Fisheries Research 235 (2021) 105823

Contents lists available at ScienceDirect

Fisheries Research
journal homepage: www.elsevier.com/locate/fishres

Genetic mixed-stock analysis of short mackerel, Rastrelliger brachysoma,
catches in the Gulf of Thailand: Evidence of transboundary migration of the
commercially important fish
Sirithorn Kongseng a, Ratanavaree Phoonsawat b, Worawit Wanchana c,
Akarapong Swatdipong a, *
a

Department of Genetics, Faculty of Science, Kasetsart University, Bangkok, 10900, Thailand
Upper Gulf Fisheries Research and Development Center (Samut Prakan), Samut Prakan, 10130, Thailand
c
The Southeast Asian Fisheries Development Center (SEAFDEC), Bangkok, 10903, Thailand
b

A R T I C L E I N F O

A B S T R A C T

Handled by J Viñas

Short mackerel, Rastrelliger brachysoma, is one of commercially important marine species in the Gulf of Thailand.
The mackerel resource has been faced with overfishing and sharply declined. Here, genetic mixed-stock analysis
was performed using eleven microsatellite loci on 1675 short mackerel individuals caught, in 2014, from its four
major fishing grounds of Thai waters in the Gulf of Thailand. Short mackerel populations from Thai, Cambodian,
Vietnamese and Malaysian waters in the Gulf of Thailand were used as baselines. The mixed-stock analysis
revealed that these populations significantly contributed to catches of the four fishing grounds in Thai water. The
Samut Songkhram population, representing sedentary behavior, was the major contributor (52.71 %) to the total
catch from the Inner Gulf of Thailand. The Surat Thani population dominantly contributed 46.23 % to the total
catch from lower part of the Central Gulf of Thailand, where the fishing ground surrounds its spawning ground.
The populations from Cambodia and Malaysia corporately contributed of 70.95 % and 87.88 % to the total
catches from the Eastern Gulf of Thailand and upper part of the Central Gulf of Thailand, respectively. According
to these analysis results, the populations from neighboring countries to Thailand displayed transboundary
migration and significantly contributed to fishery catches in the Thai water. Therefore, profound sub-regional
cooperation from Gulf of Thailand countries is required for effective fishery management of the short mack
erel resource to be sustainable.
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1. Introduction
Fishery catch primarily consists of individuals from a species
(Cooper, 2006). For marine migratory fishes, individuals in a single
catch can come from several populations. The populations can also
differently contribute to catches. Intensive fishing may simply lead
populations to overexploitation and collapse (Allendorf et al., 2008). A
clarifying the contribution of each population to mixed-stock fisheries is
an important factor for management, conservation and sustainable
exploitation of fisheries stocks (Crozier et al., 2004).
Mixed-stock analysis (MSA) is a method to study the population
contribution of migratory fishes (Bolker et al., 2007). Various ap
proaches have been employed, for example, otolith shape analysis

(Shepard et al., 2010), scale pattern (Tattam et al., 2011), parasite tags
(MacKenzie and Abaunza, 1998), physical tags (Reddin et al., 2012),
discriminant analysis (Reddin and Friedland, 1999), carbon and oxygen
isotope analysis (Fraile et al., 2014) and genetic markers.
A number of genetic markers have been extensively utilized to study
the population contribution, for example, mitochondrial DNA (Dunton
et al., 2011; Wirgin et al., 2012), single nucleotide polymorphism
(Ackerman et al., 2011; Jeffery et al., 2018) and microsatellites (Araujo
et al., 2014; Bradbury et al., 2016; Ensing et al., 2013; Kongseng et al.,
2020; Östergren et al., 2016; Swatdipong et al., 2013). The genetic
markers have an advantage over other markers because all fish in
dividuals are naturally tagged with genetic information since birth
(Pella and Milner, 1987). The genetic markers are increasingly
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recognized as reliable identification and saving time and cost to study
the population contribution in mixed-stock fishery. The MSA has been
widely applied for determining the population contribution in
commercially important fishes, including salmon (Bradbury et al., 2016;
Ensing et al., 2013; Flannery et al., 2010), trout (Mäkinen et al., 2015;
Östergren et al., 2016; Swatdipong et al., 2013), herring (Bekkevold
et al., 2011; Ruzzante et al., 2006), and short mackerel (Kongseng et al.,
2020).
Short mackerel (Rastrelliger brachysoma) is one of the most
commercially important marine fishes among Gulf of Thailand countries
(GoT countries; Cambodia, Viet Nam, Malaysia and Thailand), particu
larly Thailand. The short mackerel catches from Thai water raised to the
total production of 145,300 tons in 2013 (worth 190 M USD). However
since 2015, short mackerel catches in Thai water have been continually
decreased and the total production was 25,259 tons in 2017 (worth 44 M
USD) (Department of Fisheries, 2019). Overexploitation caused by
overfishing capacity with a large number of fishing vessels was believed
to be the major cause of sharp decline in short mackerel natural
resource. This critical event might lead to the short mackerel resource to
collapse in near future. To avoid the collapse, appropriate and efficient
management must be practiced to conserve the short mackerel resource,
especially populations largely contributing to fishery catches.
Being a migratory fish, the short mackerel migrates between feeding
and spawning grounds in tropical waters of the central-west Indo-Pacific
region (Collette et al., 2011; Collette and Nauen, 1983). From previous
studies, large five spawning grounds in Thai water were monitored;
outside the Mae Klong River mouth, Samut Songkhram (Mailai-iad et al.,
2006), Mu Ko Chang National Park, Trat (Khrueniam and Char
eonsombat, 2012; Songchitsawat, 1989; Songkaew et al., 2015), Hua
Hin, Prachuap Khiri Khan, Mu Ko Ang Thong National Park, Surat Thani
and Pattani (Chalee et al., 2007; Khongchai et al., 2006; Songkaew et al.,
2014). Short mackerel populations from the five spawning grounds in
Thailand were used as baseline populations for the MSA in GoT. It was
found that the Samut Songkhram and Pattani populations dominantly
contributed to catches from the Inner and Eastern GoT, respectively
(Kongseng et al., 2020). However, the GoT covers waters of Cambodia,
Viet Nam, Malaysia and Thailand (GoT countries). Short mackerel
populations also display strong migratory behavior. Thus there is a high
possibility that short mackerel may migrate far from their spawning
grounds and contribute to fishery catches in neighboring countries.
Unfortunately, information of short mackerel spawning grounds in
Cambodia, Viet Nam and Malaysia has been limited and short mackerel
catches from important fishing grounds in the GoT have not been
investigated.
The objective of this study was to evaluate the contribution of short
mackerel populations from Thai, Cambodian, Vietnamese and Malay
sian waters to the fishery catches in the Inner, Eastern, and upper and
lower parts of Central GoT. Genetic information and MSA were based on
eleven microsatellite loci. Achieved information is envisioned to assist
sub-regional collaboration for fishery management of short mackerel in
the GoT.

