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Abstract: The narrow-barred Spanish mackerel Scomberomorus commerson is an economically essential
species; however, few studies have investigated its demographic structure in the northwestern Pacific,
which includes Taiwan’s waters. This study examined the growth parameters, age composition,
mortality, and sex ratio of S. commerson catches by examining sagittal otoliths and other biological
data collected in a 3-year project from June 2018 to June 2021. The transverse sections of sagittal
otoliths exhibited alternating translucent and opaque zones, in annual cycles, and this observation
was validated by otolith edge analysis. Opaque zones began to form in October; the growth peaked
in December and lasted until March. Growth parameters were estimated for female (L, = 144.1 cm
fork length [FL], k = 0.39 yil, to = —0.85 y) and male (Lo = 136.0 cm FL, k = 0.32 yil, to=—149y)
specimens. The maximum recorded FL, body weight, and age were 159.0 cm, 27 kg, and 9.2 y for
female and 135.0 cm, 17.8 kg, and 7.2 y for male specimens. Rapid growth was observed for both sexes,
with FL reaching 66.8 £ 14.2 cm in female specimens and 70.1 £ 11.0 cm in male specimens during
the first year of life. An age-length key based on the direct otolith aging and FL dataset (N = 646)
was used to estimate the age composition of 3-year catches measured at landing (N = 16,133). The
results verified that the S. commerson currently caught in the central Taiwan Strait are mainly young
fish aged 1* to 2* y. The estimated fishing mortality (0.27 y~1) and exploitation rate (0.30) suggested
that overfishing was not occurring in this stock. The findings of this study have helped clarify
the population dynamics of the S. commerson in the Taiwan Strait, and the biological parameters
reported herein can aid the management and conservation to ensure the sustainability of this species
in this region.

Keywords: otolith; growth; age composition; age-length key

1. Introduction

The narrow-barred Spanish mackerel Scomberomorus commerson is a pelagic and highly
migratory species that is mainly distributed in the Indo-Pacific region from the Red Sea
and South Africa to Asian and Oceanic regions (e.g., Taiwan, Japan, and Australia) [1].
S. commerson inhabits waters around the edge of the continental shelf and shallow waters
at depths from 10 to 100 m [2]. The species can reach a maximum fork length (FL) of 2.4 m
and body weight (BW) of 70 kg [3], and its longevity has been documented for more than
20y [4].
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S. commerson is an economically essential species [5]. The global annual catch of this
species steadily increased from 70,000 metric tons in the 1970s to more than 220,000 metric
tons in 2008 [6] because of the high demand for this species. This growing catch volume has
increased the risk to this resource; therefore, extensive studies and long-term monitoring
programs have been conducted in several regions to examine the possible sustainable use
of this species [7-10]. The stock status of S. commerson varies in different areas. For example,
overfishing of this species was reported in Omani and Iranian waters; however, the stock
was sustainably exploited in the Torres Strait, northern Australia [10-12]. S. commerson is
also a crucial catch species in Taiwan, which was mainly caught by drift gillnets, longlines,
and trolling lines. The main fishing ground for S. commerson is the shallowest section of the
southwestern region of the Taiwan Strait. Catches of S. commerson from this area account
for more than 70% of the total S. commerson catch in Taiwan’s waters. The annual catch of
S. commerson in Taiwan's waters decreased dramatically from 6600 metric tons in 2002 to
517 metric tons in 2019 [13]. This substantial decline can be attributed to high demand,
unregulated fishing practices, and overexploitation. However, no restrictions currently
exist for the total catch and size in Taiwanese waters. Although the stock of this species is
likely overexploited, there is no stock assessment being conducted on this species around
the Taiwan Strait. Thus, relevant studies should be conducted to collect biological data,
including fundamental parameters to further assess the species’ stock status.

The stock status of fish resources can be evaluated by examining the age structure
of a fish population [14]. Growth is the biological parameter that is most widely used to
examine the life history of commercially exploited fish [15]. Reliable age structure data
(e.g., growth rate, mortality rate, and longevity) can be used to evaluate the exploitation
status of fish resources [16]. The growth of fish can be estimated by using tag recapture
data that include the FL at tagging, FL at recapture, and release time. However, this
estimation method has specific drawbacks [17]. For example, tagging experiments are
costly to conduct, and the recovery rates for tagged fish are usually low. Alternatively, the
age of fish can be estimated through the growth rings found in a fish’s calcified structure
such as its scales, vertebrae, fin ray spines, and otoliths [16]. By counting the translucent
and opaque zones or growth rings that are seasonally deposited in these tissues, the age of
fish can be estimated, and their corresponding growth parameters can be determined [18].
These data can be used to examine a species’ growth rate, mortality rate, and longevity,
information that can aid the development of population models, population assessments,
and catch utilization management.

