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Orange mud crab, Scylla olivacea (Herbst, 1796) is an important fishery products in
Malaysia. Age study is important to generate the information on growth, recruitment,
longevity, mortality for mud crab stock assessment. The aim of this study is to investigate
the Growth Band Counts (GBC) deposited in thin sections of gastric mill of S. olivacea
as age indicator for this species. A total of 90 wild caught S. olivacea were sampled from
Setiu Wetlands, Peninsular Malaysia (February — October 2016) and 25 individuals of S.
olivacea were reared in the hatchery of Institute of Tropical Aquaculture, Universiti
Malaysia Terengganu for one year (March 2016 - March 2017). The periodicity of GBC
in gastric mill of S. olivacea was validated using reared of known age samples. The results
revealed that the presence of one GBC in reared S. olivacea were parallel to the age one

year old of S. olivacea absolute age. One to three GBC were present in wild caught S.



olivacea which indicated the age of one to three years old, respectively. There was a
significantly positive relationship between Carapace Width (CW) and age, as the number
of growth bands increased with putative age. The accuracy of bands counting was
assessed by lower coefficient of variation values of reared and wild caught S. olivacea
with 6.00 — 6.23% and 8.52 — 8.40%, respectively. Using the von Bertalanffy Growth
Model equation, the growth parameters of S. olivacea was estimated and growth curves
was fitted to CW at age data. The growth parameters such as asymptotic CW (CW.,),
growth coefficient (K year 1) and initial condition parameter (to) of the known age S.
olivacea were narrower at 20.07 cm, 0.31 year " and - 0.20 than the wild samples at 28.01
cm, 0.36 year "t and - 0.73 for female and at 29.34 cm, 0.38 year " and - 0.79 for male,
respectively. The age composition suggested that S. olivacea population found in the Setiu
Wetlands, Peninsular Malaysia has at least reached the age of 2 years old. The findings
obtained from this study would substantially improve the direct age - based assessment

for biological and ecological studies of mud crabs.
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Ketam nipah, Scylla olivacea (Herbst, 1796) adalah produk perikanan yang penting di
Malaysia. Kajian umur adalah penting untuk menghasilkan maklumat mengenai
tumbesaran, penambahan, jangka hayat dan kematian untuk penilaian stok ketam nipah.
Tujuan kajian ini adalah untuk mengkaji bilangan jalur tumbesaran (GBC) yang tersimpan
di dalam “gastric mill” S. olivacea bahagian yang nipis sebagai petunjuk umur untuk
spesis ini. Sebanyak 90 ekor ketam liar S. olivacea ditangkap dari Tanah Bencah Setiu,
Semenanjung Malaysia (Februari — Oktober 2016) dan 25 individu S. olivacea (umur
diketahui) dipelihara di hatceri Institut Akuakultur Tropika, Universiti Malaysia
Terengganu, (Mac 2016 — Mac 2017) selama satu tahun. Jangka masa GBC di dalam
“gastric mill” S. olivacea telah disahkan menggunakan sampel yang diketahui umurnya.

Keputusan kajian menunjukkan kehadiran satu GBC pada ketam peliharaan dan wujud

\"



persamaan dengan satu tahun umur S. olivacea. Satu hingga tiga GBC dikenal pasti
terdapat pada ketam liar S. olivacea yang juga berumur dari satu hingga tiga tahun.
Didapati terdapat hubungan yang positif antara saiz karapas (CW) dan umur dimana
terdapat peningkatan bilangan jalur tumbesaran dengan umur jangkaan. Ketetapan
bilangan jalur tumbesaran dikira dengan “coefficient of variation” dan didapati S. olivacea
peliharaan adalah lebih rendah berbanding S. olivacea liar iaitu masing-masing dengan
6.00 — 6.23% dan 8.52 — 8.40%. Menggunakan persamaan model tumbesaran von
Bertalanffy, parameter pertumbuhan S. olivacea telah dianggarkan dan lengkung
pertumbuhan telah sepadan dengan data CW pada umur. Anggaran parameter
pertumbuhan seperti “asymptotic CW” (CW ), “growth coefficient” (K year ) dan
“initial condition parameter” (to) pada S. olivacea yang diketahui umurnya adalah lebih
rendah pada 20.07 cm, 0.31 tahun * dan - 0.20 jika berbanding dengan sampel S. olivacea
liar pada 28.01 cm, 0.36 tahun  dan - 0.73 bagi ketam betina dan pada 29.34 cm, 0.38
tahun " dan - 0.79 bagi ketam jantan. Komposisi umur mencadangkan populasi ketam S.
olivacea yang terdapat di Tanah Bencah Setiu, Semenanjung Malaysia adalah berusia 2
tahun lebih. Penemuan yang diperolehi daripada kajian ini akan membantu meningkatkan

maklumat penilaian umur secara tepat untuk kajian biologi dan ekologi ketam nipah.
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CHAPTER 1

INTRODUCTION

1.1  Background of the study

1.1.1 Mud crab production and demand

There are four mud crab species worldwide which are Scylla serrata (Forskal,
1775), S. paramamosain (Estampador, 1949), S. tranquebarica (Fabricius, 1798) and
S. olivacea (Herbst, 1796) (Keenan et al., 1998). Researches on both the ecology and
biology of the mud crab however, have mostly been focused on the S. serrata
compared to the other 3 species (Keenan et al., 1995; Keenan, 1999; Moser et al.,

2005; Shelley & Lovatelli, 2011).

Mud crab aquaculture has been practised for many years in some countries of
the Southeast Asia (Vietnam, Philippine, Indonesia, Taiwan) which is primarily done
by capturing and fattening juvenile crabs from the wild. There is a high demand for
mud crabs that leads over-exploitation of wild stock in many areas (Allan & Fielder,
2003). From the year 2013 to 2014, the total mud crab production of the genus Scylla
has markedly increased from 179, 536 tonnes to 183, 852 tonnes, respectively. A
combined mud crab production of both Asia and Africa alone, recorded to be over

138, 000 tonnes totalled USD 377 million in 2008 (FAO, 2015).



Due to their commercial value, mud crabs are at threat of overfishing. In
Malaysia, overfishing of genus Scylla was recorded in 1997. To make it worse, most
of the caught crabs were also reported to be still at immature stage (Kosuge, 2001).
Similar cases were also reported in other Southeast Asia countries such as Indonesia,
Philippines, Vietnam, China, Taiwan, India and Sri Lanka. Such overfishing
responsible to overexploitation of mud crabs species in the mentioned countries

(Ikhwanuddin et al., 2011; Paterson & Mann, 2011; Azra & Ikhwanuddin, 2016).

1.1.2 Age and growth information

Accurate age information of mud crab species is crucial not only for regulation
of commercial harvesting but also for future research application such as in
conservation and management of mud crabs. The age information is fundamentally
important to estimate growth, recruitment, fecundity and mortality in fish population

(Campana, 2001; Maceina et al., 2007; Quist et al., 2012).

Age data in early life stages provide information on the effect of environmental
factors on biological changes of mud crabs such as survival, growth and mortality.
While, age data in adult stage provide information on the effects of fishing on stock,
to enhance the understanding of the mud crabs life history and to exploit yield in
sustainable manner (Jones, 1992; Charles, 2001; Humphries et al., 2013; Kilada &
Ibrahim, 2016). In addition, mean length — at — age data provide growth information
for whole population across species (Beamish et al., 2005; Rypel, 2009; Spurgeon et
al., 2015). Accurate and precise age data are important to predict population response
to climate changes, habitat fragmentation and conservation and management strategies

(Campana, 2001; Quist et al., 2012).



1.2 Problem statement

Age estimation is a key point to assess the fishery stock under population
dynamics models such as determination of age at maturity, growth and mortality rates
and fecundity (Campana, 2001; Sherazul et al., 2010; Kilada & Ibrahim, 2016).
However in crustacean, the use of age data is limited due to the loss of all hard structure
during moulting events (Leland et al., 2011; Kilada & Acuiia, 2015; Kilada & Driscoll,

2017).

Limited ageing studies on crustaceans resulted in the knowledge of mud crab
age — based stock assessments remains inadequate. Crustaceans ageing information is
understudied with less than 2% of the world’s decapods longevity information
available (Vogt, 2012; Leland et al., 2015). The information on mud crab stock
assessment is crucial to enhance our understanding on fishery management and

sustainability on mangrove area in Malaysia (Ikhwanuddin, 2001; Kosuge, 2001).

There are several indirect methods to assess age structure of these crustaceans
such as observations of captive individuals and moulting increment data, mark —
release — recapture method, tagging technique and size frequency distribution (Wiles
& Guan, 1993; Hébert et al., 2002; Koeller et al., 2006). However, none of this method
able to directly determine the age of individual crustaceans. One way to directly
estimate the crustacean age is via growth band deposited on the hard structure. The
method can be used to determine both the individual age structure and life stages
(Leland et al., 2011; Kilada & Ibrahim, 2016). According to Leland et al. (2011), the
hard structure of gastric ossicles in crustaceans contain concentric growth marks
where the structure sequentially record past events and display annually growth

record. Thus, this study is significant to provide essential and sufficient data of direct



age estimation for captive rearing of known age individuals and wild population mud

crab in Malaysia.

Until recently, most of the mud crab studies in Malaysia were focused on their
taxonomic and biological aspect (Keenan et al, 1998; Ikhwanuddin, 2001;
Ikhwanuddin et al., 2010; Sherazul et al., 2010; Ikhwanuddin et al., 2011). Scylla
olivacea is the most common and most abundant mud crab species found in Setiu
Wetlands, Terengganu. This species is also one of the important and high demand
seafood product of the local area (Ikhwanuddin et al., 2010; Ikhwanuddin et al., 2011;
Ikhwanuddin et al., 2014b). Due to the high demand of this species, a proper age

estimation method are needed to improve mud crab stock assessments in Malaysia.

1.3  Significance of study

This study poses a new knowledge and important understanding on age and
growth estimation of S. olivacea via direct age — determination method (Leland et al.,
2011; Kilada et al., 2012). The implementation of direct ageing method on crustaceans
especially for S. olivacea marks the first directly determining growth model and age
documentation for this species. This study demonstrates the application of direct

ageing and validation of the growth marks deposited annually in S. olivacea.

Accurate age estimation method is crucial for sustainable fisheries
management plan and stock assessment (Smith et al., 1997; Campana, 2001; Stewart
& Hughes, 2007). In fisheries, age information is closely related to population
dynamic and also provide the selection on input control regulations for example,
minimum legal size and size at sexual maturity. Validation of direct ageing method
are fundamental and could substantially increase the resolution of age based data for

mud crab management (Leland & Bucher, 2017).



1.4  Research objectives

Generally, this study aimed to estimate the age and growth of orange mud crab, S.

olivacea from Setiu Wetlands, Peninsular Malaysia.

The specific objectives of this study are as follows:

i.  To determine the growth band in gastric mill of reared S. olivacea and wild
population.

ii.  To validate the application of growth band count in gastric mill of reared S.
olivacea in captivity to the wild caught S. olivacea from Setiu Wetlands,
Peninsular Malaysia.

iii.  To estimated age profile of S. olivacea population from Setiu Wetlands using

size at age data of the growth band counts and VVon Bertalanffy growth model.



CHAPTER 2

LITERATURE REVIEW

2.1  Taxonomy status and classifications of Scylla olivacea (Herbst, 1796)

2.1.1 General taxonomy

Mud crabs belong to family Portunidae which consists of four distinct species,
the Scylla serrata, S. tranquebarica, S. paramamosain and S. olivacea (Keenan et al.,
1998). Scylla olivacea, S. tranquebarica and S. paramamosain are the species that
commonly found in Malaysian mangrove waters (Ikhwanuddin et al., 2010;
Ikhwanuddin et al., 2011; Ikhwanuddin et al., 2014b). Orange mud crab, S. olivacea
that is locally known as “ketam nipah sepit merah” has high commercial value in
Malaysia especially in the mangrove area of the east coast Peninsular Malaysia
(Ikhwanuddin, 2001; Ikhwanuddin et al., 2011; Ikhwanuddin et al., 2014a; 2014b).

The general classification of S. olivacea is as follow:

Kingdom : Animalia

Phylum : Arthropoda

Subphylum Crustacea

Order : Decapoda

Family : Portunidae

Genus : Scylla

Species X Scylla olivacea (Herbst, 1796)



2.1.2 General morphology

All four mud crabs species display different morphology characteristics of their
frontal lobe shape, cheliped carpus spines, carapace size and shape and variations of
coloration (Table 2.1). Scylla olivacea hallmark characteristics can be defined by its
more rounded and low height frontal lobe, its small first cheliped carpus spine and
reduced second spine (Keenan et al., 1995; Keenan et al.,, 1998; Trivedi &
Vachhrajani, 2013). Absence of polygonal pattern on its cheliped legs and abdomen
are another distinct characters that differentiate S. olivacea from other mud crabs
species (Figure 2.1, 2.2). The species also uniquely displays shades of reddish to
orange claw and brown to drack brown carapace (Ikhwanuddin et al., 2014b; Trivedi

& Vachhrajani, 2013).

Table 2.1. General morphology as described by Keenan et al. (1998) for species
identification of mud crab genus Scylla.

Frontal lobe spines Cheliped
Species
Shape Height Ca_rpus PrOPOdUS
spines spines
S. serrata Blunted point High Both obvious Obvious
S. tranquebarica Blunted Moderate ~ Both obvious Obvious
S. paramamosain Triangular ~ Moderately  Inner absent, Obvious
high outer reduced

S. olivacea Rounded Low Inner absent, Reduced

outer reduced




Blunted
point and
high

Blunted point
and moderate

Rounded and
low

Figure 2.1: Variations in the shape of the frontal lobe morphology of mud crab species,
genus Scylla (a) S. serrata (b) S. tranquebarica (c) S. olivacea (Source: Trivedi &
Vachhrajani, 2013).

Both obvious

Both obvious

Inner absent and
outer reduced

Figure 2.2: Variations of cheliped morphology of mud crab species, genus Scylla (a)
S. serrata (b) S. tranquebarica (c) S. olivacea (Source: Trivedi & Vachhrajani, 2013).



2.2 Habitat and distribution of mud crabs

All mud crab species has a similar general life cycle, interrelating distribution
and shares a similar morphological characteristics (Hill, 1994; Tongdee, 2001). Mud
crabs normally inhabit mangrove forests and swamps areas. They typically associated
with tropical to subtropical estuaries. The mangrove vegetation such as Rhizophora
sp. provides conducive habitat and sufficient food supply for the mud crabs (Phelan &

Grubert, 2007; Shelley & Lovatelli, 2011).