(TH-SNI) and Pattani (TH-PTN), and three populations from Cambodia
(CM), Viet Nam (VN) and Malaysia (MY) (Table 1; Fig. 1; Table S1).
The short mackerel samples for MSA were collected using purse seine
in 2014 from four major fishing grounds: the Inner (n = 507; 12◦ 30′ 00′′
to 13◦ 21′ 39′′ N and 100◦ 00′ 00′′ to 100◦ 50′ 00′′ E), Eastern (n = 351;
11◦ 10′ 60′′ to 12◦ 30′ 00′′ N and 100◦ 59′ 00′′ to 102◦ 52′ 00′′ E), upper part
(n = 333; 11◦ 35′ 00′′ to 12◦ 14′ 00′′ N and 99◦ 53′ 00′′ to 100◦ 08′ 00′′ E) and
lower part (n = 484; 9◦ 11′ 00′′ to 10◦ 42′ ’00′′ N and 99◦ 24′ 00′′ to
101◦ 03′ 00′′ E) of Central GoT (Fig. 1). The short mackerel was in normal
fishing size (total length ≥14 cm). Genotype dataset and other infor
mation of short mackerel from the Inner and Eastern GoT were taken
from Kongseng et al. (2020) while the dataset of the short mackerel from
upper and lower parts of Central GoT were samples firstly genotyped for
this study. The samples of muscle tissue were kept in 95 % ethanol at
− 20 ◦ C until DNA extraction, as in previous studies (Kongsang, 2016;
Kongseng et al., 2020). Genomic DNA was extracted using the Favor
Prep™ Tissue Genomic DNA Extraction Mini Kit (Favorgen Biotech
Corp.; www.favorgen.com, Taiwan) following the manufacturer’s
instructions.
2.2. Microsatellite amplification and genotyping
Eleven microsatellite loci used were as following: Rbra7, Rbra8,
Rbra9, Rbra12, Rbra13, Rbra14 (Munpholsri et al., 2013), Rbr1, Rka1,
Rka3, Rka6 and Rka8 (Kongsang, 2016; Kongsang et al., 2016). Detail of
microsatellite primers, PCR amplification and genotyping process can be
found in Kongseng et al. (2020). In short, the eleven loci were set into
three groups for multiplex PCR and 20 μL total volume of PCR reactions
contained 1X PCR Buffer, 0.2 mM dNTP mixture, 2 mM MgCl2, 0.25 μM
forward and reverse primers, 0.5 U Taq Polymerase (Apsalagen Co.Ltd.,
Thailand) and ≈10 ng DNA template. All loci were amplified using the
same standardized temperature; pre-denaturation at 95 ◦ C for 3 min,
followed by 35 cycles of denaturation at 95 ◦ C for 30 s, annealing at 54
◦
C for 30 s and extension at 72 ◦ C for 1 min, and a final extension at 72 ◦ C
for 5 min. Fragment analysis was performed along with the 600LIZ size
standard. Allele sizes were called using the Peak Scanner 2.0 (Thermo
Fisher Scientific Inc., US) and then manually inspected by authors.
2.3. Statistical analysis of baseline populations
The baseline populations from eight spawning grounds were used to
determine genetic diversity. Observed and expected heterozygosity (HO
and HE) were calculated using Microsatellite toolkit (Park, 2001). Allelic
richness (AR) and inbreeding coefficient (FIS) were determined using
FSTAT 2.9.3.2 (Goudet, 1995). The deviation from the Hardy–Weinberg
equilibrium (HWE) and genic differentiation were calculated using
Fisher’s method with default setting of Markov chain parameter in the
Genepop 4.3.3 (Rousset, 2008). Significant levels were adjusted ac
cording to multiple comparisons using the sequential Bonferroni
correction (Rice, 1989).
Genetic differentiation (global and pairwise FST) among the eight
baseline populations were determined using FSTAT 2.9.3.2 (Goudet,
1995). Principal Component Analysis (PCA) based on pairwise FST was
performed using PCA-Gen 1.2 (Goudet, 2002). The DEST (Jost, 2008) and
Mantel test of eight populations, based on pairwise FST and geographic
distances, were calculated using GenAlEx 6.5 (Peakall and Smouse,
2012).