Age and growth information of S. commerson has been documented in various areas,
i.e., in India [19], Oman [4,10,20], South Africa [21-23], Saudi Arabia [24], Australia [3,25],
and Iran [11]. However, few studies have investigated the age and growth of S. commerson
in Taiwan’s waters. An early and preliminary study was conducted by Chen [26] to
determine the age and growth parameters of S. commerson caught in the Taiwan Strait.
However, the biological parameters and demographics of this fish species are likely to
have changed after more than 50 years of commercial fishing. Moreover, climate change
and other natural environmental variations may have also promoted alterations in the
species growth and demographics throughout this time [27]. Weng et al. [28] explored the
reproductive biology of this species and verified that its reproductive period is from March
to August. The updated information of spawning seasons and formation seasons of otolith
annuli will allow us to refine the growth equation of this species.

Demographic changes in fish stock, such as age composition, mortality rate, and sex
ratio, can be used as indicators of the stock status for management purposes. However, di-
rectly determining the age for a large number of fish is very time-consuming. Alternatively,
the age structure of a fish stock can be more efficiently estimated by the relationship be-
tween age and length for a relatively small subsample of fish stock: a so-called age-length
key. The age structure can be further used to estimate the mortality and exploitation rate of
a fish stock. In the present study, we aimed to examine the periodicity of otolith annuli
for S. commerson caught in the Taiwan Strait. Then, otolith annuli and fish length were
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used to estimate the growth parameters of S. commerson and to construct an age-length
key, which can convert body length data to age structure for all specimens with length data
collected over a 3-year period. The mortality, exploitation rate, and sex ratios were also
estimated herein to provide further insight into the demographic structure of this species.
The findings of the present study can aid the future stock assessment and management of
S. commerson in the Taiwan Strait.

2. Materials and Methods
2.1. Sampling

Specimens of S. commerson were collected from a Penghu fish market monthly from
June 2018 to June 2021 (Figure 1). These fish were caught using drift gillnets, trolling lines,
or longlines, and juvenile fish were caught by torchlight fishing vessels that operate in the
waters of the central Taiwan Strait. The fish sampling vessels equipped with a voyage data
recorder (VDR) were used to collect data regarding the location and timing of catches in
the species’ fishing grounds. The catch locations of the fish by different fishing gears were
shown in Figure 1. All obtained specimens were transported to a laboratory where the FL
(cm) and BW (kg) were measured (n = 654), gonads were examined to determine the sex
(n = 646), and their otoliths (n = 654) were dissected for age determination. In addition, we
measured the body length of 16,133 individuals landed at the fishing market to analyze the
catch size and age composition. The length data were sorted by fishing gears, and the fish
number in each 5 cm interval was divided by the total fish caught by each fishing gear to
show the size distribution. The sex data of these 16,133 fish were unavailable because the
fish were not dissected at the fish market.
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Figure 1. Sampling area for S. commerson in the Taiwan Strait based on VDR data.

2.2. Otolith Preparation for Age Determination

The otoliths were measured along their long axis (anterior-to-posterior direction) to
0.01 mm and embedded in epoxy resin (Struers Inc., Cleveland, OH, USA); transverse
sections (350—400 pm) containing the otolith core were extracted using a low-speed saw
(Buehler isomet, Buehler Inc., Lake Bluff, IL, USA). The otolith sections were then mounted
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on a glass slide with Permount mounting medium (Avantor Inc., Radnor, Pennsylvania,
USA) for the examination of translucent and opaque zones (Figure 2). For the eight juveniles
with an FL of <35 cm and unknown sex, their sectioned otoliths were embedded in epoxy
resin again, and the otoliths were ground and polished using a grinder—polisher machine
(Metaserv 2000, Buehler, Inc., Lake Bluff, IL, USA) to reveal their daily growth increments.
Images of otolith sections were obtained using a compound light microscope (Nikon 90i,
Minato, Tokyo, Japan) with transmitted light. During examination of the otolith images, the
observed daily growth increments and number of annual otolith translucent-opaque zones
from the nucleus to the outer edge of the otolith ventral arm were counted. Each otolith
specimen was examined twice by a well-trained person, with an interval of >2 weeks
separating each examination. The otolith reading precision levels of the two rounds of
counting were evaluated by applying the average percentage error (APE) method proposed
by Beamish and Fournier [29]. The APE formula is as follows:

1 R
APE =100% x = 2Xij - X, 1)
1=

where R is the number of reading rings, X; is the reading ring value or estimated age
of sample j in interpretation i, and X; is the average value of the reading ring value or
estimated age of sample j.