Mud crabs modified their metabolic functions when the salinity and
temperature of the environment are in the optimum state for their excretion, respiration
and moulting process. The suitable environment would help them maintaining their
homeostasis and internal metabolic process (Koolkalya et al., 2006; Jirapunpipat et
al., 2007). Mud crabs are known as salt tolerant species where they are able to live not
only in freshwater but in hypersaline condition. Therefore, they able to effectively
utilise their habitat and able to inhabit in various microhabitat of mangrove areas (Le

Vay, 2001; Koolkalya et al., 2006; Le Vay et al., 2007; Lebata et al., 2007).

Mud crab species genus Scylla has wide geographical distribution across Indo
— Pacific to Indian Oceans (Keenan et al., 1998; Ikhwanuddin et al., 2011; Azmie et
al., 2012). Giant mud crab or S. serrata is widely distributed across South Africa to
south Sydney, Australia waters except in South China Sea (Keenan et al., 1995;
Keenan et al., 1998; Ikhwanuddin, 2001). However, S. olivacea and S. tranquebarica
are restricted and have limited distribution within South China Sea and particular area
within the Indo — Pacific regions. While S. paramamosain is an exclusive species to
Java and South China Seas only (Table 2.2) (Chandrasekaran & Natarajan, 1994;

Barnes et al., 2002; Macintosh et al., 2002; Moser et al., 2002; Fratini & Vannini,



2002; Moser et al., 2005; Le Vay et al., 2007; Bonine et al., 2008; Ikhwanuddin et al.,

2011; Shelley & Lovatelli, 2011).

Table 2.2. Distribution and habitat of mud crab species genus Scylla according to

Keenan et al. (1998).

Species

Distributions

Habitat

S. serrata

S. tranquebarica

S. paramamosain

S. olivacea

The most widely distributions
(Indian Ocean, Red Sea,
Pacific Ocean)

The most widespread species,
often associated with S.
olivacea

(South China Sea,
Ocean, India Ocean)
The most abundant species
where it occurs

(South China Sea, Java Sea)
The moderately distributed,
often associated with S.
tranquebarica. (South China
Sea, Indian Ocean, Pacific
Ocean)

Pacific

Associated with mangrove full
saline oceanic waters but still
can tolerate reduce salinity.
Associated with  mangrove
waters and coastlines with
reduced salinity seawater.

Associated  with  various
habitats including mangrove
forests and estuarine ponds.
Associated with  mangrove
forests and coastlines with
reduced  salinity  during
mMonsoon seasons.

Mud crabs tend to shed their exoskeleton via moulting events for growing

(Mirera & Mtile, 2009; Alberts-Hubatsch et al., 2016). Scylla serrata Carapace Width

(CW) can grow up to 300 mm and its weight can reach 2.5 kg. While the CW and the

weight of S. olivacea can only reach up to 150 mm and 1.5 kg, respectively (Grubert
& Phelan, 2007). Typical lifespan of mud crab is up to 3 to 4 years (Jirapunpipat et
al., 2007; Moser et al., 2005; Alberts-Hubatsch et al., 2016). In general, size of the
CW of a juvenile mud crab is about 40 mm wide whereas, the size range of young
adult ranged between 90 - 110 mm and the size range for adult ranged between 110 -

200 mm (Shelly & Lovatelli, 2011).
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2.3  Methods of age determination

For years, there are variety of approaches have been carried out to determine
age of marine animals using direct and indirect age method. Age of fishes can be
determined directly by using growth ring or band that is retained and deposited in the
calcified or hard structures such as bones, spines, scales, vertebrae and otolith
(Campana, 2001; Campana et al., 2006; Helfman et al., 2009). For invertebrates, the
calcified or hard structure can be the statoliths and shell (Chatzinikolaou &

Richardson, 2007; Kilada et al., 2007; Abele et al., 2009).

Recently, a new development in crustacean ageing studies where growth band
were found to still remain deposited and retained in calcified structure of crustaceans
even after moulting events (Leland et al., 2011; Kilada et al., 2012; Kilada & Acufia,
2015; Kilada & Ibrahim, 2016; Leland & Bucher, 2017; Kilada & Driscoll, 2017). The
deposited bands accumulate in daily, monthly and annually basis, therefore could be
used in predicting age over time (Campana, 2001; Matta & Kimura, 2012; Zavorka et

al., 2014).

Alternative approaches via indirect age method could be applied to determine
age of crustaceans. Some of the methods include the monitoring rear animals over
period of time and by recording the moulting events of crustaceans (Sainte-Marie et
al., 1995; Hébert et al., 2002), mark — recapture of specimens using Passive Integrated
Transponder (PIT) tags or chemical tagging such as oxytetracycline (OTC) (Treble et
al., 2005; Horka et al., 2010; Zavorka et al., 2014) and length / size frequency
distribution analysis of animals (Smith et al., 1997; ElI-Haweet et al., 2005; Ayele &

Ramakhrishna, 2015).

11



2.4  Growth and age studies in crustaceans

Limited studies on ageing crustaceans potentially related to their lack of
permanent hard structures because of the moulting events (Bluhm, 2001; Heébert et al.,
2002; Kilada et al., 2012). The most common indirect ageing methods of crustacean
are by rearing individuals in captivity with provided moulting increments information
(Sainte — Marie et al., 1995; Hébert et al., 2002; Leland et al., 2015; Kilada et al.,
2017), by recapturing of tagged specimens using streamer tag or PIT tags (Wiles &
Guan, 1993; Le Vay et al., 1999; Ikhwanuddin, 2001) and by analysing length
frequency distribution data (Enin, 1995; Nandakumar, 2000; Koeller et al., 2006; Choi

& Zisserson, 2007).

Another alternative direct ageing method is via the accumulation of lipofuscin
in neural tissue. In this method, the lipofuscin pigment that accumulates over time in
the eyestalk or brain of crustaceans are used as age marker (Sheehy et al., 1998;
Bluhm, 2001; Bluhm & Brey, 2001; Kodama et al., 2006). This method successfully
defined the age class of crustaceans by means of the lipofuscin accumulation rate in
both tagged specimens or rear animal in the laboratory. Increased amount of lipofuscin
concentration showed to positively correlate with age and positive linear relationship
in chronological age (Ju et al., 2001; Islam et al., 2007; Islam & Kurokura, 2009).
According to Bluhm (2001), the lipofuscin age cohort were applicable to crustaceans
with well — defined annual recruitment events. Crustacean’s diet, temperature,
individual circumstances and other factors influenced the lipofuscin accumulation,
which consequently contributed to difficulties in assessing their age (Wabhle et al.,

1996; Crowley et al., 2014).
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25 Growth band counts

Recently, a new technique has been developed to assess age of individual
crustaceans via deposition of growth band in a calcified structure. The band found to
be preserved in a calcified structure called gastric mill. Therefore, the growth bands
were used as age marker (Leland et al., 2011; Kilada et al., 2012). Leland et al. (2015)
identified the applicability of growth band retentions in the hard structures located in
the gastric mill of crustaceans using calcein staining in post — moulting events. The
result proved that the growth band were retained after moulting increment in several
species of crustaceans such as redclaw crayfish, Cherax quadricarinatus (Figure 2.3),
powerful crayfish, Euastacus valentulus, crab species, S. serrata and Ranina ranina

and Moreton Bay bug lobster, Thenus orientalis.

Figure 2.3: The exocuticular (a) and endocuticular (b) layers are divided by the
cuticular boundary (indicated by the black arrow) and growth marks (indicated by
black dots) were present within endocuticle layer of freshwater redclaw crayfish,
Cherax quadricarinatus (Adopted from Leland et al., 2015).

The formation of growth band increment in the crustaceans however, is not
completely understood (Gronkjaer, 2016; Leland & Bucher 2017). It is well known
that crustaceans synthesize other materials such as muscle proteins during the inter-
moult period (Grubert et al., 2012). Earlier study by Neville (1965) demonstrated the

daily growth band deposition of paired endocuticle (lamellate and non-lamellate layers
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— termed “growth layers”) in the locusts where the endocuticular growth layer
formation in the locust exoskeleton directly corresponded to temperature and light
cycles, with experimental manipulation of circadian factors consistently altering
normal deposition. A more recent study by Kilada et al. (2012) reported moult-
independent of primary growth mark formation in snow crab eyestalks (Chionoecetes
opilio).

Numerous studies have shown the strong evidence of the growth marks
retention in the hard structures of gastric mill and eyestalk of temperate crustaceans
species, that it positively correlated to the annually growth events of the crustaceans.
Some examples are as in studies done on the American lobster juveniles, Homarus
americanus (Tang et al., 2015), 4 species of northern Atlantic crustaceans (Kilada et
al., 2015), 3 species of Chilean crustaceans (Kilada & Acufia, 2015), freshwater
redclaw crayfish, Cherax quadricarinatus (Leland et al., 2015) and Antarctic krill,
Euphausia superba (Kilada et al., 2017). However, not many ageing studies focused
on the subtropical and tropical crustacean species except the blue swimming crab,
Portunus pelagicus (Kilada & Ibrahim, 2016). Therefore, the intensive and
comprehensive studies are needed to assess data on absolute age of individual

crustaceans particularly S. olivacea using growth band deposition.
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2.6 Von Bertalanffy Growth Model (VBGM)

Age and growth data are commonly interpreted in term of mathematical model.
The growth rate in fishes can be described in the units of length and weight in body
size over time (Silva et al., 2015; Hatakeyama et al., 2016). The age and growth of
fishes can be estimated using growth model such as founded Von Bertalanffy growth
model (Le Vay, 2001). The equation of Von Bertalanffy growth has been widely
applied in fisheries studies. Estimated growth models were made by fitting the von
Bertalanffy growth equation to the observed growth data by VVon Bertalanffy (1983).

The equation of VBGM are as follows:
Lt=Lo[l-—e K1)

As crabs grow as width wise, their length is termed the carapace width (CW),
so hereafter ‘L’ or length will be replaced by ‘CW’, then the VBG equation can be

expressed as:
CWt=CW. [1—exp K t-1)]

Where:

CWt = total carapace width at age

CW. = mean of asymptotic carapace width predicted by the equation
K = growth coefficient (per year 1)

to = age of the crab would have at 0 cm CW

The VBGM commonly used to estimate and represent growth of entire life
span of marine species (King, 2001) such as in fish (Newman et al., 2000; Essington
etal., 2001; Lester et al., 2004), molluscs (Ridgway et al., 2011; Rosioru et al., 2012)

and crustaceans (Sara, 2010; Zafar et al., 2006; Viswanathan et al., 2016).
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Growth is defined as food intake changes into dietary energy and diverted into
growth in size (King, 2001; Rosenlund et al., 2016). Growth in fishes also can be
influenced in various factors such as biotic factor including sex (Imsland & Jonassen,
2003), abiotic factor such as water quality, photoperiod and oxygen level (Arnason et

al, 2009), age (Von Bertalanffy, 1938) and stocking density (Maceina et al., 2007).

Growth of fishes is commonly expressed in two types of growth, firstly; a
determine type of growth where short — lived species mostly inhabit in a warmer
region and secondly; indeterminate type of growth which long — lived species inhabit
in a colder region (Dutta, 1994; King, 2001, Hatakeyama et al., 2016). For a fast
growing species, reaching a size early in life gives advantages, whereas larger size of
individual less suffer to predation compared to smaller size individuals. Therefore,
larger individuals have high immunity and increased the survival rate (King, 2001,

Urban, 2002; Turker, 2006; Hatakeyama et al., 2016).

2.7  Age estimation in crab using Von Bertalanffy Growth Model (VBGM)

Studies in estimation of age and growth for crustaceans are rather difficult due
to the absence of hard structure after moulting event (Essington et al., 2001; Lester et
al., 2004). The limitations of growth parameters in crustaceans made it difficult to
describe the growth model (e.g von Bertalanffy growth model, VBGM) because of the
period of during moult and post — moult events. The complex sigmoid growth curve
Is suitable to describe the growth of crustaceans, which is in contrast to fish species,
where growth of fish increasing continuously towards an asymptotic size (Ehrhardt,

2008; Moksnes et al., 2015).
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Few studies have been attempted to fit the von Bertalanffy growth function for
age and growth determination of crustaceans especially on mud crab species. Sara
(2010) carried out a study on the growth parameters of S. serrata from Lawele Bay,
southeast Sulawesi, Indonesia with the asymptotic CW, CW., = 21.14 cm, K values =
1.38 year ! for male and CW.. = 21.02 cm, K values = 0.83 year ** for female. Based
on the findings, author suggested that the population of S. serrata in Indonesia is under
exploitation. Le Vay et al. (2007) described natural growth of S. paramamosain in
Vietnam with Lins (150 mm) and K values (2.39 year ) via mark recapture technique.
Recently, Viswanathan et al. (2016) studied the growth parameters of wild S. olivacea
from Pichavaram mangroves, southeast India with CW., K and to derived for males
and females were 148.05 mm, 0.76 year * and — 0.63 and 138.80 mm, 0.85 year "t and

—0.68, respectively.
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CHAPTER 3

METHODOLOGY

3.1  Biosampling

3.1.1 Sampling site

Field sampling was carried out at Setiu Wetlands (5°40°47.93”N
102°43°45.04”E), Peninsular Malaysia, Malaysia (Figure 3.1) from February to October
2016. Setiu Wetland is located on the east coast of Peninsular Malaysia and southern
part of South China Sea. It comprises several ecosystems such as sea, beach, mudflat,
lagoon, river, estuary and mangrove forest which provide diversity and high utilization

of natural resources (Nakisah & Fauziah, 2003; Suratman et al., 2014).

Mangrove forests in Setiu Wetlands consist of mangroves plants such as
Rhizophora sp., Avicennia sp., and Nypa frutican along the coastlines. Therefore, the
suitability of ecological functions provide optimum condition as nursery grounds for
marine species, coastline protections and providing natural sources for local
community (Mohd Azmi, 2014). The sediment of Setiu Wetland that comprised of
high silt and clay provides suitable habitat for mud crab species (Ikhwanuddin et al.,

2014a; 2014b).

Setiu Wetlands have become one of the major site for mariculture activities
such as brackish water cage culture, pen culture, oyster culture and pond culture. Thus,
Setiu Wetlands also known as active fishing sites and comprising several of

aquaculture activities (Nakisah et al., 2008). Therefore due to its diversity, richness
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and also high demand of mud crab aquaculture, Setiu Wetlands, Peninsular Malaysia

have been chosen as sampling site for this current study.
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Figure 3.1: Sampling site of S. olivacea along Setiu Wetlands, Peninsular Malaysia,
Malaysia.