2. Material and methods
2.1. Sample collection and DNA extraction
The baseline populations (larvae and spawning adults of short
mackerel; n = 365) in the GoT consisted of the genotype data of five
populations (n = 232), taken from Kongseng et al. (2020), and three
populations (n = 133), taken from Swatdipong (2019). The last three
baseline populations, as mentioned earlier, were collected from Siha
noukville, Koh Kong and Kampot, Cambodia (n = 50), Phu Quoc and Ha
Tien, Viet Nam (n = 50) and Tumpat, Malaysia (n = 33) in 2018. Thus,
the spawning grounds harboring the eight baseline populations con
sisted of five populations from Thailand (TH); Trat (TH-TRT), Samut
Songkhram (TH-SKM), Prachuap Khiri Khan (TH-PKN), Surat Thani

2.4. Mixed-stock analysis
Initially, the trained clustering function in Baysian Analysis of Pop
ulation Structure (BAPs) 6.0 (Corander et al., 2004) was employed to
screen the short mackerel samples from four fishery catches belonging to
the eight baseline populations. If individual samples unassigned to the
baseline populations, the unassigned samples were excluded. The
remaining samples were used to assess the population contribution in
2
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Table 1
Details of short mackerel populations according to large spawning grounds in the Gulf of Thailand used as baseline populations for mixed-stock analysis.
Co-ordinates

Diversity†

Sampling location (code)

Latitude

Longitude

Sample size

HE

HO

AR

FIS

Trat (TH-TRT)
Samut Songkhram (TH-SKM)
Prachuap Khiri Khan (TH-PKN)
Surat Thani (TH-SNI)
Pattani (TH-PTN)
Cambodia (CM)
Viet Nam (VN)
Malaysia (MY)

11◦ 24′ 00′′ N to 12◦ 10′ 00′′ N
12◦ 52′ 30′′ N to 13◦ 13′ 48′′ N
11◦ 22′ 30′′ N to 12◦ 35′ 24′′ N
9◦ 36′ 00′′ N to 10◦ 07′ 30′′ N
6◦ 52′ 00′′ N to 7◦ 55′ 00′′ N
10◦ 08′ 21′′ N to 11◦ 13′ 00′′ N
9◦ 33′ 55′′ N to 10◦ 02′ 00′′ N
6◦ 15′ 00′′ N

101◦ 42′ 00′′ E to 102◦ 43′ 12′′ E
100◦ 07′ 30′′ E to 100◦ 24′ 36′′ E
99◦ 37′ 30′′ E to 100◦ 18′ 00′′ E
99◦ 22′ 30′′ E to 100◦ 38′ 00′′ E
101◦ 03′ 00′′ E to 102◦ 13′ 00′′ E
102◦ 54′ 47′′ E to 104◦ 08′ 52′′ E
103◦ 37′ 52′′ E to 104◦ 35′ 04′′ E
102◦ 10′ 00′′ E

59
43
59
27
44
50
50
33

0.657
0.633
0.492
0.675
0.636
0.601
0.611
0.566

0.561
0.517
0.389
0.549
0.495
0.512
0.513
0.495

5.853
5.711
4.591
6.355
5.638
5.108
5.680
4.899

0.141**
0.176**
0.212**
0.182**
0.213**
0.125**
0.129**
0.080**

†
Diversity calculated from eleven loci; HO, observed heterozygosity; HE, expected heterozygosity; AR, allelic richness based on 21 diploid individual resamplings, FIS,
inbreeding coefficient.
**
The highly significant of deviations from Hardy-Weinberg equilibrium (P < 0.01).

the fishery catches using MSA.
The conditional maximum likelihood approach in ONCOR 2.0
(Kalinowski, 2004) was used for the MSA and accuracy assessment. The
MSA was performed on both empirical genotypes of mackerel samples
from the four fishery catches and simulated genotypes with 95 % con
fidence interval (CI) using 10,000 bootstrap replicates. To assess the
MSA accuracy, genotype datasets were simulated based on allele fre
quencies of the eight baseline populations. Mixture samples (n = 1000
for each set) were simulated according to three cases as following: 1)
pure mixture simulated based on each baseline population, using 100 %
simulation function 2) equal proportion mixture consisting of an equal
proportion (12.5 % each) of eight baseline populations and 3) realistic
mixture simulated based on the estimated population contribution in the
four empirical fishery catches.