Radial striae

Dorsal arm

Sulcus

1 mm

Figure 2. Photomicrograph of a sagittal section of S. commerson aged 7.08 years (142 cm FL; female). The arrows show the

position of opaque zones. The otolith was photo-graphed at Figure 40 x magnification.

2.3. Validation of Otolith Opaque Zone Formation

Marginal zone analysis (MZA) was performed to validate the periodicity of the
opaque zone deposits in the otoliths of S. commerson. The MZA method is widely used
to investigate fishery-targeted species (e.g., [30]); it is also used to examine fish species
for which rearing experiments and mark-recapture researches are infeasible. Each otolith
section (excluding those of the eight juvenile S. commerson specimens) was checked to
verify whether the otolith edge type was translucent or opaque, and the ratio of translucent
margins to opaque edges of the otoliths collected every month was calculated to infer the
time and periodicity of translucent and opaque zone formation. Given the timing of birth,
catch month, and otolith edge type, the estimated age can be adjusted to and expressed
in years and months [24]. We assumed that the S. commerson specimens had hatched in
May given the results of a recent reproductive study [28]. Two formulas were developed
to calculate the decimal ages of fish caught in different months and with different otolith
edge types:

Age=(5+(12x (n—1)+ (m+3))/12, ()

Age=(6+(12x (n—1)4+(m—9))/12, 3)

where 7 is the number of opaque zones, and m is the month of capture. When a specimen’s
otolith edge was translucent, its age was calculated using Equation (2). When the speci-
men’s otolith edge was opaque and the fish had been caught between January and June, its
age was also calculated using Equation (2). Conversely, when a specimen’s otolith edge
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was opaque and the fish was caught between July and December, its age was calculated
using Equation (3).

2.4. Growth and Sex Ratio Analysis

The observed length-at-age data (sex-specific and sex-combined data) were fitted
using the von Bertalanffy growth function (VBGF; [31]) and the nonlinear least squares
method. The sexes of the eight juvenile fish were unknown, and these fish were only
included in the sex-combined growth analysis. The growth equation was as follows:

Li = Leo — (1 +ek (t_tﬂ) , where L; is the FL (in cm) at age t (in y), Lo is the theoretical

asymptotic FL, k (y 1) is the growth coefficient that describes how quickly the asymptotic
FL was attained, and tj is the theoretical age at which the FL equaled 0. Per the method
developed by Kimura [32], we plotted a 95% confidence interval ellipse graph around the
k and Lo estimates to compare the growth coefficients of male and female specimens. A
maximum likelihood ratio test [32] was used to test the growth difference among sexes.
Moreover, the growth parameters k and L, were used to calculate the growth-performance
index (¥’ =Ink + 2 InLc).

The sex ratio (percent females) of S. commerson was calculated by the age class. Chi-
square (x?) test was used to examine differences from an expected 1:1 only for the age
class 0 to 4 y because the sample sizes of the fish with age > 5 y were too small for the
statistical analysis.

2.5. Age Composition Estimation by Using an Age—Length Key

An age-length key (ALK, [33]) for the S. commerson specimens was derived using
the otolith direct aging data and the FLs of the 654 fish specimens (351 female specimens,
295 male specimens, and 8 juvenile specimens without sex data). The FLs of the S. commer-
son specimens ranged from 45 to 145 cm, and the specimens were grouped according to 5
cm length intervals. Each cell of the ALK indicates the proportions of different age groups
in fish with an FL in the specified length interval. Thereafter, for the 16,133 fish whose FLs
were measured at the Penghu fish market, the total number of fish in each length interval
was multiplied by the ratio of each length interval that corresponded to a given age in the
ALK. The age composition of the 16,133 fish was estimated by summing the length classes
to obtain the value for each age class.

2.6. Analysis of Mortality and Exploitation Rate

Total mortality (Z) was estimated based on Ricker’s [34] catch curve: In(N) = A — Zt,
where A is a constant, and ¢ is age. Natural mortality was estimated by the equation
In (M) = —0.0066 — 0.2793 X In(Leo) + 0.6543 In(k) + 0.463 In(T) [35], where Lo (cm FL) and
k (y~1) are parameters of the von Bertalanffy growth function, and T (°C) is the annual mean
sea water temperature of 25 °C, which was measured by the Conductivity-Temperature-
Depth probes (SBE 911 plus, SeaBird Electronics Inc., Bellevue, WA, USA). Fishing mor-
tality (F) was then estimated as F = Z — M, and the exploitation rate (E) was estimated as
E=(F/Z)[36].