3.1.2 Crab samples and identifications

Orange mud crab, S. olivacea (Figure 3.2a) was selected for this study due to
its abundance and dominance in Setiu Wetlands compared to other mud crab species
(Ikhwanuddin et al., 2014a; 2014b; Ihwan et al., 2014). Scylla olivacea can be
identified by its own morphological characteristics including rounded shape and a low
height frontal lobe spine, absence of carpus spine at the first spine and reduced at the
second spine and also have reduced propodus spine (Figure 3.2b). In addition, there
are also absence of polygonal pattern on cheliped, legs and abdomen of S. olivacea.

The species also displayed varying colouration such as black or red depending on their
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habitat. The morphological description of S. olivacea was done based on Keenan et al.

(1998).

Inner absent,
outer reduced
carpus spine

Figure 3.2: (a) Scylla olivacea, selected mud crab species for current study, (b)
Frontal lobe, (c) Cheliped.
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The sexes of mud crab were identified based on the shape of the abdomen. The
female crab obtained wider, round and globular abdomen. An immature female crab
has a small and pale abdominal flap (Figure 3.3a), while a matured female crab has a
large round pigmented abdominal flap with more darkened colour (Figure 3.3b). A
male mud crab has a narrow, straight and triangle shaped abdomen flap (Figure 3.3c)

(Keenan et al., 1998).

Figure 3.3: The differences of female and male of S. olivacea from Setiu Wetlands,
Peninsular Malaysia. (a) Immature female S. olivacea with small and pale abdominal
flap, (b) matured female S. olivacea with large round pigmented abdominal flap and
with more darkened colour while (c) matured male with a narrow, straight and triangle
shaped abdomen flap.
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3.1.3 Sampling methods

Scylla olivacea samples were collected using a rectangular shaped collapsible
trap or ‘bubu’ designed rectangular shaped with steel frame (16 x 50 x 30 cm) covered
with 25 mm nets and entrance funnels length 15 cm at both ends (Figure 3.4). These
traps were set up overnight for 12 hours underwater and were placed during low tide
period and collected after subsequent high tide in the next day (Appendix 1). The traps
were set up with bait (placed in the middle) such as chopped trash fish and raw chicken

head.

Figure 3.4: Rectangular collapsible trap or ‘bubu’ with bait either chicken head or
chopped fish were used to trap mud crab in Setiu Wetlands, Peninsular Malaysia,
Malaysia.

Scylla olivacea Carapace Width (CW) and Body Weight (BW) were measured
by using digital vernier caliper (Kern Micrometer digital caliper model, Germany) and
digital electronic balance. The CW is the distance between the tips of the 9™ antero —
lateral spines of the carapace (Figure 3.5a). The BW was measured with sensitivity to

0.1 grams using digital electronic balance (Shimadzu model, Japan) (Figure 3.5b).
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3.1.4 Preparation of wild caught S. olivacea for growth band examination

During sampling period, 90 of wild S. olivacea that were caught from Setiu
Wetlands were used in this study. The CW of wild caught S. olivacea ranged between
6.00 to 13.40 cm and BW ranged between 55.60 to 565.12 g. All samples were brought
back to the Marine Hatchery of Institute of Tropical Aquaculture (AKUATROP),
Universiti Malaysia Terengganu (UMT) for quarantine. Then, all samples were
dissected and underwent preparation and examination for growth band at Fisheries
Science Laboratory, School of Fisheries Science and Aquaculture, UMT. The
procedures of preparation and examination of growth band deposition can be referred

in the sub - chapter 3.3.

Figure 3.5: Measurement for S. olivacea. (a) CarapacémWidth, CW (cm) — is the
distance between 9" tips of antero - lateral spines were measured using vernier caliper,
(b) Body weight, BW (g) of S. olivacea were measured using digital electronic
balance.
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3.2 Preparation of captive S. olivacea for growth band examination
3.2.1 S. olivacea reared in captivity

3.2.1.1 Broodstock management

The adult of S. olivacea from Setiu Wetlands and was quarantined for seven
days to reduce the risk of pathogenic affection and poor hygiene during handling. After
the quarantine, the female mud crab was subjected to eyestalk ablation procedure. The
eyestalk ablation technique on broodstock crustacean is crucial to induce spawning
and produced the berried female mud crab (Quinitio et al., 2001; Khazraeenia &
Khazraiinia, 2009). The broodstock of S. olivacea was held in a fiberglass tank (320
cm x 138 cm x 60 cm) equipped with sand substrate and shelters (Appendix 2). The
tank was covered by a black nylon net to minimize disturbance and to avoid physical

contamination from insects and also to assist in temperature control.

The broodstock was fed with fresh diet of mixed seafood such as chopped raw
mitre squid, Loligo chinensis, blood cockle, Tegillarca granosa, marsh clam or
‘lokan’, Polymesoda expansa, mud clam or ‘kepah’, Polymesoda erosa and chopped
yellowstripe scad fish, Selaroides leptolepis. The crabs was fed twice daily in the
morning (0900 hrs) and in the afternoon (1700 hrs) at 10% BW. The uneaten feed and
waste material was removed regularly. The recirculating system was installed with
continuously water quality maintenance. The water salinity in the broodstock tanks
were maintained at 28 — 33 ppt at temperature of 25 — 32 °C. Once the matured female
S. olivacea has carried egg mass, the berried female was put individually in 1.5 m3

fiberglass tank with aerated seawater until the eggs hatched.
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3.2.1.2 Larvae rearing

The larvae of S. olivacea were reared from March 2016 until March 2017 (1
year culture period). Also, known age data were gathered for each of the individuals.
Newly hatched S. olivacea larvae were transferred into larva rearing tanks (1.5 m®
fiberglass tank). The zoea was carefully collected using siphon with a basin for
subsampling and counting. The counted samples were then allocated to rearing tanks.
The counting process was difficult due to the aggregating behaviour of zoea that

caused bad estimation of the population.

Stocking density for S. olivacea zoea larvae was kept in a 1.5 m® (1,500 litre)
rearing fiberglass tank that comprised of 90 - 110 individuals per litre. The water
salinity in the larvae tanks was maintained within range 27 — 31 ppt and optimal
temperature range 25— 32 °C. The rearing tank was covered with plastic sheet to avoid
temperature fluctuation. In addition, a sleeved water heater was also installed to
maintain the water temperature. The aeration devices were supplied at mild aeration

to keep larvae in the water column (Appendix 3).

Scylla olivacea larvae were fed with main live feed depending on their life
stage. Scylla olivacea larvae were fed with rotifers at early zoea stage (z1 — z2) and
artemia at z2 to z3 and through the megalopa stage to settlement. During larvae
rearing, microalgae were also added in the larva rearing tank to improve water quality.
Scylla olivacea larvae were fed 2 times a day (0900 and 1700 hrs) and waste of the

live feeds were removed before adding the next feed.

Scylla olivacea larvae stage (z1 — megalopa) were reared within 12 to 20 days.
Then, S. olivacea larvae at megalopa stage were harvested and transferred to another
rearing tank. The transfer was done to reduce chances for cannibalism. Scylla olivacea
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larvae at megalopa stage developed into crablet between 10 to 14 days. Then, the
crablets were collected and transferred into individual container for grow out process.
The broodstock management and larvae rearing were carried out by referring method

of Quinitio et al. (2001), Mann and Paterson (2004) and Shelly and Lovatelli (2011).

3.2.1.3 Grow out

The crablets were counted and transferred into rectangular plastic containers
(18.7cm x 15.6cm x 4.0cm) with 20 partitions (Figure 3.6a), covered with net and were
placed in the fiberglass tank (320cm x 138cm x 60cm) at day 35. The CW and BW of
S. olivacea crablets were recorded for individual allocation in plastic container. Size
of most of the crablet ranged from 1.00 — 2.00 cm CW and were placed individually
in the partition (4cm x 38cm). After moulting and when the size of crabs reached
approximately 2.10 cm CW, each of the crab was labelled and placed in a rectangular
plastic container (25cm x 19cm x 15cm) (Figure 3.6b). All crabs were held
individually to avoid cannibalism and to increase the survival rate (Figure 3.6c;

Appendix 4).

During grow out process, the fiberglass grow out tank was equipped with
recirculating seawater system, aeration system and sleeved water heater. The
fiberglass grow out tank was covered with black nylon net to reduce temperature
fluctuation and physical contaminations. The water salinity and temperature in grow
out tanks were maintained at 28 — 32 ppt and optimal range of temperature at 25 — 32

°C. The seawater in the tank were replaced 100% for every 2 days.

Water parameters in grow out tank such as dissolved oxygen, temperature and
salinity were determined using a master refractometer (ATAGO, Japan) and YSI 556

multi probe meter (Appendix 5). Crabs were fed with raw mixed seafood such as
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chopped raw mitre squid, Loligo chinensis and chopped yellowstripe scad fish,
Selaroides leptolepis during experiment at 10% BW and were given daily at 0900 hrs
and 1700 hrs. The unconsumed food and waste material were removed to avoid
contamination to the water body. The water and feeding management for grow out
process were done by following the method of Quinitio et al. (2001) and Shelly and

Lovatelli (2011).

During 1 year rearing period (March 2016 — March 2017), a preliminary
experiment was done to identify the availability and visibility of growth band at
different experimental age (8 and 10 months old) and remaining samples at age of 12
months old. In total, 25 S. olivacea were reared during the 1 year rearing experiment.
Crabs of different size were weighted using digital electronic balance and the CW
were measured using vernier caliper (Appendix 6). Afterwards, all the crabs were
prepared for growth band examination at Fisheries Science Laboratory, School of
Fisheries Science and Aquaculture, UMT (referred to sub-chapter 3.3). Figure 3.7

shows the tanks set up in the present study.

Figure 3.6: (a) Rectangular plastic container (18.7cm x 15.6cm x 4.0cm) with 20 partitions
with crablet size 1.0 cm to 2.0 cm, (b) Rectangular plastic container (25cm x 19cm x 15¢cm)
with crabs size (>2.0cm), (c) Crabs were placed individually labelled in fiberglass tank (320
cm x 138 cm x 60 cm).
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<«— Fiberglass tank
‘ (320 cm x 138 ¢cm x 60 cm)

<+—— Fiberglass tank
(1.5 m?®/ 1,500 litre)

Reared larvae at z1 stage until
crablet stage for 34 days

<+— Fiberglass tank
(1.5 m3/ 1,500 litre)

Scylla olivacea larvae were
stock with 100 — 150
individuals per litre per tank

Reared crablet at CW 1.0
cm to 2.0 cm for 60 days

<«— Fiberglass tank
(320 cm x 138 cm x 60 cm)

' Rectangular plastic container
—— (18.7cm x 15.6cm x 4.0cm)
with 20 partitions

Reared crabs after moulting at
CW (>2.0 cm) for 271 days

A\ 4

<«— Fiberglass tank
(320 cm x 138 cm x 60 cm)

‘ Rectangular plastic container
—— (25cm x 19cm x 15¢cm)

Figure 3.7: Tanks setup in the present study.
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3.3  Preparation and examination of growth band

During the sampling period, a total of 90 wild crabs (6.00- 13.40 cm CW) were
caught and 25 crabs (3.30 — 10.63 cm CW) from reared experiment. Collected crabs
from the wild and reared in hatchery were used for growth band preparation and
examination. This study has a different samples size of wild caught and captive rearing
of known age individuals. For the wild S. olivacea, only 90 samples were available
during sampling period. Hence, the sample size of wild S. olivacea was 90. However,
the samples size still cater the mentioned size ranged for CW. For captive rearing
known age individuals, the sample size of S. olivacea was limited due to the low
survival rate. Also it is difficult to maintain the live specimens under unnatural and

controlled conditions during 1 year rearing period.

3.3.1 Gastric mill extraction

All the anterior carapace of the dissected S. olivacea was removed and exposed
their cardiac stomach. The gastric mill were extracted out from cardiac stomach and
placed in preservation solution (70% glycerol, 4% ethanol and 26% water) for 4 days

until all soft tissues could be removed under a dissecting microscope.

3.3.2 Thin cross sectioning and growth band counting

Gastric mill of the crabs consists of zygocardiac ossicles and mesocardiac
ossicles (Figure 3.8a). The ossicles were separated after the cleaning and removing of
all of the unwanted soft tissues. The ossicles were then embedded in epoxy resin
EpoxiCure® 2 Epoxy System and EpoxiCure® 2 Hardener (Buehler, Illinois Tool
Works Inc.) for 2 — 7 days cure time at room temperature (Appendix 7 and 8). The
zygocardiac ossicles were prepared for thin transverse cutting while, the mesocardiac

ossicles were prepared for thin longitudinal cutting (100 - 300 um thickness). Both
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structure were cut using a Buehler IsoMet Precision Cutter (IsoMet® 1000 Precision
Cutter, Buehler, Illinois Tool Works Inc.) (Appendix 9 and 10). Figure 3.8b shows the
cutting axis for both the transverse and longitudinal cutting of zygocardiac and

mesocardiac ossicles.

1cm M |
4
tg’\’ . (} /2
¢ oY
L0:5mm (b) L 0-5mm L0.5mm

Figure 3.8: (a) The gastric mill structure consists of zygocardiac ossicles (Z) and
mesocardiac ossicles (M) of S. olivacea, (b) the separated ossicle of zygocardiac and
mesocardiac with transverse and longitudinal cutting axis (black line).

The thin section of zygocardiac and mesocardiac ossicles were mounted on a
standard microscope slide, polished by hand when necessary using dry 0.3 pum grit
lapping film and viewed under Olympus compound microscope (CX41, Olympus
Group Companies) at 10x — 40x magnification (Appendix 11). Digital images were
taken using DinoCapture 2.0 software version 1.4.3 (BigC Dino-Lite Digital
Microscope, AnMo Electronics Corporation) attached to the compound microscope.

Images were digitally enhanced using Adobe Photoshop CS6 version 12.0.4 x 64
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(Adobe System Incorporated) to increase the contrast between adjacent bands

(Appendix 12).

The growth bands were identified as paired (bipartite) light and dark zones in
endocuticle. They were counted from the basal (between membranous layer and
hypodermis) to the distal region of the endocuticle of the structure. The method on
the preparation of the growth band examination was carried out by following the
method of Leland et al. (2011) and Kilada et al. (2012). Figure 3.9 shows the growth

band identifications in the zygocardiac ossicles after thin cross sectioning.

Figure 3.9: The growth band (black dots) can be identified as paired (bipartite) light
and dark zones in endocuticle. They were counted from the basal (between
membranous layer and hypodermis) to the distal region of the endocuticle of the
structure.
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3.4  Data collections analysis

The length — weight relationship or the CW — BW relationship were
determined by employing the Le Cren’s (1951) non — linear equation by least squares
method using the logarithmic forms of the exponential equation. The equation of
length — weight relationship is as follow:

W=alLb
Where:
W = Body Weight; BW (g)
L = length or Carapace Width; CW (cm)

a = is the intercept of the regression curve

b = the regression coefficient

The observed values of length or CW and BW were transformed into
logarithmic values and were expressed as regressions equation of Log BW =a + b Log
CW. The regression relationship and Student t-test was calculated with the aid of
Microsoft Excel (MS — Excel 2013) and SPSS version 22 software (IBM® SPSS®
Statistics VV22.0). The Student t-test was performed to test the differences in the

regression relationship between sexes of S. olivacea.