3.3. Accuracy assessment from baseline information

3. Results

The MSA on the fishery simulations for accuracy assessment
comprised three scenarios (Table 3). First, pure mixture, simulated
samples entirely comprised a single population at a time using baseline
genotype data, revealed that estimated population contribution varied
from 64.11 % to 99.02 % with the average at 85.89 %. Second, equal
proportion mixture, simulated mixture comprised equal proportion
(12.5 %) of each baseline population, showed that the estimated con
tributions were very close to true proportions (ranged 11.22%–13.98%)
with narrow 95 % CI. Third, four realistic fishery simulations, presenting
population contributions reflect those observed in the empirical fishery
catches, demonstrating that the estimated contributions of simulated
data were relatively close to the real estimates with narrow 95 % CI.
These simulations indicated that the information from eight baseline
populations provided very high accuracy for MSA.

3.1. Genetic diversity within baseline populations

3.4. Mixed-stock analysis

All eight baseline populations presented highly significant deviation
(P < 0.01) from Hardy–Weinberg equilibrium across loci. The FIS varied
from 0.080 to 0.213 with average at 0.157. The HO ranged from 0.389 to
0.561 with the average at 0.504; and HE ranged from 0.492 to 0.675
with average at 0.609. The HO was lower than HE in all baseline pop
ulations. The AR, based on 21 diploid individual resamplings, ranged
from 4.591 to 6.355 with the average at 5.479. The eight baseline
populations were therefore all high in genetic diversity and the TH-PKN
population was the lowest one compared to the others (Table 1).

All short mackerel samples from fishery catches in the GoT used for
the MSA were initially checked if some individuals were not originated
from the eight baseline populations. BAPS analysis indicated that MSA
samples, comprising of 507 individuals (mean TL ± SD = 16.48 ± 1.91
cm) from 23 locations in the Inner GoT, 351 individuals (mean TL ± SD
= 16.59 ± 1.37 cm) from 40 locations in the Eastern GoT, 333 in
dividuals (mean TL ± SD = 17.64 ± 1.00 cm) from 11 locations in upper
part of the Central GoT and 484 individuals (mean TL ± SD = 17.31 ±
1.19 cm) from 17 locations in lower part of the Central GoT, were
originated from eight baseline populations. Thus the 1675 mackerel
individuals (mean TL ± SD = 16.97 ± 1.53 cm) were all used for further
analyses.
The MSA of the mackerel samples from four commercial fishery
catches in the GoT revealed the differences in catch composition
(Table 3; Fig. 4). In the Inner GoT, more than half of total fishery catch of
short mackerel (52.71 %; 95 % CI = 37.33–60.38) was from TH-SKM
population, followed by TH-TRT (24.60 %; 95 % CI = 15.91–39.48),
TH-SNI (18.80 %; 95 % CI = 11.36–25.48) and VN (1.51 %; 95 % CI =
0.06–4.49) populations (Table 3; Fig. 4).
Short mackerel caught in the Eastern GoT was mainly from MY
population (43.04 %, 95 % CI = 23.34–53.65) followed by CM (27.91 %;
95 % CI = 14.66–45.22), TH-PTN (17.21 %; 95 % CI = 7.15–28.92), THSNI (5.65 %; 95 % CI = 1.92–13.70) and VN (4.71 %; 95 % CI =
0.97–15.11) populations, respectively (Table 3; Fig. 4).
MSA in upper part of the Central GoT revealed that CM population
was the major contributor (50.04 %; 95 % CI = 28.73–62.80) in this
fishing ground. Minor contributors were MY (37.84 %, 95 % CI =
19.65–52.67), TH-PTN (6.24 %, 95 % CI = 1.76–18.69) and TH-SNI
(4%, 95 % CI = 0.74–13.50) populations, respectively (Table 3; Fig. 4).
Most of the short mackerel from fishery catch in lower part of the
Central GoT was from TH-SNI population (46.22 %; 95 % CI =

3.2. Genetic differentiation among baseline populations
The global FST was 0.117 indicating moderate differentiation among
the baseline populations. The pairwise FST ranged from 0.005 (CM vs MY
and CM vs TH-PTN; low differentiation) to 0.278 (TH-PKN vs MY; very
high differentiation). The pairwise DEST among the baseline populations
ranged from 0.007 (CM vs MY) to 0.431 (TH-PKN vs VN) (Table 2).
Results from pairwise FST and DEST have similar trend. The genic dif
ferentiation was statistically highly significant (P < 0.01), in all baseline
population pairs after the sequential Bonferroni correction.
Genetic relationship between populations was illustrated using PCA
plot (Fig. 2). The first and second PCA axes described 72.69 % and 15.03
%, respectively, of total variation among populations. The TH-PTN, CM,
VN and MY populations were closely related while the TH-PKN popu
lation was most distant from the others. A significant relationship be
tween FST and geographic distance (km) was detected (Mantel test: R2 =
0.2235, P = 0.021; Fig. 3). The significant relationship indicated that
geographic distance positively affected to genetic differentiation among
populations.
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Fig. 1. Maps of the Gulf of Thailand indicating sampling localities of short mackerel. Shading areas represent the location for eight baseline populations and dots
show locations of samples for mixed-stock analysis from four fishery catches; (a) Inner Gulf of Thailand, (b) Eastern Gulf of Thailand, (c) upper and (d) lower parts of
Central Gulf of Thailand.