3. Results
3.1. Regression of Otolith Size and FL

The results obtained from the S. commerson specimens indicate a positive linear rela-
tionship between the otolith long axis and the FL. when considering both combined and
separate sexes (Table 1). The slope of the linear regression was slightly but still significantly
higher for the female specimens than the male specimens (ANCOVA, p < 0.001). This small
but significant difference was likely related to the larger female specimens in the regression
analysis. Nevertheless, these results suggest that otolith size is a good proxy for FL in
S. commerson.
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Table 1. Relationship between otolith long axis (OL) and fork length (FL) for female and male
S. commerson.

Sex N Equation 2 p-Value
Female 218 FL=7.49 x OL — 2.80 0.914 <0.001
Male 205 FL =8.43 x OL — 17.52 0.842 <0.001
Sexes combined 423 FL=7.64 x OL — 6.10 0.88 <0.001

3.2. Structure of Otolith Sections

The transverse otolith sections had a narrow core area, which extended the growth to
a dorsal (short) arm and a ventral (long) arm. An inflection (elbow) point appears in both
the dorsal and ventral arms of otolith specimens when the fish had an FL of approximately
>65 cm (range: 50-90 cm; n = 130). Concentric growth increments were visible near the
core area, and then the rings became difficult to observe because of the appearance of
radial striae in the antisulcus half of the ventral arm around the inflection (Figure 2). The
first opaque zone was always adjacent to and beyond the inflection, and the ventral arm
provided the most easily readable opaque zones. Therefore, the opaque zones in the ventral
arm were counted to estimate the age of the S. commerson specimens. A false annulus
frequently appeared between the first and second opaque zones; it could be identified by
its shorter opaque patch, which lacked complete growth layers connecting the antisulcus
and sulcus sides. Among the otoliths examined, 165 samples showed the false rings that
can be easily identified, and the false rings were not counted for age determination.

3.3. Formation of Opaque Zones

Opaque zones were present on the otolith edge for >50% of the specimens caught
between October and April, and the occurrence of opaque zones peaked at 100% (i.e., all
specimens) in December (i.e., winter in Taiwan; Figure 3). Opaque zones were rarely present
on the otolith edge of specimens caught between May and August, and the minimum
frequency of occurrence, 3%, was obtained for specimens caught in July. The annual peak in
the occurrence of opaque edges in winter suggested that the opaque zone formed annually.
Therefore, one translucent zone plus one opaque zone was defined as a year. Furthermore,
among the S. commerson specimens with only one opaque zone in their otolith (n = 55), an
opaque edge formed between November and March in 78.2% (n = 43) of the specimens,
and an opaque edge during the other months in only 21.8%. This finding suggested that
the first otolith opaque zone forms in winter.

B Opaque OTranslucent

100 —1 M M
80
S
>, 60
Q
=
Q
&
o 40
23
20
0

Jan. Feb. Mar. Apr. May June July Aug.Sept. Oct. Nov. Dec.

Month

Figure 3. Monthly changes in the frequency of opaque and translucent zones appeared in the edge of
sectioned otoliths (n = 556).
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3.4. Size and Age Composition

Otoliths were collected from 654 specimens, namely 351 female specimens, 295 male
specimens, and 8 juvenile fish specimens. The FLs of the female and male specimens ranged
from 35.0 to 159 cm and from 34.5 to 135 cm, respectively. The most frequently observed FLs
for male (20.4%) and female (18.6%) specimens were 75 and 80 cm, respectively (Figure 4a).
The mean ages of the 351 female and 295 male specimens were 1.8 y & 1.8 (range: 0.2-9.2'y)
and 1.6 y & 1.0 (range: 0.3-7.2 y), respectively (Figure 5). An APE of 1.2% was obtained for
two readings of the 646 otolith images made by an otolith reader. A sex-combined ALK
(Table A1) was derived from the otolith direct aging data and corresponding FLs of the
specimens. The ALK was then used to estimate the age composition of the 16,133 specimens
whose FLs were measured at the fish market. The FL of the 16,133 S. commerson specimens
exhibited a unimodal distribution that peaked at the 95 cm interval; this interval accounted
for 21.4%, 20.6%, and 25.0% of the specimens caught using longlines, trolling lines, and
drift gillnets, respectively (Figure 4). With respect to estimated age composition, the 16,133
specimens were mainly aged from 1 to 2 y (this age range accounted for 83.6%—85.7% of
the annual total catch from 2018 to 2021) followed by the ages of 0 (5.02%-7.1%) and 3 y
(5.3%~7.7%; Appendix A, Table A2; Figure 5c). Specimens aged >4 y accounted for only