The relationship between CW, BW, GBC and Age relationship were calculated
using the equation as follow:
y=aXxP’
Where:
y = dependent variable

X = independent variable

a and b = model parameters
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Values of the exponent b provide information on fish growth. Calculated b
value of 3 were defined as being in the isometric range (b = 3) while b < 3 was defined
as negative allometry and b > 3 as positive allometry (Ricker, 1973; Silva et al., 2015;

Kilada & Ibrahim, 2016).

In the present study, the reliable age information was based on the growth band
examination data and the precision of band count were analyzed using coefficient of
variation (CV) by Campana (2001). The bands were counted independently by two
readers or two persons to assess the accuracy of the band counts, minimizing the bias
of the counting and reproduced the reproducibility of repeated measurements. The
equation of CV as follows:

1/Zf=1(Xii -Xj)?
CV; = 100% x -

Xj

Where:

CV, = the age precision estimate for the j th individual. The CV values of all

individuals are averaged across the whole sample to produce a mean CV.

Xij = represents the i ™ age of the j ™" individual

X = represents the average age of the j individuals

In order to identify the growth parameters of S. olivacea from wild caught and
those reared in hatchery, the CW at age data based on growth band data were fitted to
the VVon Bertalanffy Growth Model (VBGM). The growth parameter such as L., K

and to value were estimated by Von Bertalanffy Growth (VBG) equation (Von
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Bertalanffy, 1983) based on CW at age data. The explanation of the VBGM equation

as referred to the subchapter 2.6.

The growth parameters such as CW., K and to values were estimated by
VBGM equation based on CW — Growth Band Counts data (GBC). Then, the growth
curve were estimated and interpreted based on VBGM equation. The interpretation of
growth curve using Microsoft Excel 2013 and the growth parameters were obtained

from SPSS version 22 software (IBM® SPSS® Statistics VV22.0).

3.5  Experimental design

Generally, the experiment was done to determine the age and growth of S.
olivacea from Setiu Wetlands, Peninsular Malaysia using GBC data as age indicator.
During sampling period, a total of 90 wild S. olivacea (6.00 — 13.40 cm CW) were
caught from Setiu Wetlands, Peninsular Malaysia from February 2016 until October
2016 and 25 of S. olivacea (3.30 — 10.63 cm CW) were reared for 1 years from March

2016 to March 2017 in the AKUATROP’s Marine Hatchery, UMT.

The wild caught of S. olivacea provide unknown age information and reared
S. olivacea provide known age information as age validation method (1 year rearing
period). The age validation of S. olivacea began from the larvae stage and reared until
they reached young adult stage. During age validation experiment, the preliminary
experiment of growth band examination was done at age of 8 months old (n=4) and
10 months old (n=4) in order to identify the presentable of growth band in S. olivacea
when age of S. olivacea below 1 year old. The selected samples for preliminary
experiment were based in their minimum size of CW at that time. The remaining

reared S. olivacea (n=17) were retained until they reached the age of 12 months old.
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All the wild caught crabs and reared samples were measured based on CW,
BW and sexes according to Keenan et al. (1998). Then, all samples were prepared for
growth band examination at Fisheries Science Laboratory, School of Fisheries Science
and Aquaculture, UMT. The growth bands were identified according to Leland et al.
(2011) and Kilada et al. (2012). The growth bands were counted, recorded and
analysed in order to assess the age and the growth estimation of both the wild caught

and reared S. olivacea.

The Growth Band Count (GBC) data and size at age data from wild caught and
reared samples were assessed to determine age and growth of S. olivacea. The
accuracy of band count were calculated using CV formula. The CW, BW and sexes
were described by means of the size frequency distribution and identified correlation
between CW, BW, sexes and GBC data through linear relationship. The growth
parameters and VBGM were applied based on GBC data to estimate the age and
growth of S. olivacea in Setiu Wetlands. Work-flow and experimental design of the

present study are as in Figure 3.10.
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Age and growth determination of S. olivacea from Setiu Wetlands,
Peninsular Malaysia, Malaysia

Wild S. olivacea from Setiu
Wetlands
(February — October 2016)

Unknown age information

Hatchery - reared of
S. olivacea

Age validation method
(Known age information)

1 year rearing period
(March 2016 — March 2017)

Reared from larvae until adult
size

All crabs was measured by CW, BW, sexes

All crabs was prepared for growth band examination

Gastric mill was extracted from cardiac stomach and immersed
in preservation solution (70% glycerol, 4% ethanol and 26%
water) for four days

Embedding in epoxy resin and hardener for seven days for best

solution

Transverse thin cross sectioning for zygocardiac ossicles and
longitudinal sections for mesocardiac ossicles
(100 - 300um)

Image of growth band was digitally enhanced using Adobe

Photoshop

Viewing and growth band counting under compound microscope

Data analysis

Coefficient Size
of variation Frequency
(CV) Distribution

Linear Relationship
of CW, BW, Sexes,
GBC

Growth Von
Parameter Bertalanffy
(CW., K1, to) Growth Model

Figure 3.10: Work-flow and experimental design of the present study.
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CHAPTER 4

RESULTS

4.1  Validation age data from S. olivacea in captivity

4.1.1 Analysis of size frequency distribution

A total of 25 individuals of S. olivacea were successfully reared during the 1
year cultured period from March 2016 to March 2017. The reared S. olivacea was
comprised of females with 48% (n = 12) and males with 52% (n = 13) of the total
individuals. The minimum, maximum, mean of the CW are shown in Table 4.1. The
mean CW % SD of female was 4.80 + 0.70 cm and male was 6.03 + 1.86 cm. The mean

BW + SD of female was 27.92 + 15.28 g and male 48.58 +£ 51.19 g.

Table 4.1. The mean carapace width (CW) and body weight (BW) of reared S. olivacea
(n = 25) at AKUATROP’s Marine Hatchery UMT.

Parameter Carapace Width (cm) Body Weight (g)
Female Male Female Male
N 12 13 12 13
Range 3.30-5.94 3.32-10.63 5.70 - 61.50 5.60 - 202.80
Mean + SD 4.80+0.70 6.03 +1.86 27.92 + 15.28 48.58 +51.19

The size distribution of the CW of overall reared S. olivacea ranged between
3.30 - 10.63 cm CW and the mode ranged between 4.00 - 4.90 cm CW. The size
distribution of female S. olivacea was ranged between 3.30 - 5.94 cm CW with mean
4.80 + 0.70 cm CW. The CW size range of male S. olivacea ranged between 3.32 -

10.63 cm with mean 6.03 = 1.86 cm. The BW of female S. olivacea ranged from 5.70
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to 61.50 g and 5.60 to 202.80 g for male S. olivacea. (Figure 4.1). Male S. olivacea

were heavier in BW and bigger in CW compared to female S. olivacea.

There was a significant different in the size of CW of the crabs between sexes,

where females S. olivacea (4.80 £ 0.70 cm CW) and males S. olivacea (6.03 + 1.86

cm CW), (t (23) = 2.15, p = 0.04). Contrarily to the CW size, the BW between females

(27.92 + 15.28 g) and males (48.58 + 51.19 g), showed no significant different

(Appendix 13a).
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Figure 4.1: The CW frequency distribution of female and male S. olivacea reared in
captivity for 1 year cultured period (female; n= 12, male; n = 13).
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4.1.2 The CW and BW relationship of S. olivacea reared in captivity and
coefficient of variation (CV) values

Relationship between CW and BW data was investigated separately for both
the male and female S. olivacea. The CW and BW of S. olivacea showed to have
positively relationship. A linear regression was carried out to find out whether the CW
could be used to predict the BW of the reared S. olivacea. A significant regression
equation was found (F (1, 10) = 6.58, p = 0.028), with R? = 0.61 and regression
equation of female reared S. olivacea was log BW = 0.35 + 2.48 (log CW). A
significant regression was also found in male reared S. olivacea (F (1, 11) =8.03, p =

0.001, with R?=0.98 and regression equation is log BW = 0.71 + 2.93 (log CW) (Table
4.2, Appendix 13b).
Table 4.2. The regression linear information of the carapace width (CW) — body

weight (BW) of S. olivacea reared in captivity for 1 year culture period (female; n =
12, male; n=13).

Sex Regression Log BW =a+b Log CW R? p —value
Female Log BW = 0.35+ 2.48 Log CW 0.61 0.028
Male Log BW =0.71 +2.93 Log CW 0.98 0.001

The coefficient of determination (R?) of log CW — Log BW in females and
males showed positive correlation between variables. There was an exponential values
(b) of the log CW — log BW relationship of female and male with the values of 2.48
and 2.93, respectively. The relationship did obey the cube law with the values of ‘b’
varied from 2.5 to 3.0. The b values that were closed to 3, indicates the allometric

growth for both sexes where the mud crabs grows faster in size than in weight.
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4.1.3 The CW and Growth Band Count (GBC) of S. olivacea reared in
captivity

The result showed the presence of growth band in S. olivacea reared in
captivity. The growth band was presented in the gastric mill structures consisted of
both zygorcardiac ossicles (Z) and mesocardiac ossicles (M). The growth band
formation can be identified as narrow dark band that was deposited in the broad
translucent zone called the endocuticle layer comprising of exocuticle layer. The
epicuticle layer is the most outer layer of the ossicles and covered with membranous
layer (Figure 4.2). The identification of growth band was carried out by referring to
the method of Kilada et al. (2012). The preparation of growth band examination as

referred to the subchapter 3.3.

The observation of growth bands for reared samples was done based on the
capability to count and to read the growth band. The capability was categorized by
good readability under band 1.0, intermediate readability (0.83) band and poor
readability (0.66) band. The value of the growth band readability was obtained from a

simple mathematical calculation that was done on the growth band counting.

The growth bands were interpreted by having one clear narrow dark band (1.0)
deposited in the ossicles while intermediate readability, contained 0.83 band, where
the bands was available but unable to be counted as complete narrow dark band. The
poor readability, 0.66 band, explained the unavailability of growth band deposited in
the gastric ossciles of reared S. olivacea. Each of the growth band readability also
represented the known age information of reared S. olivacea, 1.0 band represented 12

months old (n=17), 0.83 band represented 10 months old (n = 4) and 0.66 represented
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8 months old (n = 4). The uneven numbers of the samples size explained that some of

the samples was brittle and fractured during sectioning and cleaning process.

Figure 4.2: Growth band (black dots) shown in transverse sectioned (200 um) of zygocardiac
ossciles in (a) S. olivacea reared in captivity with CW 5.34 cm showed one clear primary
growth band (1.0) while poor readability (0.66) of growth band in (b) with CW 4.40 cm (b).

All growth bands were counted directly using a compound microscope and
data were taken carefully and consistently by two independent readers to minimize
biases in the counting procedure. Counting the growth band in the zygocardiac ossicles
was easier due to the visibility and presence of clear primary growth band in the
structure compared to band identification in mesocardiac ossicles. The coefficient of
variation (CV) was calculated using the CV formula. The CV values assessed the bias
of reading and counting the growth band by the two independent readers. Further

estimation linear regression of CW, GBC and CV values is shown in Table 4.3.

Table 4.3. The equation describing the CW and GBC relationship of S. olivacea reared
in captivity for 1 year cultured period and the CV values for female and male S.
olivacea.

CW = a x growth band ) Coefficient of

Sex N R o p - value
count P variation, CV (%)
Female 12 CW =5.15 GBC 8! 0.74 6.00 % 0.001
Male 13 CW =6.70 GBC 1% 0.69 6.23 % 0.004
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A positive interaction was displayed in CW and GBC relationship of female
and male S. olivacea with r = 0.84, p < 0.05 and r = 0.73, p < 0.05 respectively. The
GBC was increased as the CW increased in both female and male of reared S. olivacea.
Student t — test showed that there was no significant different in GBC between female
(0.91 + 0.14 GBC) and male (0.92 + 0.13 GBC) of reared S. olivacea. This indicates
that the growth band counts were similar in both female and male of reared S. olivacea

(Appendix 13c).

A linear regression was calculated to predict CW based on GBC. A significant
regression equation in female S. olivacea was found CW = 5.15 GBC %8, p = 0.008,
with R?=0.74. In male reared S. olivacea, a significant regression was also found with
CW = 6.70 GBC %, p = 0.02 with R? = 0.69. This indicates that the changes in the
CW were related to changes in the GBC. The CV values of female and males was 6.00
% and 6.23 %, respectively. There was a slightly different CV values between sexes
at the percentage of 0.23%. The CV values that showed lower values with less than

10%, demonstrated a good consistency of the band counting or reading.

4.1.4 The GBC - known age relationships and the CW — Known age
relationships of S. olivacea reared in captivity
The GBC — known age relationship were investigated based on the validation
data of the reared S. olivacea. Presence of growth band showed to positively correlate
with the age and size of individuals. The GBC at known age data observed 0.66 growth
band at 8 months old, 0.83 growth band at 10 months and 1.0 growth band at 12 months
old. Both female and male of the reared S. olivacea were at the same known age, with

the mean age value of 0.91 £ 0.13 month and 0.92 + 0.13 month, respectively. This
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was also further supported by a non — significant different output of the t — test between

sexes of the reared S. olivacea (Appendix 13d).

GBC showed strongly and positively correlated with the known age of both
female and male S. olivacea at r = 0.99, p < 0.01 and r = 0.99, p < 0.01, respectively.
This confirms that as age increased, the GBC also significantly increased. Further
estimation of linear regression using power equation for GBC and known age is shown

in Table 4.4.

Table 4.4. The power equation describing the GBC — known age (Months) relationship
of S. olivacea reared in captivity.

Sex N  GBC = ax known age (months) P R? p —value
Female 12 GBC = 0.078 x known age 9% 0.996 0.06
Male 13 GBC =0.079 x known age 1023 0.996 0.06

The regression equation of female showed to be significant with GBC = 0.078
x known age 1924 p=0.001 with high coefficient at R>=0.99. Similarly, the regression
equation of male also displayed significant regression with GBC = 0.079 x known age
1023 5 = 0.001 with high coefficient R?=0.99. The changes in the GBC were related

to changes in the known age (months) in both female and male of reared S. olivacea.