26.90–57.15). Other contributors were TH-SKM (22.65 %, 95 % CI =
10.46–34.23), TH-TRT (16.01 %, 95 % CI = 8.28–28.57), TH-PTN (8.24
%, 95 % CI = 2.58–18.10) and MY (5.46 %, 95 % CI = 0.13–14.40)
populations, respectively (Table 3; Fig. 4). Overall, seven populations

significantly contributed to the four mixed-stock fishery catches, except
TH-PKN population (0%; lower 95 % CI includes 0 in all four fishery
catches).
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Table 2
Genetic distance measured as pairwise FST (above diagonal) and pairwise DEST (below diagonal) among baseline populations of short mackerel.
TH-TRT
TH-TRT
TH-SKM
TH-PKN
TH-SNI
TH-PTN
CM
VN
MY

0.022
0.179
0.137
0.190
0.237
0.248
0.266

TH-SKM

TH-PKN

TH-SNI

TH-PTN

CM

VN

MY

0.012

0.116
0.085

0.064
0.082
0.141

0.094
0.136
0.231
0.021

0.122
0.162
0.263
0.032
0.005

0.125
0.159
0.260
0.042
0.029
0.016

0.141
0.185
0.278
0.041
0.018
0.005
0.037

0.118
0.168
0.274
0.313
0.313
0.344

0.217
0.386
0.430
0.431
0.425

0.042
0.058
0.079
0.070

0.008
0.050
0.029

0.026
0.007

0.056

Table 3
Estimated stock composition (95 % CI) and estimate of simulated data (95 % CI)
in each case according to short mackerel baseline populations in the Gulf of
Thailand and commercial fishery (mixture) sample size in the Inner (n = 507),
Eastern (n = 351), upper (n = 333) and lower parts of Central (n = 484) Gulf of
Thailand fishery.

Fig. 2. Principle Component Analysis of short mackerel baseline populations.
The PC1 and PC2 axes described 72.69 % and 15.03 % of total variation be
tween the populations, respectively.

100 % simulation

Equal contribution

Population

true
(%)

estimate of simulated
data (95 % CI)

true
(%)

estimate of simulated
data (95 % CI)

TH-TRT
TH-SKM
TH-PKN
TH-SNI
TH-PTN
CM
VN
MY

100
100
100
100
100
100
100
100

92.87 (90.54–95.06)
90.83 (88.23–93.30)
99.02 (98.12–99.81)
80.93 (77.72–84.03)
86.77 (83.87–89.69)
84.05 (80.10–87.87)
88.57 (85.88–91.15)
64.11 (59.92–68.26)

12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5

12.74
12.48
12.08
11.22
11.41
13.98
13.20
12.88

Inner Gulf of Thailand fishery

Eastern Gulf of Thailand fishery

Population

estimate (95
% CI)

estimate of
simulated
data (95 % CI)

estimate (95
% CI)

estimate of
simulated
data (95 % CI)

TH-TRT

24.60
(15.91–39.48)
52.71
(37.33–60.38)
0 (0–2.89)
18.80
(11.36–25.48)
1 (0–3.55)

25.91
(21.65–34.21)
51.35
(42.87–55.60)
0.23 (0–1.72)
16.45
(10.93–18.21)
2.35
(1.22–4.84)
0.16 (0–2.71)

1.22 (0–2.74)

1 (0.39–1.91)

0.26 (0–1.15)

0.22 (0 – 0.88)

0 (0 – 0)
5.65
(1.92–13.70)
17.21
(7.15–28.92)
27.91
(14.66–45.22)
4.71
(0.97–15.11)
43.04
(23.34–53.65)

0.05 (0 – 0.30)
5.86
(3.37–10.09)
21.96
(15.67–29.26)
21.79
(16.46–33.36)
6.25
(4.09–11.92)
42.86
(29.04–47.65)

TH-SKM
TH-PKN
TH-SNI
TH-PTN
CM

0 (0–1.90)

VN

1.51
(0.06–4.49)
1.38 (0–3.29)

MY

Fig. 3. Relationship between genetic distance (FST) and geographic distance
(km) with linear regression line. Each dot represents one pair of baseline
populations.

lower part of Central Gulf of
Thailand fishery

Population

estimate (95
% CI)

estimate of
simulated
data (95 % CI)

estimate (95
% CI)

estimate of
simulated
data (95 % CI)

TH-TRT

0 (0 – 0.69)

0 (0 – 0.36)

TH-SKM

0 (0 – 0)

0 (0 – 0.07)

TH-PKN
TH-SNI

0 (0 – 0)
4
(0.74–13.50)
6.24
(1.76–18.69)
50.04
(28.73–62.80)
1.88 (0–9.21)

0 (0 – 0)
5.87
(3.20–10.01)
11.52
(8.25–20.76)
43.12
(30.73–51.14)
4.72
(2.67–9.94)
34.77
(23.78–43.45)

16.01
(8.28–28.57)
22.65
(10.46–34.23)
0 (0 – 0.76)
46.22
(26.90–57.15)
8.24
(2.58–18.10)
0.66 (0–6.36)

17.71
(14.46–23.11)
21.07
(16.77–24.65)
0.06 (0 – 0.77)
41.78
(31.12–43.63)
9.60
(6.86–13.83)
2.60
(1.48–7.91)
1.77
(0.75–4.86)
5.41
(2.98–9.29)

TH-PTN
CM
VN
MY

4.1. Genetic diversity and differentiation among baseline populations
Short mackerel populations in Thailand (TH-TRT, TH-SKM, TH-SNI
5

1.69
(0.77–3.58)
1.85
(0.60–3.63)

upper part of Central Gulf of
Thailand fishery

4. Discussion
The short mackerel populations in the GoT display significant
migratory behavior and some populations have a tendency to use
transboundary routes. Previous studies of the short mackerel pop
ulations in GoT countries, particularly Thailand, were conducted in
small water areas. Differently, this study expands the study area to cover
all countries surrounding the GoT which is the major habitat of the short
mackerel. Baseline populations used for the study of population struc
ture and mixed-stock analysis here were therefore collected not only in
Thai water, but also from Malaysian, Cambodian and Vietnamese wa
ters, to facilitate the observation of the transboundary migration of the
short mackerel.