3.0% of the total catch.
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Figure 4. Fork length (FL) distribution of S. commerson caught in the Taiwan Strait. Panel (a) was the fish sampled for
otoliths. Length data of eight juveniles with an FL of <35 cm were not shown. The length data of the fish without otolith
collection were shown by different fishing gears: (b) longline, (c) trolling line, and (d) drift gillnet.
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Figure 5. Von Bertalanffy growth curves fitted to S. commerson length at age data for (a) females,
males, and (b) sex-combined samples (n = 654). The inserted figure in panel (c) represents the age
composition of S. commerson in 2018-2021 estimated by the age-length key developed in this study.
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3.5. Growth Model Analysis

The growth parameters of VBGF were estimated for male specimens, female spec-
imens, and sex-combined specimens. Specifically, Lo = 144.1 cm, k = 0.39 y~!, and
to = —0.85 y for the female specimens; Lo = 136.0 cm, k = 0.32 y’l, and fp = —149 y
for the male specimens; and Le = 136.5.1 cm, k = 0.41 y’l, and ty = —0.86 y for the
sex-combined specimens (Figure 5). The growth-performance index ($’) based on the
abovementioned growth parameters was 9.0 and 8.7 for the female and male S. commerson
(Table 2). The estimated growth parameters (k and L) with a 95% confidence interval
exhibited an elliptical distribution and did not overlap between sexes (Figure 6). A signifi-
cant difference in growth parameters was discovered between male and female specimens
(maximum likelihood-ratio test, p < 0.01). Both male and female specimens grew most
quickly before the age of 1 y; however, a slight difference was observed with respect to
average FL (male specimens, 69.4 cm; female specimens, 65.6 cm) at ages <1 y. Atage 2y,
the growth rate of female specimens was significantly higher (t test, p < 0.001) than that
of the male specimens (female specimens, 103.9 cm; male specimens, 96.2 cm). At age 3y,
the FL of the female specimens (114.5 cm) was still greater than that of the male specimens
(109.6 cm). Significantly fewer male fish specimens were aged > 4 y, with only five such
specimens being collected (Figure 5b). The older group of specimens exhibited female
predominance. The oldest female specimen was aged 9.2 y (159 cm), whereas the oldest
male fish was aged 7.2 y (135 cm; Figure 5a,b).

Table 2. Parameters of the VBGF (k and Loo), growth-performance index (®’), and maximal age of S. commerson in different

areas reported by different authors.

VBGF Parameter . Age Reei
X Lo, em (FL) [0 (Year) Sex egion Source
0.39 144.1 9.0 9.2 Female Taiwan Strait This study
0.31 135.9 8.7 7.2 Male Taiwan Strait This study
0.16 130.1 7.9 6 Combined Taiwan Strait [26]
0.17 155.0 8.3 14 Female North-eastern Queensland [3]
0.25 127.0 8.3 10 Male North-eastern Queensland [3]
0.51 124.8 9.0 15 Female East coast of Queensland [25]
0.75 104.7 9.0 11 Male East coast of Queensland [25]
0.18 187.1 8.7 - Combined Indian [19]
0.29 134.3 8.6 - Combined South Africa [21]
0.28 173.6 9.0 - Combined Oman [20]
0.20 151.3 8.4 20 Female Oman [10]
0.28 134.7 8.5 10 Male Oman [10]
0.31 140.4 8.7 20 Female Sultanate of Oman [4]
0.60 118.8 9.0 10 Male Sultanate of Oman [4]
0.24 136.1 8.4 15.3 Female Southern Arabian Gulf [24]
0.22 125.6 8.2 16.2 Male Southern Arabian Gulf [24]
0.31 130.5 8.6 14.6 Female KZN and Mozambique [23]
0.28 119.2 8.3 13.6 Male KZN and Mozambique [23]
0.50 148.0 9.3 - Combined Northern Persian Gulf [9]
0.42 140.0 9.0 10 Combined South of Iran [11]
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Figure 6. Confidence regions (95%) of growth parameters (k and Le) for female (n = 351) and male (n = 295) S. commerson
estimated in this study and compared with the values reported in earlier studies.