The CW — known age relationship of reared female and male S. olivacea were
revealed. Student t — test revealed that there was a significant different in the CW
between sexes of reared female (4.80 £ 0.70 cm CW) and in the CW of reared male
(6.03 £ 1. 86 cm CW) S. olivacea with t (23) = 2.15, p = 0.04, p < 0.05 (Appendix
13e). For known age, Student t — test showed that there was no significant between
sexes of reared female (11.00 £ 1.59 month) and reared male (11.07 + 1.55 month) of

S. olivacea.
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The correlation of CW and known age relationship were found to be positively
significant in female with r=0.74, p < 0.05 and in male with r = 0.69, p < 0.05. There
was a significant regression between CW and known age of female with equation CW
= 0.64 known age %8, p < 0.05, R?= 0.70. Similar in males, there was a significant
regression between CW and known age with equation CW = 0.11 known age 13, p <
0.05, R?=0.54 (Table 4.5). The changes in the CW were related to the changes in the

known age in both female and male of reared S. olivacea.

Table 4.5. The power equation describing the CW (cm) — known age (months) of
reared S. olivacea in captivity.

Sex CW = a x known age (months) ® R? p value
Female CW = 0.64 x known age %83 0.70 0.001
Male CW =0.11 x known age 1% 0.54 0.001

4.1.5 Estimation of growth parameters

The results of the CW at age data of reared S. olivacea based on GBC
data were fitted to the von Bertalanffy growth model. The growth parameters were
used to estimate the age of reared S. olivacea based on CW at age data. The growth
band that was validated annually indicated 1 growth band at the age of 1 year old of
S. olivacea with average CW of 6.11 cm. Therefore, the CW at age data were used to
estimate the growth parameters, such as CW.,, K and to. The three growth parameters
were derived from inverse linear regression that was plot and fitted using the VBGM
equation (CWt = CW., [1 —exp ~K-O 1) (Appendix 13f and 13g). The explanation
of the VBGM equation can be referred to the subchapter 2.6. Summarized estimated

growth parameters of reared S. olivacea is shown in Table 4.6.
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Table 4.6. Summary of estimated growth parameter of reared S. olivacea in captivity
for 1 year culture period.

Growth parameters Nonlinear regression procedure
CW., (cm) 20.075
K year ! 0.3130
to - 0.202

The growth parameters of CW.,, K year * and to values were 20.075 cm CW,
0.313 year tand - 0.202, respectively. The VBGM estimated the age of 1 year old
with CW 5.38 cm and was corresponded to the observed CW at age relationship based
on GBC data (the average size of reared S. olivacea is 6.11 cm CW at age of 1 year
old). The VBGM showed to be the best model to describe the relationship of CW and

age of reared S. olivacea in captivity (Figure 4.3).

The VBGM successfully predicted the age of reared S. olivacea at age of 1
year old to 3 year old in the size range of 5.38 to 12.21 cm. The estimated age of 1
year old CW of 5.38 cm was correlated to the absolute CW — known age data where
the size of CW was 6.11 cm. The VBGM further estimated age from 4 year old to 20
year old, where the maximum CW reached to 20.00 cm. The slower growth period
began at age of 10 year old to 20 year old at size ranged between 19.00 — 20.00 cm
CW, indicating that the growth are getting slower with older age. The growth
parameters obtained from VBGM showed the estimation values of age and CW of

reared S. olivacea could reach to asymptotic size by years.
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Figure 4.3: Von Bertalanffy growth model using nonlinear regression fitted to CW
(cm) at age data of reared S. olivacea.

4.2  Growth and age estimation of wild caught S. olivacea from Setiu
Wetlands, Peninsular Malaysia, Malaysia

4.2.1 Analysis of size frequency distribution

A total of 39 females and 51 males S. olivacea, were caught from Setiu
Wetlands, Peninsular Malaysia from February to October 2016. A percentage of 56.7
% of the caught individuals were male, which indicated higher occurrence of male
compared to female with only 43.3%. The mean value of female CW + SD was 10.12
+ 1.85 cm, while the male had slightly smaller CW mean value of 9.32 + 1.78 cm.
Female BW + SD was at mean value of 201.64 £+ 127.46 g, while the mean value of

male was 183.01 + 140.91 g (Table 4.7).

Table 4.7. The Carapace Width (CW) and Body Weight (BW) measurement of wild
caught S. olivacea from Setiu Wetlands, Peninsular Malaysia.

Parameter Carapace Width (cm) Body Weight (g)
Female Male Female Male
N 39 51 39 51
Range 7.30-13.40 6.55-13.20 55.60-532.51 57.00-565.12
Mean + SD 10.12+1.85 9.32+1.78 201.64+127.46 183.01+140.91
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The frequency distribution of wild caught S. olivacea CW is presented in
Figure 4.4. The CW of wild caught S. olivacea ranged between 6.55 — 13.40 cm whilst
the BW of wild caught S. olivacea ranged between 55.60 — 565.12 g. A Student t-test
was conducted to compare the mean of CW between females and males of wild caught
S. olivacea. There was a significant different in the CW between females S. olivacea
(10.12 £ 1.85 cm) and males S. olivacea (9.33 £ 1.78 cm), (t (88) = 2.06, p = 0.04, p
< 0.05). Therefore indicates that the size of wild caught S. olivacea CW was different
between sexes. The BW of S. olivacea however, did not significantly vary between

sexes (Appendix 14a).
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Figure 4.4: The CW frequency distribution of wild caught S. olivacea from Setiu

Wetlands, Peninsular Malaysia (female; n = 39, male; n =51).
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4.2.2 The CW and BW relationship of wild caught of S. olivacea from Setiu
Wetlands, Peninsular Malaysia

The correlation between CW and BW was separately done according to sex.
There was a strong significantly positive correlation between CW and BW of both
female (r = 0.92, p < 0.01) and male (r = 0.94, p < 0.01) S. olivacea. The results of

CW — BW linear regression of wild caught S. olivacea according to sex are presented
in Table 4.8.
Table 4.8. The linear regression information of Carapace Width (CW) — Body Weight

(BW) of wild caught of S. olivacea from Setiu Wetlands, Peninsular Malaysia (female;
n = 39, male; n=51).

Sex Regression Equation R? p value
LogBW =a+bLog CW
Female LogBW =1.11 + 3.34 Log CW 0.94 0.001
Male Log BW =1.18 + 3.47 Log CW 0.95 0.001

The linear regression relationship of log CW — Log BW in female and male
was done. A linear regression was calculated separately to predict BW based on CW
of both sexes. The significant regression was (F (1, 37) = 578.29, p = 0.001) with R?
= 0.94 and regression equation of wild caught female S. olivacea is log BW = 1.11 +
3.34 (log CW). The significant regression was also found in wild caught male S.
olivacea (F (1, 49) = 957.12, p =0.001) with R?= 0.95 and regression equation of log

BW =1.18 + 3. 47 (log CW) (Appendix 14b).

The coefficient of determination obtained for the log CW — Log BW of both
females and males supported that there was positive correlation existed between the
CW and BW in these crabs. The exponential values (b) of the log CW — log BW

relationship of female and male were 3.34 and 3.47, respectively and the values does
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obey the cube law with b value more than 3. The b values that were slightly larger than
3 indicated a positive allometric growth for both sexes, where the mud crabs grows

faster in weight than in size.

4.2.3 The CW and GBC relationship of wild caught S. olivacea and Coefficient
of variation (CV) value

The results showed the presence of growth band in wild caught S. olivacea
from Setiu Wetlands. The GBC was ranged from 1 to 3 band in zygocardiac and
mesocardiac ossicles of wild caught S. olivacea (Figure 4.5). All growth band were
counted directly and consistently between two independent readers to minimize biases
in counting. The growth bands were viewed using compound microscope and the
image were taken carefully. Counting the growth band in the zygocardiac ossicles was
easier due to the clear visibility and presence of complete band compared to poor
visibility and incomplete growth band in the mesocardiac ossicles. The identification
of growth band was carried out by referring to the method of Kilada et al. (2012). The

preparation of growth band examination can be referred to the subchapter 3.3.
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Figure 4.5: The growth band (black dots) shown in transverse thin cross sectioning
(200 pm) of zygocardiac ossicles (Z). Three growth band (black dots) is shown in wild
male S. olivacea with CW 12.8 cm and (b) is wild female S. olivacea with CW 9.73
cm.

The CW between sexes showed to have significant different, with female
(10.12 £ 10.12 cm) and males (9.33 = 1.78 cm) at (t (88) = 2.06, p = 0.04, p < 0.05 of
wild caught S. olivacea. GBC data between sexes of wild caught S. olivacea did not
display any significant different (Appendix 14c). This indicates that the CW in female

and male were different while, the increases number of GBC in both sexes was similar.

The power equation of CW and GBC relationship is shown in Table 4.9. The
results showed that the CV values were varied from 8.64 % to 8.52 % for female and
male of wild caught S. olivacea, respectively. The CV values that showed lower values

with less than 10%, demonstrated a good consistency of the band counting or reading.
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Table 4.9. The equation describing the CW and GBC relationship of wild caught S.
olivacea and the Coefficient of variation (CV) values.

Sex N CW = a x growth R? Coefficient of p value
band count ® variation CV (%0)

Female 39 CW=7.30GBC%® 051 8.64 % 0.001

Male 51 CW=6.99GBC%* 0.66 8.52 % 0.004

The linear regression information of CW — GBC of wild caught S. olivacea
was done. A linear regression was carried out to find out whether the CW could be
used to predict the GBC of wild caught S. olivacea. There was a significant regression
in female (p = 0.001) with R? = 0.51 and regression equation CW = 7.30 GBC %%
(CW). The regression analysis showed to be statistically significant (p = 0.004) with
R? = 0.66 and regression equation of CW = 6.99 GBC %3 (CW) in wild caught male

S. olivacea.

4.2.4 The GBC - Estimated age relationship and the CW - Estimated age
relationship of wild caught S. olivacea

The GBC and estimated age data of wild caught S. olivacea was based on
validation data obtained from reared S. olivacea with 1 band represent age of 1 year
old at mean CW of 6.11 cm. A Student t — test was done to compare the estimated age
between sexes of wild caught S. olivacea .There was no significant different in the
estimated age between sexes, where the females mean estimated age was 1.34 + 0.67

year and males was 1.89 £ 0.94 year (Appendix 14d).
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The GBC and estimated age relationship of female and male of wild caught S.
olivacea was done. A strong significant positive relationship was found between GBC
and estimated age of female and male wild caught S. olivacea with r = 0.97, p < 0.01
and r =0.98, p <0.01, respectively. This confirms that as estimated age increased, the
GBC also significantly increased. The linear regression of GBC and estimated age of

wild caught S. olivacea is shown in Table 4.10.

Table 4.10. The linear regression of GBC — Estimated age of wild caught S. olivacea
from Setiu Wetlands, Peninsular Malaysia.

Sex N GBC = a x estimated age (years) ° R? p value
Female 39 GBC = 1.49 x estimated age 1% 0.97 0.001
Male 51 GBC = 1.05 x estimated age 0.98 0.002

The regression relationship between GBC and estimated age showed high
value of correlation determination with R? = 0.97, R? = 0.98, comprising of female
and male respectively. There was also significant regression in female (p = 0.001, p <
0.01) with regression equation GBC = 1.49 x estimated age 1%2and in male (p = 0.002,

p < 0.01) with regression equation of GBC = 1.05 x estimated age .

Estimated age of females was 0.67, 1.33 and 2.00 years old while estimated
age of males was 0.94, 1.89 and 2.84 years old comprising of 1 band, 2 bands and 3
bands, respectively. The differences between GBC and estimated age were always
only few months of or identical to the estimated age. For example, 2 bands were
presence in the gastric ossicles of wild caught female and male S. olivacea at age of
1.33, 1.89 and 1.63 years old, respectively. In this case, although the second band was
not fully deposited, it was visible and wide enough to be read and considered as the

second band.
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The equations describing the relationship of CW and estimated age of wild
caught females and males S. olivacea (Table 4.11). A Student t-test was done to
compared means of CW between sexes where females (10.12 + 1.85 cm) and males
(9.32 £1.78 cm). The CW between sexes showed to be significantly different at t (88)
=2.06, p = 0.04, p <0.05. Similarly, the estimated age between females (1.71 £ 0.48
years) and males (2.12 + 0.73 years) also displayed significant different at t (88) =
3.13, p = 0.02, p < 0.05. (Appendix 14e). There was significant strong positive
correlation between the CW and estimated age of both females and males at r = 0.72,
p<0.05andr=0.81, p<0.05, respectively. The linear regression of CW and estimated

age is shown in Table 4.11.

Table 4.11. Power equation describing the CW (cm) — estimated age (year) of wild
caught S. olivacea from Setiu Wetlands, Peninsular Malaysia.

Sex N CW = a x estimated age” R2 p value
Female 39 CW = 8.40 estimated age %% 0.52 0.001
Male 51 CW = 7.15 estimated age %% 0.66 0.001

The regression relationship between CW and estimated age in female showed
a significant regression coefficient with R? = 0.52, p = 0.001 and regression equation
CW = 8.40 estimated age >*. There was also significant regression coefficient in
males with RZ = 0.66, p =0.001 and regression equation CW = 7.15 estimated age °°.
The regression coefficient output supported that the estimated aged were influenced

by the increased of size (CW) of wild caught S. olivacea.
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4.2.5 Estimation of growth parameters

Age of wild caught S. olivacea from Setiu Wetlands was estimated using GBC
data. One growth band indicated the age of 1 year old of S. olivacea. The growth
parameters were used to estimated age of wild caught S. olivacea based on CW at age
data. The growth parameters estimated for female and male wild caught S. olivacea
are shown in Table 4.12. The growth parameters were CW.,, K and to and were derived
from inverse linear regression plot and fitted the VVon Bertalanffy model using VBGM
equation “CWt=CW. [1—exp ~ K10 17, The explanation of the VBGM equation as

has been detailed in the subchapter 2.6.

Table 4.12. Summary of estimated growth parameter of wild caught S. olivacea from
Setiu Wetlands, Peninsular Malaysia, Malaysia.

Growth parameters

Sex
CW., (cm) K year to
Female 28.011 0.369 -0.734
Male 29.340 0.380 -0.792

The von Bertalanffy growth parameters estimated that males had higher CW.,
= 29.34 cm CW than females (CW., = 28.01 cm CW). The growth coefficient value
(K) in males was 0.38 year™ and in female was 0.36 year™. The hypothetical age (to)
of mud crab when the CW at zero cm for female and male were — 0.73 and 0.79,
respectively. The VBGM using nonlinear procedure showed to be the best model to

describe the growth curve wild caught S. olivacea (Figure 4.7, Appendix 14f and 14g).
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Figure 4.6: Von Bertalanffy growth model using nonlinear regression fitted to the CW

at age data of wild caught S. olivacea (a) female crab, (b) male crab from Setiu
Wetlands, Peninsular Malaysia.