(9.87–16)
(9.64–15.87)
(9.62–14.12)
(7.25–14.46)
(8.20–16.52)
(9.56–19.82)
(9.29–16.79)
(8.33–17.32)

37.84
(19.65–52.67)

0.75 (0–5.43)
5.46
(0.13–14.40)
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Fig. 4. Contributions of short mackerels from four fishery catches; (a) Inner Gulf of Thailand, (b) Eastern Gulf of Thailand, (c) upper and (d) lower parts of Central
Gulf of Thailand fishery catches (see Fig.1). Values are means with 95 % CI and populations that their 95 % CI are excluded zero are shown. Abbreviations of
spawning ground refer to Table 1.

and TH-PTN), Cambodia (CM), Viet Nam (VT) and Malaysia (MY) had
substantially high genetic diversity (HE = 0.566− 0.675; HO =
0.495− 0.561; AR = 4.899–6.355) and the TH-PKN population had the
lowest genetic diversity among the studied populations (Table 1). Ac
cording to previous report (Kongseng et al., 2020), our study confirmed
that TH-PKN population has lowest genetic diversity and may have
population size smaller than other populations in the GoT. All baseline
populations showed positive FIS (FIS = 0.080− 0.213) and highly sig
nificant deviation from the Hardy–Weinberg equilibrium. The positive
FIS with low values could indicate a low level of inbreeding within
populations. It is possible that each population consisted of sub
populations as found that the short mackerel in each spawning ground
breed for almost a year, but with a major breeding peak (Krajangdara
et al., 2007; Mailai-iad et al., 2006; Puntuleng and Nasuchon, 2005).
Thus the Wahlund effect mainly deviates the population equilibrium
(Wahlund, 1928).
Regarding genetic differentiation among baseline populations as
indicated by pairwise FST and DEST (Table 2), the genic differentiation
test indicated that all baseline populations were significantly different
from each other. The genetic differentiation indicated by FST was in
moderate level (global FST = 0.117) and in concordance with DEST. The
pairwise FST was then only mentioned for explaining the relationship
among short mackerel populations with PCA plot. Based on PCA result
(Fig. 2), the TH-PTN, CM, VN and MY populations were very genetically
close to each other. They were then close to TH-SNI population. The THTRT and TH-SKM populations were grouped next to populations earlier
mentioned, while the TH-PKN population was observably genetically
isolated. The PCA also presented a low to moderate genetic differenti
ation among short mackerel populations from the four countries (THSNI, TH-PTN, MY, CM and VN). The moderate to high gene flow and
transboundary migration among short mackerel populations are there
fore expected.
The significant Mantel test (Fig. 3) indicated that geographic dis
tance positively affected the gene flow among baseline populations and