3.6. Mortality and Exploitation Rate

The annual instantaneous rate of total mortality at (Z) derived from the age-base catch
curve was 0.90 y~!. The annual instantaneous rate of natural mortality (M) derived from
the equation Pauly [35] was estimated as 0.64 y~! using the maximum age of 9.2 y. The
annual instantaneous rate of fishing mortality at (F) was estimated as 0.27 y~!, and the
exploitation rate (E) was 0.30.

3.7. Sex Ratio

Regarding the specimens’ sex ratios, a significant difference was observed in specimens
aged 0 to 1y (x?, p < 0.05; Table 3). The sex ratio skewed to male specimens at age 0 y
and to female specimens at age 1 y. The small samples did not enable the detection of
differences in sex ratio after the age of 2 y.

Table 3. Sex ratio of S. commerson in all age classes in this region.

Sex Ratio

Age Female Male (%) X2 P
0 35 55 38.9 444 0.035*
1 221 146 60.2 15.33 0.0001 *
2 54 69 43.9 1.83 0.176
3 21 19 52.5 0.10 0.751
4 7 3 70.0 1.60 0.205
5 5 2 714 - -
6 3 0 - - -
7 2 1 - - -
8 2 0 - - -
9 1 0 - - -
Total 351 295 54.0 4.85 0.027 *

* significance at the 5% level.
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4. Discussion

This study provides comprehensive information on the growth parameters, age com-
position, mortality, and sex ratio of the S. commerson caught in the Taiwan Strait. The data
reported herein can also be used to determine recruitment dynamics, which are required
for conducting age-structured stock assessment modelling.

4.1. Age Validation

Studies should examine the age and growth of otoliths on the basis of validated
periodic growth increments [37]. Otolith marginal zone analysis is regarded as an appro-
priate and effective method for performing age validation [18]. This method was used
in several studies to validate the opaque zones of otoliths in S. commerson from various
oceanic regions. However, the clarity, readability, and timing of opaque zone formation
in otoliths usually vary by fish habitat and geological location [38]. For example, opaque
zones form in the otoliths of S. commerson between September and December in South
Africa [16,21], between July and October in eastern Australia [3], between November and
March in Western Australia, and between July and September in the Arabian Gulf [24].
Therefore, validation of otolith opaque zone formation among S. commerson inhabiting
the Taiwan Strait was required. Our results suggested that opaque zones form in otoliths
annually in winter; this finding is consistent with that of Chen [26], who discovered that
S. commerson in this area developed their first otolith annulus ring between October and
December. Collectively, the findings of the present study and those of the aforementioned
studies conducted in other regions suggest that the development of translucent and opaque
zones in the otoliths of S. commerson follows a seasonal pattern and is influenced by water
temperature. Other than seawater temperature, seasonal fluctuations in primary productiv-
ity and food supply may also affect the deposition of translucent and opaque zones in the
otoliths of S. commerson [24]. This phenomenon is observed in numerous subtropical and
tropical species, in which opaque zones develop in otoliths during the cold season when
fish metabolism is lower, and translucent zones develop during periods of accelerated
growth (e.g., [39,40]).

4.2. Verification of Otolith Direct Aging

The precision of otolith direct aging has varied among multiple studies; APEs of 0.9%
in Queensland [3], 14.4% in the Arabian Sea [24], 11.2% in South Africa [23], 20.3% in
Australia [21], and 1.2% in Taiwan (i.e., the present study) have been reported. Aging
precision is influenced by several factors such as the otolith preparation method, presence
of false annual rings, and the readers’ experience. Some S. commerson specimens had
otoliths with two opaque zones developed within 1 y, with one zone being wider than the
other [19,21]. The secondary narrow opaque zone usually appears as fine lines between
opaque zones, and it is not regarded as an annulus ring [3,41]. Lee [23] conducted a tag and
recapture experiment, which indicated that opaque zone deposition occurs once a year, and
narrow opaque zones should be regarded as false annuli. In some individual specimens,
real annuli were combined with later increments during later growth, thus creating another
pair of wide and narrow opaque zones (Figure 2; [42]). False annuli increase aging bias,
and identifying them can sometimes be difficult. Nevertheless, the high reading precision
in the present study could mainly be attributed to the young age of the fish specimens, a
clear definition of false annuli, and high readability of opaque zones, all of which reduced
the reading bias relating to otolith direct aging.