Since the lifespan of mud crabs was 3 years, the VBGM estimated that the age
of 1 to 3 years old were correlated to the observed value obtained from CW and GBC
data. The size range of observed values at age of 1 to 3 years old females was 6.00 to
13.40 cm CW whereas, the VBGM estimated age of 1 to 3 years old were slightly
higher in size ranged from 9.00 to 20.00 cm CW. The CW at age data of wild female
S. olivacea recorded to be in range of 7.00 — 8.00 cm at age of 1 year old, CW range
of 7.50 — 9.10 cm at 2 years old and CW range of 9.00 — 13.40 cm at 3 years old. On

the other hand, VBGM estimated the CW females ranged between 8.00 — 14.60 cm at
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age of 1 year old, 14.60 — 18.70 cm at age of 2 years old and 18.70 — 20.00 cm at age

of 3 years old.

The CW at age data based on GBC data of wild male S. olivacea showed that
the CW ranged between 6.50 — 7.80 cm at age of 1 year old, 7.40 — 9.20 cm at age of
2 years old and 8.80 — 13.20 cm at age of 3 years old. While, the VBGM estimated
that the CW of males ranged between 9.20 — 15.00 cm at age of 1 year old, 15.63 —

19.90 cm at age of 2 years old and 19.96 — 22.90 cm at age of 3 years old.

The VBGM predicted larger size of CW even compared to the true age data of
wild S. olivacea. The VBGM even extrapolated the growth model up to 20 years of S.
olivacea lifespan. Slow growth was observed in later years until maximum CW is
approached. The slow growth period was displayed at age of 9 years (27.00 cm CW)

for females and 10 years old (28.86 cm CW) for males (Table 4.13).

Table 4.13. The summary of CW at age data and VBGM estimation of wild caught S.
olivacea from Setiu Wetlands, Peninsular Malaysia.

Procedure CW at age data VBGM estimation
CW (cm)
Sex Female Male Female Male
Age (years)
1 7.00 - 8.00 6.50 — 7.80 8.00 - 14.60 9.20 — 15.00
2 7.50-9.10 7.40-9.20 14.60-18.70  15.63—19.90
3 9.00-13.40 8.80-13.20 18.70-20.00  19.96 —22.90
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4.2.6 Age composition of wild S. olivacea in Setiu Wetlands, Peninsular
Malaysia

The age composition of S. olivacea varied from 1+ to 3+ age groups. The
present study observed that the highest occurrence of female and male S. olivacea
were at 2+ age group with 56.86 % and 46.15 %, respectively. The age composition
of male S. olivacea at 1+ age group showed high occurrence with 23.53% compared
to female S. olivacea with 15.38 % at same age group. While, female S. olivacea
revealed the highest occurrence with 38.46 % compared to male S. olivacea with 19.61
% at 3+ age group. From overall observation, the highest occurrence of all individuals
was at the 2+ age group. The frequency distribution of S. olivacea age composition

according to sex is shown in Figure 4.8.
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Figure 4.7: The frequency distribution of age composition of wild caught S. olivacea
according to sex (female; n= 39, male; n= 51) from Setiu Wetlands, Peninsular
Malaysia, Malaysia.
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CHAPTER 5

DISCUSSIONS

5.1 Validation of growth band deposition

The present study is the first work that was carried out to determine the growth
and age estimation of S. olivacea using growth band counts as age indicator. Direct
age method was newly introduced by this present study for age determination of
crustaceans using growth band deposition in their gastric mill. Several studies have
reported the application of growth bands count for age determination in crustaceans
(Leland et al., 2011; Kilada et al., 2012; Kilada & Acufia, 2015; Kilada & Ibrahim,

2016; Sheridan et al., 2016). However, no study has ever been done on S. olivacea.

Validation method was done to confirm the periodicity of growth band in S.
olivacea that reared in captivity for one year cultured period with known age data. In
this study, presence of annual growth band in the thin section of gastric mill ossicles
of S. olivacea showed to complement the known age of reared S. olivacea (1 growth
band indicating the absolute age of 1 year old of S. olivacea). The validation
investigation on band interpretation of the known age animals provides the most
accurate age information (Campana, 2001; Stewart & Hughes, 2007; Spurgeon et al.,

2015).

The results of this present study were mostly obtained from the growth band
deposition in the gastric mill ossicles of S. olivacea with CW size of more than 5.00
cm at the age of 12 months old. It was difficult to obtain the age information from the

growth band deposition in the small size S. olivacea (with CW size < 5.00 cm). Their
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small size potentially caused incomplete and unclear primary growth band formation.
Jantrarotai et al. (2006) explained that the development of gastric mill in the cardiac
stomach may not be found at zoeal stages of S. olivacea and suggested that the

development of cardiac stomach is related to the size of the individual crabs.

The low number of juvenile crabs numbers (2.00 — 5.00 cm CW) encountered
in this study due to high mortality rate (80%) during rearing period, made it difficult
to assess the proper age of below 1 year old. According to Mirera and Moksnes (2013),
small size S. serrata (2.00 to 8.00 cm CW) has the highest rates of mortalities with the
average rate of 42% per week due to the high cannibalism activity under high stock

density in the nursery cages.

5.2  The CW - BW relationship of S. olivacea

The CW — BW relationship of reared S. olivacea with exponent ‘b’ value was
found to be 2.48 and 2.93 in female and male, respectively. While, the ‘b’ value of
CW — BW relationship of wild caught S. olivacea was 3.34 and 3.47 in female and
male, respectively. In general, the exponent ‘b’ value often lies between the ranges of
2.50 to 4.00. According to Karachle and Stergiou (2012) and Silva et al. (2015), an
ideal ‘b’ value should be closed to 3. The ideal values indicate isometric growth and
values other than 3, indicate an allometric growth. Therefore, the recorded exponent
‘b’ values that were not equivalent to 3, confirmed the allometric growth of the mud
crabs in this present study. The different in exponential ‘b’ value was potentially
influenced by various physiological, biological and environmental factors such as
temperature, salinity, seasons, food intake, sex and stage of maturity (Tongdee, 2001,

Mhapatra et al., 2010; Susanto & Irnawati, 2014).
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The CW — BW relationship data for both male and female S. olivacea showed
an allometric growth with the recorded ‘b’ value of reared samples was <3, while the
values were > 3 for wild caught samples. The lower ‘b’ value of reared S. olivacea
indicated that the increased in its CW was faster than its weight. On the other hand,
the ‘b’ values of > 3 in the wild caught S. olivacea explained that its weight increased
faster than its CW. The differences in the ‘b’ value and growth performance of the
reared and wild caught mud crabs potentially caused by their ability to compete for

food and resist cannibalism (Ut et al., 2007).

Overall ‘b’ value data of the male S. olivacea from both reared (2.93) and wild
caught (3.47) showed higher exponential values than the female. The ‘b’ value of both
reared and wild caught female was 2.48 and 3.34, respectively. The result of this
present study, therefore, supported that males S. olivacea had higher tendency to be
heavier than the females. There are numbers of researchers reported stronger CW and
BW relationship in males rather than in females. One of the research is the one carried
out by Ikhwanuddin et al. (2010), who concluded that the males S. olivacea from Setiu
Wetlands were heavier than females with BW = 3.91e%%" and BW = 5.00e %3,
respectively. Similarly, Jirapunpipat et al. (2007) found that the ‘b’ values were higher
in males compared to females of S. olivacea from Klong Ngao mangrove swamp,

Thailand with the ‘b’ value of 3.45 and 2.86, respectively.

A recent study by Viswanathan et al. (2016) also found that the ‘b’ values
obtained in males S. olivacea from Pichavaram mangroves, South — East India were
higher than females with 3.80 and 3.59, respectively. The CW — BW relationship of
S. tranquebarica collected from Parangipettai coast, India revealed higher ‘b’ values
in males (3.27) than in females (3.02) (Thirunavukkarasu & Shanmugam, 2011).

Siahainenia et al. (2016) observed the ‘b’ values of 2.99 of S. serrata from pooled
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data from four locations in coastal waters of Western Seram, Maluku, Indonesia. The
males mud crabs must be heavier than females due to their different diet influenced,
the size difference, metabolic rate, cheliped strength and foraging behaviour
(Sukumaran & Neelakantan, 1997; Josileen & Menon, 2005; Babu et al., 2007;

Susanto & Irnawati, 2014).

53  CW Frequency distribution of S. olivacea

In this present study, the results described the natural growth of S. olivacea
reared in captivity and wild from Setiu Wetlands. Most of the wild S. olivacea samples
from Setiu Wetlands were larger in size (> 6.00 cm CW) compared to the reared S.
olivacea (< 6.00 cm CW). This study has covered various size of CW of S. olivacea

to ensure the representative of the different age classes in the population.

Similar results were also reported by Ikhwanuddin et al. (2010), who found
that the wild S. olivacea caught from Setiu Wetlands ranged from 9.00 to 9.90 cm CW
has the size frequency of 35.2%. Zaidi et al. (2011) found that the S. olivacea CW
from Setiu Wetlands ranged between 4.00 to 14.50 cm with the record on individuals
at size interval between 9.00 to 9.50 cm were also at high occurrence. Data from both
studies are in agreement with our finding on the common size range of wild caught S.

olivacea from Setiu Wetlands that ranged from 8.00 to 10.00 cm CW.

The size of reared S. olivacea ranged from 3.00 to 10.90 cm CW, while the
BW ranged between 5.60 to 202.80 g. There was high occurrence of reared S. olivacea
at class interval ranged between 4.00 to 4.90 cm CW. Reared S. olivacea were smaller
in size and lighter in weight compared to wild caught S. olivacea in this present study.

A few studies have been carried out to estimate growth increment of cultured mud
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crab collected from East Africa. For instance, study by Moksnes et al. (2015)
discovered the size of S. serrata reared in laboratory and pond for 45 days was ranged
from 0.40 to 4.00 cm CW, respectively. Earlier study done by Ut et al. (2007)
estimated the natural growth and size of hatchery reared juvenile S. paramamosain in
stocking pond, Vietnam, for 60 days to be ranged from 20.00 to 40.00 mm CW. When
Hamad (2012) investigated the growth increment of juvenile S. serrata at moulting
stage in laboratory tanks for 40 days, they found the CW size ranged between 1.80 to
2.50 cm. While, Mirera and Moksnes (2013) found that the size range of S. serrata
was in the range 2.20 to 5.60 cm CW during 20 to 30 days grow out period in

laboratory tanks.

The present study revealed the size distribution of CW of S. olivacea reared
for 1 year (365 days) with the average of CW was 6.11 cm can be equivalent to or
higher than those other reported genus Scylla species. This is due to possibilities that
significant growth and survival of reared mud crabs under a controlled environment
are likely to be influenced by the nutritional and environmental factors (Ut et al., 2007)
together with some uncertainties and limitation occurred during grow out process

(Moksnes et al., 2015).

62



5.4  Reading and Growth band interpretation

There is limitation in estimating the age and the growth of other crustacean
species using growth band data which make it difficult to compare their age via direct
method (Kilada & Driscoll, 2017). Therefore, the age estimation of S. olivacea was
corroborated with validation data in this study. The growth band formation of hatchery
—reared S. olivacea discovered the presence of 1 clear primary growth band that was
concurrent with the rearing period of 1 year. This indicates that 1 growth band was
equivalent to the age of 1 year old of S. olivacea. The growth band in the cross
sectioned gastric mill of wild S. olivacea discovered the presence of 1 to 3 growth
bands suggesting that the age of S. olivacea was 3 years old and in agreement with

CW at age and validation data of this study.

The age estimation of wild blue swimming crab, Portunus pelagicus using
band count and validated with length frequency analysis was carried out by Kilada and
Ibrahim (2016). They observed the longevity of 3 years with clear visibility of 3
growth bands at mean CW ranged between 10.00 to 12.00 cm (first mode) and 7.60
cm to 9.70 cm (second mode) for samples from Lakes Bardaweel and Lakes Timsah,
Eastern Mediterranean, respectively. The validation of age estimation of juvenile
American lobster, Homarus americanus is 4 years old similar to the 4 band counts and

known age samples (reared in the hatchery for 4 years period) (Tang et al., 2015).

Similar to this present work, Islam et al. (2007) and Islam and Kurokura (2009)
also distinguished three age classes (0+, 1+ and 3+ years) that indicate the three years
lifespan of wild caught S. olivacea and S. paramomasain at Pak Phanang Bay,
Thailand, however by using lipofuscin concentration as age indicator. Recently,

Viswanathan et al. (2016) discovered the age estimation of wild caught S. olivacea at
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the Pichavaram mangroves, south — east India with the longevity of 3 years through
length frequency analysis and estimated growth by ELEFAN | and Von Bertalanffy
plot with values ranged from 2.1 and 3.9 years, respectively. This indicates the
variation of growth and age estimation of the same species in the different location

can be described by several direct age estimation methods.

The precision in reading the growth band in the ossicles structure was assessed
by calculating the Coefficient of variation (CV) of two independent readers. The
values obtained from the CV estimation indicated the accuracy of the estimated age to
the true age (Campana, 2001). The estimation of CV from this present study ranged
from 6.00 to 6.23% of reared S. olivacea and 8.52 to 8.64% of wild caught S. olivacea.
The lower values of CV in the present work proved that there was minimum bias in

the interpretation of band counting in individual crabs (Kilada & Ibrahim, 2016).

The CV values calculated from band count in the gastric mill ossicles of
Portunus pelagicus ranged from 6.3 to 7.2% (Kilada & Ibrahim, 2016), 6.0, 6.3 and
7.2% for the Chilean red shrimp, Pleuroncodes monodon, yellow squat lobsters,
Curvimunida johni and nylon shrimp, Heterocarpus reedi, respectively (Kilada &
Acuiia, 2015). Other species such as northern shrimp, Pandalus borealis and
sculptured shrimp, Sclerocrangon boreas had CV values that ranged from 8.0 to
11.0%, 15% in snow crab, Chionoecetes opilio and American lobster, Homarus
americanus ranged from 7.0 to 10% of band counting in the gastric mill and eyestalk

ossicles of these species (Kilada et al., 2012).
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55  Growth parameters fitted to Von Bertalanffy Growth Model (VBGM)

This present work revealed the age estimation of early life stages of S. olivacea
(known age) and adult wild caught S. olivacea from Setiu Wetland using VBGM. The
VBGM is a mathematical growth model of body length as a function of age that is
considered as the base of growth model and has been shown to conform the observed
growth of most aquatic animals (Sparre & Venema, 1998). The VBGM is widely used
in the fisheries biology and commonly applied in the aquaculture studies (Hopins,
1992; Campana, 2001). However, the literature on the growth function are
understudied and not commonly applied to assess growth of crustaceans (Moksnes et
al., 2015; Christensen et al., 2004) due to moulting event under natural condition

(Zafar et al., 2006; Sheridan et al., 2016).