has shaped population structure of the short mackerel in the GoT. The
Mantel test and PCA in our study further extended the study of Kongseng
et al. (2020) and revealed transboundary routes of the short mackerel
among waters of the four GoT countries.
4.2. Accuracy assessment from baseline information
From the three simulation scenarios, results indicated that the in
formation from eight baseline populations was sufficient for accurate
MSA of short mackerel catches in the GoT. The 100 % simulation showed
overall good accuracy with more than 80 % correct assignment, except
simulated data from MY population that achieved 64.11 % correct
assignment (Table 3). It is likely possible that about 36 % of simulated
MY samples were incorrectly assigned to either CM, VN, TH-PTN or THSNI populations due to the low levels of genetic differentiation among
the five populations (Table 2; Fig. 2). The simulation of equal contri
bution demonstrated that the estimates of simulated data were very
close to true proportion (12.5 % each) with narrow 95 % CI (Table 3).
Realistic simulations were also performed to evaluate the accurate and
precise MSA, as done in other studies (Kongseng et al., 2020; Östergren
et al., 2016; Swatdipong et al., 2013). Based on the four realistic simu
lations, the estimates of simulated data were close to the estimates of
empirical fishery catches with narrow 95 % CI (Table 3). These indicated
the reliability of mixed-stock estimates from the four empirical fishery
catches.
4.3. Populations significantly contributing to four fishery catches in the
Gulf of Thailand
The short mackerel collected from the four major fishing grounds;
the Inner, Eastern, upper and lower parts of Central GoT, was average at
16.97 ± 1.53 cm in the total length, notably longer than the length at
first maturity reported by FAO (Collette and Nauen, 1983) and
Department of Fisheries (Khrueniam and Chareonsombat, 2012;
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Loychuen and Nontapun, 2007). All 1675 samples, as confirmed earlier
based on BAPS result, belonged to eight baseline populations. The short
mackerel used for MSA was thus appropriate in representing mackerel
fishery catches in the GoT.
Short mackerel from Samut Songkram (TH-SKM) contributed 52.71
% to total catch in the Inner GoT, where the area covers the natal
spawning ground of the TH-SKM population, offshore of the Mae Klong
River mouth. The sedentary behavior of TH-SKM population, as previ
ously suggested by Kongseng et al. (2020) that the TH-SKM population
largely dominated and was found throughout the year in this ground,
was confirmed by this study with the additional baseline populations
(CM, VN and MY populations) in the MSA. It has to note that the Inner
GoT is the very important fishing ground of the short mackerel in the
GoT, providing the top meat quality of short mackerel due to the fertility
of sediment and planktons provided by five major rivers; Bang Pakong,
Chao Phraya, Tha Chin, Mae Klong and Phetchaburi Rivers (Department
of Marine and Coastal Resources, 2016). The TH-SKM population is thus
very interesting mackerel population in the sense of meat quality related
to high marketing value. A worth considering number of TH-SKM in
dividuals displayed migratory behavior, in southward direction, to
contribute 22.65 % to total catch in lower part of the Central GoT.
However, the TH-SKM population insignificantly contributed (i.e. lower
95 % CI including 0) to the total catch in the Eastern GoT and upper part
of Central GoT, where the latter is the middle of migratory route of
TH-SKM population from the Inner GoT to lower part of the Central GoT.
Short mackerel from Trat spawning ground (TH-TRT) contributed
24.60 % to total catch in the Inner GoT which is nearly the half of
contribution from sedentary TH-SKM population that spawns adjacent
to the fishing ground. The TH-TRT population also migrates further in
anticlockwise direction to contribute 16.01 % of total catch in lower part
of the Central GoT, not far from the Inner GoT. It should be noted that
the TH-TRT population insignificantly contributes to total catches in
upper part of the Central and Eastern GoT even though the latter area is
its spawning ground. An alternative hypothesis is that the TH-TRT
population has been harbored by the no-catch fishing ground of the
Mu Ko Chang National Park and Kut, Trat, that is its spawning ground
inside the Eastern GoT. Therefore, a large number of adult short
mackerel originated in the national park is not caught and the contri
bution to fishery catch in the area cannot be simply observed.
Short mackerel from Surat Thani spawning ground (TH-SNI) has
contributed the majority (46.22 %) of total catch in lower part of the
Central GoT, surrounding its natal site. The TH-SNI population has been
recognized as the largest population of short mackerel in Thai water and
was well studied long ago on its long migratory route. This migratory
information was reported by Department of Fisheries (1965) that short
mackerel individuals from TH-SNI spawning ground migrated along the
west coast of the GoT passed upper part of the Central GoT and finally
entered to the Inner GoT. Kongseng et al. (2020) also reported that
TH-SNI juveniles dominantly found in the Inner GoT in April to June for
growing up to the larger size and then mature. Here, our MSA is in
agreement with the studies and revealed that the TH-SNI population
significantly contributed 4% and 18.80 % of total catches in upper part
of the Central GoT and Inner GoT, respectively. A considering number of
TH-SNI individuals further migrated to the Eastern GoT and significantly
contributed (5.65 %) to the total catch in the ground. Furthermore,
TH-SNI population, had the highest genetic diversity (Table 1) and
provided gene flow in moderate to high levels to other populations
(Table 2). This information strongly indicated that the TH-SNI popula
tion is the largest and very important short mackerel population in the
GoT.
Short mackerel from Pattani spawning ground (TH-PTN), the
southernmost population in Thailand, was newly recognized as an
important population in Thai water (Kongsang et al., 2017; Kongseng
et al., 2020; Songkaew et al., 2014). From our result, it can be suggested
that the TH-PTN population displayed the longest migratory distance
compared to other short mackerel populations in Thai water. The