4.3. Fish Longevity and Age Composition of the Catch

The maximum age of the S. commerson observed in this study was lower than those
estimated by researchers in other regions. For example, the maximum ages of male and
female specimens were respectively 15.3 and 16.2 y in Saudi Arabia [24] and 14.6 and 13.57 y
in South Africa [23]. In Oman, the maximum age of female specimens was 20 y (Table 2; [4]).
McPherson [3] reported that the maximum age of native fish in Northeastern Queensland
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was 14 y (FL of 155 cm and BW of 35 kg), considerably older than the maximum age of
9.2 y observed in the present study (FL of 159 cm and BW of 27 kg). The lower maximum
age observed in the present study does not imply a shorter lifespan for the S. commerson in
the Taiwan Strait. Large fish are rarely caught in the Taiwan Strait because of the fishing
gear selectivity of the hook and drift gillnet used in fishery operations. Moreover, large
fish are priced highly and always delivered to restaurants without dissection, which is
usually performed at a fish market. All of these factors substantially increase the difficulty
of collecting the otoliths of large and older fish. Nevertheless, more than 650 specimens
were sampled for otolith direct aging, and the FLs of 16,133 specimens were measured.
The results clearly indicated that the S. commerson caught in the Taiwan Strait were mostly
aged between 1 and 2 y. Similar results have been reported by studies conducted in the
coastal waters of Oman [4] and South Africa [23], where the catches of S. commerson were
predominantly aged between 0 and 2 y and between 1 and 3 y, respectively. The reason
for the absence of older S. commerson in the Taiwan Strait is unclear; however, it may be
related to the migratory life history of the species, which involves older fish moving to
surrounding areas such as the South China Sea. Further studies should conduct tag and
recapture experiments to clarify the migratory life history of S. commerson in this region.
The truncated age structure may also indicate overfishing or high fish mortality in relation
to the stock in the Taiwan Strait.

4.4. Fish Growth among Regions and between Sexes

Although the growth parameters (k and Le) of the S. commerson specimens examined
in this study were within the range reported by other researchers, our estimated parameters
are evidently different from those for stocks living in other oceanic regions and from those
reported in an earlier study conducted in the Taiwan Strait ([26]; Table 2). Chen [26]
determined the ages of fish specimens by examining the whole otolith rather than a thin
otolith section, which limited Chen’s analysis to fish aged between 1 and 6 y. Although
the growth-performance index (®”) of S. commerson in this study was comparable to the
values in other regions, the low ®” index based on Chen’s study [26] was very different
from ours and other studies. However, a meaningful comparison of the results derived
using different otolith preparation methods cannot be conducted because of the uncertainty
relating to aging biases between multiple studies.

The growth parameter k of the S. commerson specimens in the Taiwan Strait was higher
than the estimated values reported by studies conducted in several other regions, with
the exceptions being the stocks in Northeastern Queensland and the Northern Persian
Gulf. The high growth parameter k obtained in the present study could be attributed to
the high proportions of younger fish used in the study for assessing fish growth; however,
other factors such as oceanic conditions, exploitation rate, and genetics could also have
contributed to the differences in the growth of fish stocks across multiple geographical
locations [43,44]. For example, the higher fish growth rate may have been related to the high
number of bait organisms that gather in the seasonally mixed thermal front by the Kuroshio
Current branches and South China Sea water masses around the Penghu islands [45].

In addition, sexual dimorphisms in S. commerson growth have been reported in mul-
tiple studies obtaining varying results. Devaraj [19] revealed no significant difference in
growth between male and female S. commerson in India. However, the studies conducted
in Northeastern Queensland indicated that female specimens grew faster and lived longer
than male specimens [3,7]; this finding corresponds to the results of the present study. By
contrast, Mcllwain et al. [4] and Ballagh et al. [25] reported that among fish specimens
collected from the Gulf of Oman and Arabian Sea, the female specimens grew more slowly
than the male specimens but were larger when they had reached an asymptotic size. Al-
though the present study verified sexual dimorphism in the growth of S. commerson, future
studies should examine more size classes (particularly those that are closer to the maxi-
mum size of the species) to refine the growth parameter estimations for male and female
S. commerson. A comprehensive understanding of the sexual dimorphisms of this species
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can improve the accuracy and precision of stock assessments, and such understanding can
be achieved by applying a sex-specific age-structured assessment method [46].

4.5. Mortality, Sex Ratio, and Suggestions for Fishery Management

Many factors can affect the fluctuations of fish population; however, fishing was one
of the important factors which led to the decrease in abundance [47]. The exploitation rate
of a fish stock larger than 0.4 can be considered as overfishing of the stock [20]. In this
study, the fishing mortality and exploitation rate of S. commerson in the Taiwan Strait were
0.27 y~! and 0.3, suggesting that this stock is not overexploited. However, the reasons
resulting in a large reduction in the total landings of S. commerson from 6600 to 517 metric
tons during the periods of 2002 and 2019 need further investigation.

