic stocks into smaller and more
homogeneous units (ICCAT, 2018). The data presented here may pro-
vide additional information for defining future management subunits.

5. Conclusion

The results obtained in the present study allow the comparison
between different fishing and biological parameters of the SKJ with
previous work produced for the southwestern Atlantic. The size struc-
ture revealed a reduction in the frequency of larger fish and the entry of
individuals with smaller fork length in the fishery. The decrease in Lsq
suggests an anticipation of the length at maturity. Regarding the re-
lative growth, it was also identified a change in the length-weight re-
lation since the 80's. Regarding the growth parameters, a small increase
in the growth rate was observed. All these aspects indicate that the
share of the SKJ stock captured in southeastern Brazil has been showing
changes in its population structure. Such changes may be related to the
intense exploitation activity of SKJ, which occurs for more than 30
years, not only in the studied area but also in larger latitudes. Treating
the SKJ fishery in a condition of stability can be an erroneous decision,
as this is not consistent with the observed changes in population
structure and growth rates observed in this study.

Finally, the results presented in this study show the importance of
maintaining a continuous program of information gathering about the
size of the captured individuals, as well as biological elements for
breeding and growth studies, especially in the boundaries of the pole-
and-line fleet in southeastern Brazil. We also suggest the expansion of
studies that could clarify the patterns of displacement of individuals
and eventual correlations with water mass characteristics, such as sa-
tellite monitoring, mark-recapture experiments. In addition, novel ap-
proaches including otolith microchemistry studies can reveal
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correlation patterns throughout the life history of these individuals and
maintain up-to-date information on Western Atlantic SKJ population
characteristics, contributing to responsible and sustainable fisheries.
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