In this present study, the growth curve was derived from nonlinear regression
and fitted to the Von Bertalanffy growth equation. Apparently, fitting the growth in
size of CW of mud crab to the growth curve (VBGM) showed a relatively good fit
(Sara, 2010; Moksnes et al., 2015; Viswanathan et al., 2016). Findings from this study,
successfully revealed the age and growth estimation using VBGM for reared and wild
caught S. olivacea. The growth parameters for reared S. olivacea, the CW., was 20.07
cm, K was 0.31 and to was -0.20. The growth parameters for female and male wild
caught S. olivacea was CW.. of 28.01 cm, K of 0.36 year *and toof -0.73 and CW.,
of 29.34 cm, K of 0.38 yearand to of -0.79, respectively. The growth curve showed
that when the asymptotic carapace width reached the maximum values, it caused the
growth rate defined by K (year 1) to decline (Sparre & Venema, 1998; Cailliet et al.,

2006; Enberg et al., 2008).
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Sara (2010) described the K value of wild caught S. olivacea using ELEFAN
I analysis was higher (1.38 year  (males) and 0.83 year * (females)) compared to the
growth parameters in this study and indicated that S. olivacea at Lawele Bay, south
east Sulawesi, Indonesia is a fast growth mud crab species. Finding by Sara (2010)
was contradicts to this study, where the K values were lower (0.31 year *, 0.36 year -
! (female) and 0.38 year " (male)), indicating that the S. olivacea from Setiu Wetlands
was a slow growth mud crab species. A much more recent study by Viswanathan et
al. (2016) reported similar findings as this present study. They also reported low
growth parameters values of male and female wild S. olivacea collected from south
east India using FISAT Il software with CW.. of 14.80 cm , K of 0.762 year? and to

of —0.637 and CW., of 13.80 cm, K of 0.856 year and t; of 0.681, respectively.

The VBGM is also used to predict the growth parameters of other crustacean
species that were sampled from different location around Asian and Australian waters.
For instances, works by Zafar et al. (2006) and Ward et al. (2008) successfully detailed
the CW., of 10.59 cm, K of 0.28 year “ for male and CW., of 10.50 cm, K of 0.36 year
L for female and CW., of 15.25 cm, K of 1.46 year  (male) and CW., of 18.54 cm, K
of 0.81 year * (female) of S. serrata sampled from Chakaria Sundarban, India and

Australia, respectively, using VBGM.

The results from the mentioned previous study are in agreement with the
results of this study even though the researches were done on different variations of
growth method. This was also depending on the variances of growing conditions,
environmental, physiological and biological influences and also sampling sites species

— specific differences (Moksnes et al., 2015).
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56  Age estimation of S. olivacea based on growth band count data

In this study, there was a linear relationship between size and GBC of reared
(known age) and wild caught S. olivacea from Setiu Wetlands. Size at age data based
on GBC showed a positive correlation. This findings supported that the growth and
age of S. olivacea were similar to others crustacean species (Kilada et al, 2012; Kilada
& Acufia, 2015; Kilada et al, 2015; Leland et al, 2015; Kilada & Ibrahim, 2016). In
the regression analysis, a higher regression coefficient was observed in the GBC data,
CW and estimated age relationship. Therefore, indicated that the values had a similar
interval with the known age of S. olivacea (validation data). The results obtained in
this present study were similar to the findings by Leland et al. (2011), Kilada et al.
(2012), Kilada and Acufia (2015), Tang et al. (2015) and Kilada and Ibrahim (2016),
which have proven that the direct method (growth band deposition) is applicable to

determine the age of crustaceans.

This present study successfully estimated 3 years lifespan of S. olivacea with
aid from growth curve (VBGM). From the growth curve, we recorded that the average
CW size of reared S. olivacea of 5.40 cm represented 1 year old age, 9.32 cm
represented 2 years old and 12.21 cm represented 3 years old. From the wild caught
growth curve, we found that female S. olivacea with 8.56 cm, 14. 63 cm and 18. 76

cm CW estimated to be at the age of 1, 2 and 3 years old, respectively.

Study that carried out by Moksnes et al. (2005) suggested that the S. serrata
from wild and cultured would reach maturity after 9.9 months with approximate CW
of 12.00 cm and reached commercial size (BW; 500 g to 1 kg) after 12.4 and 17.3
months, respectively. The authors predicted the time frame for average size (BW; 300

g, 500 g and 1 kg) would take about 7.3, 9.8 and 14.6 months to reach suitable weight.
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Similarly, Josileen and Menon (2005) predicted the maximum CW of male P.
pelagicus can be reached at the age of 1, 2 and years old with the size of attained at
17.6 cm CW, 20.3 cm CW and 20.7 cm CW, respectively. While the female with size
of 15.1 cm CW, 18.1 cm CW and 18.7 cm CW at the age of 1, 2 and 3 years old,

respectively.

The wild caught S. olivacea showed higher growth increment compared to the
reared S. olivacea due to molting event under different natural and controlled
environments condition (Moksnes et al, 2015). The suitable and optimal condition
provided by natural environment does encourage the growth of the species (Josileen
& Menon, 2005; Enberg et al., 2008) compared to the under controlled environment
(Ut et al., 2007). Findings from this study revealed that the age estimation of S.
olivacea using GBC data as age indicator provides significant results for assessment
and management of S. olivacea population in Setiu Wetlands. The age data would
contribute to the input control regulations, for example minimum legal size and size

at sexual maturity of S. olivacea.

The present study also showed the age composition between size distribution
and age estimation based on growth band data. The analysis suggested that most of
the S. olivacea live in the mangroves ecosystem of Setiu Wetlands at the age of 2 years
old age group. As reported in studies by Moser et al. (2002), Josileen and Menon
(2005), Sara (2010), Shelley and Lovatelli (2011), Moksnes et al. (2015) and
Viswanathan et al. (2016), this present study also found that the lifespan of S. olivacea

was 3 years.
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CHAPTER 6

CONCLUSION AND RECOMMENDATION

Findings from this study showed that the evaluation of primary growth mark
periodicity via long term rearing period. This study also managed to prove that the
growth band formation was deposited annually in the gastric mill ossicles of S.
olivacea. This present study also the first attempt to estimate growth parameters using

VBGM, CW at age data and growth band deposition as age indicator.

The direct ageing method was validated by means of the known — age of the
reared S. olivacea which later was used to estimate the age of wild S. olivacea. For
reared S. olivacea, the periodicity of growth band deposition indicated that a single
primary growth mark was deposited in 12 months grow out period while for wild
caught S. olivacea, the growth band deposited from 1 to 3 growth band. Findings from

VBGM was concurrent to the positive correlation between size and putative age.

The accurate age information from this study would substantially improve the
developing age — based assessment model for stock structure, catch limits and
environmental changes of crustaceans. The direct age determinations also showed to
be corresponded to the biological factors such as temperature, salinity and density that
are known to influence the growth of crustaceans. The accuracy age estimation of slow
— growing crustaceans can be improved by carrying out the ecological studies for
conservation management such as enhancing the knowledge of current growth models
while decreasing research costs. The age validation method will allow specific growth

assessments and provide more accurate longevity estimates.
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Therefore, this study will stand as a steady reference to facilitate future
research on population dynamics using direct crustacean ageing method and
implementation for sustainable utilizing of mud crabs. In addition, further direct age
development is beneficial to locate specific differences in the growth of mud crabs.
Further studies are necessary to gain understanding in the age information such as
prolong the grow out period (e.g. 2 years and above), rearing and maintain the larger
samples size of juveniles and adult mud crabs. Also more studies are crucial to assess
the age of individuals via several of age determination method. The finding of this
work is relevant to initiate further specific stock recommendations that will form the

basis of crustaceans ageing research and development applications.

70



REFERENCES

Abele, D., Brey, T. & Philipp, E. (2009). Bivalve models of aging and the
determination of molluscan lifespans. Exp. Gerontol., 44: 307-315.

Alberts-Hubatsch, H., Lee, S. Y., Meynecke, J. O., Diele, K., Nordhaus, I. & Wolff,
M. (2016). Life-history, movement, and habitat use of Scylla serrata (Decapoda,
Portunidae): current knowledge and future challenges. Hydrobiologia, 763: 5—
21.

Arnason, T., Bjornsson, B., Steinarsson, A. & Oddgeirsson, M. (2009). Effects of
temperature and body weight on growth rate and feed conversion ratio in turbot
(Scophthalmus maximus). Aquaculture, 295: 218-225.

Ayele, Z. B. & Ramakhrishna, R. (2015). Estimation of age composition using
maximum likelihood from length frequency distribution of Nile Tilapia
(Oreochromis niloticus) in Lake Tana, Ethiopia. Journal of Economics and
Sustainable Development, 6 (7).

Azmie, G., Abol-Munafi, A. B., Faizal, M. & lkhwanuddin, M. (2012). Ovarian
maturation stages of orange mud crab, Scylla olivacea. Proceedings of the UMT
11" International Annual Symposium on Sustainability Science and
Management, July 9-11, 2012, Terengganu, Malaysia, 58-64.

Azra, M. N. & Ikhwanuddin, M. (2016). A review of maturation diets for mud crab
genus Scylla broodstock: Present research, problems and future perspective.
Saudi Journal of Biological Sciences, 23 (2): 257-267.

Babu, A. P., Sreedharaa, B. & Muniyappa, Y. (2007). Fishery and stock assessment
of Portunus sanguinelentus from south Karnataka coast, India. Journal of the
Marine Biological Association of India, 49: 134-140.

Barnes, D. K. A., Dulvy, N. K., Priestley, S. H., Darwall, W. R. T., Choisel, V. &
Whittington, M. (2002). Fishery characteristics and abundance estimates of the
mangrove crab Scylla serrata in southern Tanzania and northern Mozambique.
S. Afr. J. Mar. Sci./S.- Afr., 24: 19-25.

Beamish, C., Booth, A. & Deacon, N. (2005). Age, growth and reproduction of
largemouth bass, Micropterus salmoides in lake Manyame, Zimbabwe. Afr.
Zool., 40: 63-69.

Bluhm, B. (2001). Age determination in polar crustacea using the autofluorescent
pigment lipofuscin. Ber. Polarforsch. Meeresforsch, 382.

Bluhm, B. A. & Brey, T. (2001). Age determination in the Antarctic shrimp
Notocrangon antarcticus (Pfeffer, 1887) (Crustacea: Decapoda) using the
autofluorescent pigment lipofuscin. Marine Biology (Berlin), 138: 247-257.

Bonine, K. M., Bjorkstedt, E. P., Ewel, K. C. & Palik, M. (2008). Population
characteristics of the mangrove crab Scylla serrata (Decapoda: Portunidae) in
Kosrae, Federated States of Micronesia: Effects of harvest and implications for
management. Pac. Sci., 62(1):1-19.

71



Cailliet, G. M., Smith, W. D., Mollet, H. M. & Goldman, K. J. (2006). Age and growth
studies of chondrichthyan fishes: the need for consistency in terminology,
verification, validation, and growth function fitting. Environ Biol Fish., 77: 211—
228.

Campana, S. E., Jones, C., McFarlane, G. A. & Myklevoll, S. (2006). Bomb dating
and age validation using the spines of spiny dogfish (Squalus acanthias).
Environ. Biol. Fish., 77: 327-336.

Campana, S. E. (2001). Accuracy, precision and quality control in age determination,
including a review of the use and abuse of age validation methods. J. Fish Biol.,
59(2): 97-242.

Chandrasekaran, V. S. & Natarajan, R. (1994). Seasonal abundance and distribution
of seeds of mud crab Scylla serrata in Pichavaram mangrove, Southeast India.
J. Aquacult. Trop., 9(4): 343-350.

Charles, A. T. (2001). Aquaculture, fisheries, and fish biology series. Blackwell:
Oxford.

Chatzinikolaou, E. & Richardson, C. A. (2007). Evaluating growth and age of netted
whelk Nassarius reticulatus (Gastropoda: Nassariidae) using statolith growth
rings. Mar Ecol Prog Ser., 342: 163-176.

Choi, J. S. & Zisserson, B. M. (2007). An assessment of the snow crab resident on the
Scotian Shelf in 2006. Canadian Science Advisory Secretariat Research
Document 2007/017, Fisheries and Oceans Canada, Ottawa.

Christensen, S. M., Macintosh, D. J. & Phuong, N. T. (2004). Pond production of the
mud crabs Scylla paramamosain (Estampador) and S. olivacea (Herbst) in the
Mekong Delta, Vietnam, using two different supplementary diets. Aquaculture
Research, 35: 1013-1024.

Crowley, C. E., Gandy, R. L., Daly, K. L. & Vleet, E. S. V. (2014). Problems
associated with a lipofuscin extraction method used to age blue crabs Callinectes
sapidus cultured in Florida, USA. Aquatic Biology, 21: 85 — 92.

Dutta, H. (1994). Growth in fishes. Gerontology, 40: 97-112.

El- Haweet, A., Hegazy, M., AbuHatab, H. & Sabry, E. (2005). Validation of length
frequency analysis for Boops boops growth estimation. Egyptian Journal of
Aquatic Research, 31(1).

Enberg, K., Dunlop, E. S. & Jorgensen, C. (2008). Fish growth. Ecological models.
Elsevier B.V, 1564 — 1572.

Enin, U. I. (1995). First estimates of growth, mortality and recruitment parameters of
Macrobrachium macrobrachion (Herklots, 1851) in the Cross River estuary,
Nigeria. Dana, 11(1): 29-38.

Essington, T. E., Kitchell, J. F. & Walters, C. J. (2001). The von Bertalanffy growth
function, bioenergetics and the consumption rates of fish. Can. J. Fish. Aquat.
Sci., 58: 2129-2138.

72



Ehrhardt, N. M. (2008) Estimating growth of the Florida spiny lobster, Panulirus
argus, from molt frequency and size increment data derived from tag and
recapture experiments. Fisheries Research, 93: 332-337.

Food and Agriculture Organization, FAQO. (2015). Fisheries and Aquaculture topics.
Fisheries statistics and information. Topics Fact Sheets. In: FAO Fisheries and
Aquaculture Department. Rome. [Cited 7 May 2017].

Fortes, R. D. (1999). Preliminary results of the rearing of mud crab Scylla olivacea in
brackishwater earthen ponds. In C. P. Keenan, & Blackshaw, A. (eds).
Proceedings of an International Scientific Forum: Mud Crab Aquaculture and
Biology, ACIAR Proceedings No. 7. Darwin, Australia, pp: 72-75.

Fratini, S. & Vannini, M. (2002). Genetic differentiation in the mud crab Scylla serrata
(Decapoda: Portunidae) within the Indian Ocean. J. Exp. Mar. Biol. Ecol.,
272(1): 103-116.