The sex ratio and age at sexual maturity are essential biological parameters used in
stock assessments, particularly those that utilize age- and size-structured models. The
present study discovered that the sex ratio skewed to male and female specimens at the
ages of 0 and 1 y, respectively. However, our limited sample size did not allow us to
determine the sex ratio for the full life span of S. commerson. Rose et al. [48] examined 2306
S. commerson specimens and discovered that small specimens (60-100 cm FL) exhibited male
predominance; however, female predominance (>50%) was observed among specimens
with an FL of >100 ¢cm, and specimens with an FL of >130 cm were all female (Figure 4a).
These results indicate that fishery management strategies that reduce fishing mortality
among S. commerson with an FL > 100 cm can help protect the spawning stock biomass of
this species. For example, greater proportions of female S. commerson are caught by longline
and trolling fishery [22,49]; hence, these methods can be temporarily prohibited during the
spawning season to reduce the catch of female fish. However, the catch of S. commerson has
substantially decreased due to high demand, unregulated fishing practices, and overex-
ploitation. To protect the S. commerson resource in the Taiwan Strait, Taiwan’s exploitation
rate should be reduced through control measures such as reduction of the length of drift
gillnets and implementation of a fishing moratorium during the spawning season.

5. Conclusions

S. commerson grows rapidly before the age of 1. The average growth rate of female
fish is higher than that of male fish, with a maximum age of 9.2 and 7.2 y, respectively. The
occurrence rate of opaque zones was highest in November and March (especially in winter),
which was estimated to be related to the season and complex environmental factors. This
study provides information regarding the age structure and growth parameters as well
as the age composition of catch, and the information can be used as crucial reference
information for future fishery management.
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Appendix A

Table A1. The age-length key for sex-combined S. commerson from the otolith study.

FL

Age (Years)

Total
(cm) 0 1 2 3 4 5 6 7 8
<45 14 - - - - - - - - - 14
50 6 - - - - - - - - - 6
55 3 - - - - - - - - - 3
60 5 - - - - - - - - 5
65 10 1 - - - - - - - - 11
70 17 26 - - - - - - - - 43
75 24 89 1 - - - - - - - 114
80 11 93 1 - - - - - - - 105
85 2 46 7 - - - - - - - 55
90 1 33 13 - - - - - - - 47
95 1 36 18 1 - - - - - - 56
100 4 21 19 4 1 - - - - - 46
105 - 13 27 10 - - - - - - 44
110 - 5 22 14 3 - - - - - 40
115 - 4 11 2 - - - - - - 29
120 - - 3 1 1 1 - - - - 7
125 - - - 5 1 1 - - - - 7
130 - - 1 2 2 1 2 - - - 8
135 - - - 1 2 2 - 1 - - 6
140 - - - - - 2 1 - 1 - 4
145 - - - - - - - 1 2 - 3
>145 - - - - - - - - - 1 1
Total 98 367 123 40 10 7 3 2 3 1 654
Table A2. The estimated age distribution of the entire landing for S. commerson.
Age (Years)
FL
(em) O 1 2 3 4 5 6 7 8 9  Total
Percentage (%)
<45 0.00 - - - - - - - - - 0
50 100.00 - - - - - - - - - 4
55 100.00 - - - - - - - - - 15
60 100.0 - - - - - - - - - 44
65 90.80 9.20 - - - - - - - - 174
70 39.54 60.46 - - - - - - - - 435
75 2098 78.13 0.89 - - - - - - - 567
80 1056 88.49 0.95 - - - - - - - 426
85 3.64 80.03 16.33 - - - - - - - 1182
90 2.11 7022 27.67 - - - - - - - 2794
95 1.79 64.25 32.16 1.80 - - - - - - 3734
100 8.70 45.65 41.30 2.16 2.19 - - - - - 2966
105 - 29.57 61.33 9.10 - - - - - - 1593
110 - 1251 5499 25.03 7.47 - - - - - 951
115 - 13.88 3790 48.22 - - - - - - 533
120 - - 42.81 2843 14.38 14.38 - - - - 299
125 - - - 7128 1436 14.36 - - - - 188
130 - - 12.84 2477 2478 12.84 24.77 - - - 109
135 - - - 16.13 33.87 33.87 - 16.13 - - 62
140 - - - - - 48.48 24.24 - 27.28 - 33
145 - - - - - - - 33.33  66.67 - 15
>145 - - - - - - - - - 100 9
Total 6.09 5221 3251 6.36 1.57 0.75 0.23 0.10 0.12 0.06 16,133
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