TH-PTN population migrated in northern direction and significantly
contributed 8.24 % and 6.24 % to the total catches in lower and upper
parts of the Central GoT, respectively. The TH-PTN population further
then migrated in the eastern direction to the Eastern GoT and signifi
cantly contributed 17.21 % to the total catch in the ground. It is noted
that the TH-PTN population insignificantly contributed to the total catch
in the Inner GoT. A suggestion is that the TH-PTN population would not
enter the Inner GoT, but directly migrated from upper part of the Central
GoT to Eastern GoT, as previously suggested by Kongseng et al. (2020)
that TH-PTN population likely migrated from the spawning ground to
other grounds across the GoT throughout year. We also found that the
addition of CM, VN and MY populations into MSA affected the previous
result of contribution level of TH-PTN population to the Eastern GoT.
The addition changed the TH-PTN population from major contributor
(Kongseng et al., 2020) to minor contributor to fishery catch in the
Eastern GoT. It is possible that the TH-PTN, CM, VN and MY populations
had high gene flow among each other according to the low genetic
differentiation observed (Table 2; Fig. 3). Thus, without CM, VN and MY
populations in the previous study of Kongseng et al. (2020), short
mackerel individuals originating from CM, VN and MY were incorrectly
assigned to TH-PTN population.
Considering fishery catches from the four major fishing grounds
(Table 3; Fig. 4), CM, VN and MY populations significantly contributed
more than 75 % of total catches in the Eastern GoT and upper part of the
Central GoT. Short mackerel from Cambodian (CM) water at Siha
noukville, Koh Kong and Kampot migrated to Thai water and signifi
cantly contributed 27.91 % to the total catch in the Eastern GoT. The CM
population migrated further in western direction to the upper part of the
Central GoT and significantly contributed 50.04 % to the total catch in
the ground. Without significant contribution to the Inner and lower part
of Central GoT, the CM population is hypothesized to directly migrate
from the Eastern GoT to upper part of Central GoT. The short mackerel
from Vietnamese water (VN) at Phu Quoc and Ha Tien migrated in
western direction to enter Cambodian and then Thai waters. The VN
population has low, but significant, contribution 4.71 % to the total
catch in the Eastern GoT, next to the border between Thailand and
Cambodia. Short mackerel from Malaysian water (MY) at Tumpat
migrated northward into Thai water and significantly contributed 5.46
% and 37.84 % to the total catches in lower and upper parts of the
Central GoT, respectively. Interestingly, the MY population migrated
further in eastern direction and majorly contributed 43.04 % to the total
catch in the Eastern GoT. It can be therefore hypothesized that the MY
population has the longest migratory route (i.e. > 600 km), compared to
other populations inhabiting the GoT. This information revealed that the
short mackerel from CM, VN and MY displayed the transboundary
migration into Thai water and significantly contributed to the total
fishery catches in Thailand. On the other hand, the transboundary
migration of the short mackerel from Thai water to other GoT countries
has been undefined. In order to reveal this, it is strongly suggested that
the fully grown short mackerel individuals from total fishery catches in
CM, VN and MY waters may be used for the MSA based on these eight
baseline populations to observe the transboundary migration of the
short mackerel from Thailand to neighboring countries in the GoT.
The TH-PKN population had the lowest genetic diversity and highly
genetically isolated from other populations, as noticeably seen in
Table 1 and Fig. 2. Kongseng et al. (2020) suggested that the Inner and
Eastern GoT would be insignificant foraging grounds of TH-PKN popu
lation and its foraging ground is still unknown. In this study, two major
fishing grounds, upper and lower parts of the Central GoT, were added.
The MSA result revealed that the TH-PKN population was an insignifi
cant contributor to total catches from the four major fishing grounds.
The foraging ground of TH-PKN population thus remains a question.
Puntuleng and Nasuchon (2005) reported that short mackerel larvae in
TH-PKN spawning ground are abundant and it is an important spawning
ground in the GoT. In the future work, MSA study might have to be
expanded covering other areas of GoT, especially the lower part of GoT.
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These results represented that the eight spawning grounds are very
essential for sustaining short mackerel resource and fishery in the GoT.
In Thailand, the Department of Fisheries, Thailand has regularly moni
tored fishery resources and managed licenses for protecting spawning
grounds of marine species during breeding season. The closure areas
during breeding seasons in the GoT for the short mackerel and other
marine species is an important fisheries legislation to protect marine
resources and to enforce overfishing solving in Thailand. The closure
areas in Prachuap Khiri Khan, Chumphon, Surat Thani and Inner GoT
are regulated to have overlapping periods every year (from February to
September) while the Trat spawning ground has been also protected
throughout year as it is a part of the National Park. Although TH-PTN
spawning ground has never been closed for fishery but Kongseng et al.
(2020) and our study strongly recommend to consider using seasonal
closure on this ground in the future. Furthermore, large ports, petroleum
drilling activities and industrial estates, adjacent to natural spawning
grounds, causing water pollution affecting ecosystem should be sup
pressed in order to protect natural resources, including short mackerel
spawning grounds in Thailand.
The GoT is surrounded by Cambodia, Viet Nam, Malaysia and
Thailand and is a very important fishing ground in Southeast Asia. Based
on our results, short mackerel from CM, VN and MY spawning ground
obviously migrates and significantly contributes to the catches in Thai
water, representing that the short mackerel is a transboundary species.
Transboundary species is a species that is distributed or migrates across
the maritime boundary between two or more national jurisdictions
(Munro, 2004). Thus not only fishery management and conservation of
short mackerel resource in the GoT are going to be promoted in Thailand
but also it should be managed effectively by cooperation between the
countries concerned. Currently, sub-regional approach for fisheries
management has been used in the Southeast Asian region in order that
the compilation of available information and collection of additional
data can be made to support the development of management plans for
the sustainable utilization of the transboundary species. The short
mackerel is identified by the GoT countries as one of the prioritized
transboundary species (SEAFDEC, 2019a). A series of technical meetings
and research works have been provided for the GoT countries to enable
the countries to share scientific knowledge and experiences on the
current fisheries status and existing legal frameworks. The meetings
finalize with an action plan focusing on fisheries and habitat manage
ment, particularly on critical habitats, transboundary stocks and
economically important species. In 2019, a sub-regional plan for man
agement of short mackerel resource in the GoT sub-region was devel
oped and endorsed by GoT countries which could pave the way forward
its sustainable utilization (SEAFDEC, 2019b). Thus the regular obser
vation on changes of short mackerel resource, in both spawning and
fishing grounds in the GoT countries, are required in the future.
In conclusion, mixed-stock analysis suggested the different contri
bution of populations among four fishery catches in the GoT. The fishery
management and conservation plan based on international collabora
tion among GoT countries are required to sustain the short mackerel
resource.
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