Grubert, M. & Phelan, M. (2007). The life cycle of the mud crab [Fishnote]. Northern
Territory Government: Darwin, Australia.

Grubert, M. A., Phelan, M. J. & Bird, M. H. (2012). Use of a durometer to differentiate
between soft- and hardshelled Mud Crabs (Scylla serrata). Journal of Aquatic Food
Product Technology, 21: 3-13.

Gronkjaer, P. (2016). Otoliths as individual indicators: a reappraisal of the link
between fish physiology and otolith characteristics. Mar Freshwater Res., 67:
881-888.

Hamad, M. (2012). Determining an alternative source of sustainable feeds for mud
crab farming and growth performance of Scylla serrata in Tanzania. Master
Thesis, University of Dar es Salaam, Tanzania.

Hatakeyama, H., Yamazaki, H., Nakamura, K. I., lzumiyama-Shimomura, N., Aida,
J., Suzuki, H., Tsuchida, S., Matsuura, M., Takubo, K. & Ishikawa, N. (2016).
Telomere attrition and restoration in the normal teleost Oryzias latipes are linked
to growth rate and telomerase activity at each life stage. Aging, 8(1): 62—75.

Hébert, M., Benhalima, K., Miron, G. & Moriyasu, M. (2002). Moulting and growth
of male snow crab, Chionoecetes opilio (O. Fabricius, 1788) (Decapoda,
Majidae), in the southern Gulf of St. Lawrence. Crustaceana, 75: 671-702.

Helfman, G. S., Collette, B. B., Facey, D. E. & Bowen, B. W. (2009). The diversity of
fishes: biology, evolution and ecology (2" ed.). Wiley — Blackwell: Oxford, UK.

Hill, B. J. (1994). Offshore spawning by the Portunid crab Scylla serrata (Crustacea,
Decapoda). Mar. Biol., 120(3): 379-384.

Hopins, K. D. (1992). Reporting fish growth: a review of the basics. Journal of the
World Aquaculture Society, 23: 173-179.

Horka, P., Ibbotson, A., Jones, J. I., Cove, R. J. & Scott, L. J. (2010). Validation of
scale-age determination in European grayling Thymallus thymallus using tag-
recapture analysis. J. Fish Biol., 77(1): 153 - 161.

Humpbhries, P., Richardson, A., Wilson, G. & Ellison, T. (2013). River regulation and
recruitment in a protracted-spawning riverine fish. Ecol. Appl., 23: 208-225.

73



Ihwan, M. Z., Ikhwanuddin, M., Ambak, M.A., Wahidah, W. & Marina, H. (2014).
Present Distribution of pedunculate barnacle of wild mud crab Scylla olivacea
from Setiu Wetland, Terengganu coastal water, Malaysia. Poult. Fish. Wildli.
Sci., 2: 117.

Ikhwanuddin, M. (2001). The biology and fishery of mud crab, genus Scylla in East
Malaysia. Degree of Master of Science (Aquatic science). Thesis Universiti
Malaysia Sarawak.

Ikhwanuddin, M., Nur-Atika, J., Abol-Munafi, A. B. & Muhd-Farouk, H. (2014a).
Reproductive biology on the gonad of female orange mud crab, Scylla olivacea
(Herbst, 1796). Asian Journal of Cell Biology, 9(1): 14-22.

Ikhwanuddin, M., Abol-Munafi, A. B. & Ambak, M. A. (2014b). Mud crabs of Setiu
Wetlands. 117- 119.

Ikhwanuddin, M., Bachok, Z., Hilmi, M. G., Azmie, G. & Zakaria, M. Z. (2010).
Species diversity, carapace width — body weight relationship, size distribution
and sex ration of mud crab, genus Scylla from Setiu Wetlands of Peninsular
Malaysia, Malaysia. Journal of sustainable science and management, 5(2): 97-
1009.

Ikwanuddin, M., Azmie, G., Juariah, H. M., Zakaria, M. Z. & Ambak, M. A. (2011).
Biological information and population features of mud crab, genus Scylla from
Mangrove areas of Sarawak, Malaydia. Fish. Res., 108: 299-306.

Imsland, A. K. & Jonassen, T. M. (2003). Growth and age at first maturity in turbot
and halibut reared under different photoperiods. Aquaculture International, 11:
463.

Islam, M. S. & Kurokura, H. (2009). Accumulation of lipofuscin and preliminary
estimation of age-structure in wild mud crab (Scylla paramamosain) population
in tropical mangrove swamps, Thailand. Journal of fisheries and aquatic
science, 4(4): 191 — 202.

Islam, M. S., Kodama, K. & Kurokura, H. (2007). Preliminary assessment for age
estimation of wild population of mud crab (Scylla olivacea) in Pak Phanang Bay,
Thailand, using histologically quantified lipofuscin as age marker. La Mer., 45:
185-195.

Jantrarorai, P., Sirisintruwanich, L., Pripanapong, S. & Chayarat, C. (2006).
Morphological study in zoeal stages of mud crabs: Scylla olivacea (Herbst,
1796). Kasetsart J. (Nat. Sci.), 40: 507 — 516.

Jirapunpipat, K., Yokota, M. & Watanabe, S. (2007). Abundance and size distribution
of female Scylla olivacea in Klong Ngao mangrove swamp, Ranong Province,
Thailand. Mer, 45(4): 165-175.

Jones, C. M. (1992). Development and application of the otolith increment technique.
Canadian Special Publication of Fisheries and Aquatic Sciences No. 117. ON:
Department of Fisheries and Oceans. Ottawa.

Josileen, J. & Menon, N. G. (2005). Growth of the blue swimmer crab, Portunus
pelagicus (Linnaeus, 1758) (Decapoda, Brachyura) in captivity. Crustaceana,
78(1): 1-18.

74



Ju, S. J., Secor, D. H. & Harvey, H. R. (2001). Growth rate variability and LF
accumulation rates in the blue crab Callinectes sapidus. Marine Ecology
Progress Series, 224: 197-205.

Karachle, P. K. & Stergiou, K. 1. (2012). Morphometric and allometry in fishes.
Morphometrics. In W. Christina (Ed.). New York: Cornell University,
(Agricultural and biological science). pp: 65 - 68.

Keenan, C. P. (1999). Aquaculture of mud crab, genus Scylla past, present and future.
In C. P. Keenan, & Blackshaw, A. (eds.). Proceedings of an International
Science Forum: Mud Crab Aquaculture and Biology: ACAIR Proceedings 78,
International Agricultural Research. Darwin, Australia, pp: 9-13.

Keenan, C. P., Mann, D. L., Lavery, S. & Davie, P. (1995). Genetic relationship,
morphological identification and taxonomy of mangrove crabs, genus Scylla,
from throughout the Indo-Pacific. ACIAR Project Report, QDPI.

Keenan, C., Clive, P., Peter, J., Davie, F. & Mann, D. L. (1998). A revision of the
genus Scylla de Haan, 1833 (Crustacea: Decapoda: Brachyura: Portunidae).
Raffles B. Zool., 46: 217-245.

Khazraeenia, S. & Khazraiinia, P. (2009). Effects of bilateral eyestalk ablation on
gonadal maturity, moulting and biochemical changes in the hemolymph of
female Potamon persicum crabs (Decapoda, Brachyura, Potamidae).
Int.J.Vet.Res., 3(2): 143-150.

Kilada, R. & Driscoll, J. G. (2017). Age determination in crustaceans: a review.
Hydrobiologia, 799: 21.

Kilada, R., Reiss, C. S., Kawaguchi, S., King, R. A., Matsuda, T., Ichii, T. (2017).
Validation of band counts in eyestalks for the determination of age of Antarctic
krill, Euphausia superba. PLoS ONE 12 (2).

Kilada, R. W., Roddick, D. & Mombourquette, K. (2007). Age determination,
validation, growth and minimum size of sexual maturity of the Greenland
smooth cockle (Serripes groenlandicus, Bruguiere, 1789) in eastern Canada. J.
Shellfish Res., 26: 443-450.

Kilada, R. & Ibrahim, N. K. (2016). Preliminary investigation of direct age
determination using band counts in the gastric mill of the Blue Swimmer Crab
(Portunus pelagicus Linnaeus, 1758) in two salt-water lakes in the eastern
Mediterranean. Journal of crustacean biology, 00, 1 - 10.

Kilada, R. & Acufia, E. (2015). Absolute age of three commercially important
crustacean species in Chile. Fisheries Research, 170: 134 - 143.

Kilada, R., Sainte-Marie, B., Rochette, R., Davis, N., Vanier, C. & Campana, S. E.
(2012). Direct determination of age in shrimps, crabs, and lobsters. Can. J. Fish.
Aquat. Sci., 69: 1728 — 1733.

Kilada, R. W., Campana, S. E. & Roddick, D. (2009). Growth and sexual maturity of
the Northern Propellerclam (Cyrtodaria siliqua) in eastern Canada, with bomb
radiocarbon age validation. Mar. Biol. (Berl.), 156 (5): 1029-1037.

King, M. (2001). Fisheries biology, assessment and management. Fishing News Book.
The Blackwell Science Ltd.

75



Kodama, K., Shiraishi, H., Morita, M. & Horiguchi, T. (2006). Verification of
lipofuscin-based crustacean ageing: seasonality of lipofuscin accumulation in
the Stomatopod Oratosquilla oratoria in relation to water temperature. Marine
Biology (Berlin), 150: 131-140.

Koeller, P., Covey, M. & King, M. (2006). An assessment of the eastern Scotian Shelf
shrimp stock and fishery for 2005 and outlook for 2006. Dartmouth, NS: DFO
Canadian Stock Assessment Research Document 2006/001, Department of
Fisheries and Oceans.

Koolkalya, S., Thapanand, T., Tunkijjanujij, S., Havanont, V. & Jutagate, T. (2006).
Aspects in spawning biology and migration of the mud crab Scylla olivacea in
the Andaman Sea, Thailand. Fisheries Manag. Ecol., 13(6): 391-397.

Kosuge, T. (2001). Brief Assessment of stock of mud crab Scylla spp. in Matang
Mangrove Forest, Malaysia and Proposal for Resources Management. JARQ,
35(2): 145 - 148.

Le Cren, E. D. (1951). The length-weight relationship and seasonal cycle in gonad
weight and condition in the Perch (Perca fluviatilis). Journal of Animal Ecology,
20(2): 201-2109.

Le Vay, L. (2001). Ecology and management of mud crab Scylla spp. Asian Fisheries
Science, 14(2): 101-111.

Le Vay, L., Ut, V. & Walton, M. (2007). Population ecology of the mud crab Scylla
paramamosain (Estampador) in an estuarine mangrove system; a mark-
recapture study. Mar. Biol., 151(3): 1127-1135.

Le Vay, L., Ut, V. N,, Susanto, A., Jones, D. A. & Quynh, V. D. (1999). Growth and
survival in microwire tagged juvenile mud crabs, Scylla paramamosain. Proc.
World Aquaculture Society, Sydney.

Lebata, M. J. H. L., Le Vay, L., Primavera, J. H., Walton, M. E. & Binas, J. B. (2007).
Baseline assessment of fisheries for three species of mud crabs (Scylla spp.) in
the mangroves of Ibajay, Aklan, Philippines. B. Mar. Sci., 80(3): 891-904.

Leland, J. C., Bucher, D. J. & Coughran, J. (2015). Direct age determination of a
subtropical freshwater crayfish (Redclaw, Cherax quadricarinatus) using
ossicular growth marks. PLoS ONE 10.

Leland, J., Coughran, J. & Bucher, D. (2011). A preliminary investigation into the
potential value of gastric mills for ageing crustaceans. In A. Asakura (ed).
Proceedings of the TCS Summer Meeting, Tokyo, Japan: New Frontiers in
Crustacean Biology. Crustac. Monogr. Leiden: Brill NV. pp: 57-68.

Leland, J. & Bucher, D. (2017). Direct age determination with validation for
commercially important Australian lobster and crab species: Western, Eastern,
Southern and Ornate Rock Lobsters, and Crystal, Giant and Mud Crabs.
Southern Cross University (Lismore campus), New South Wales, Australia,
September, CC by 3.0.

Lester, N. P., Shuter, B. J. & Abrams, P. A. (2004). Interpreting the von Bertalanffy
model of somatic growth in fishes: the cost of reproduction. Proc. R. Soc. Lond.
B, 271: 1625 — 1631.

76



Maceina, M. J., Boxrucker, J., Buckmeier, D. L., Scott, G. R., Lucchesi, D. O,
Isermann, D. A., Jackson, J. R. & Martinez, P. J. (2007). Current status and
review of freshwater fish ageing procedures used by state and provincial
fisheries agencies with recommendations for future directions. Fisheries, 32:
329-340.

Macintosh, D. J., Overton, J. L. & Thu, H. V. T. (2002). Confirmation of two common
mud crab species (genus Scylla) in the mangrove ecosystem of the Mekong
Delta, Vietnam. J. Shellfish Res., 21(1): 259-265.

Matta, M. E. & Kimura, D. K. (2012). Age determination manual of the Alaska
fisheries science center age and growth program. In M. E. Matta & Kimura, D.
K. (eds.). NOAA Professional Paper NMFS 13. Seattle, Washington: Scientific
Publications Office, National Marine Fisheries Service.

Mann, D. & Paterson, B. (2004). Status of grow-out feeds and feeding practice in
Queensland. In G. Allan & D. Fielder (Eds). Mud crab aquaculture in Australia
and Southeast Asia. Proceedings of a Scoping Study and Workshop. ACIAR
Working Paper No. 54, 61.

Mhapatra, A., Mohanty, R. K., Mohanty, S. K. & Dey, S. K. (2010). Carapace width
and weight relationships, condition factor, relative condition factor and
gonadosomatic index (GSI) of mud crab (Scylla spp.) from Chilka Lagoon,
India. Indian Journal of Marine Sciences, 39(1): 120-127.

Mirera, O. D. & Moksnes P. O. (2013) Cannibalistic interactions of juvenile mud crabs
(Scylla serrata- Forsskal- 1775): the effect of shelter and crab size. African
Journal of Marine Science, 35: 545-553.

Mirera, D. O. & Mtile, A. (2009). A preliminary study on the response of mangrove
mud crab (Scylla serrata) to different feed types under drive-in cage culture
system. Journal of Ecology and Natural Environment, 1: 7-14.

Mohd Azmi, M. I. (2014). Valuing the potential economic value of mangroves
resources in Setiu Wetlands, Terengganu, Malaysia: a preliminary findings.
International Journal of Education and Research, 2 (12): 487-504.

Moksnes, P. O., Mirera, D. O., Bjorkvik, E., Hamad, M. I., Mahudi, H. M., Nyqvist,
D., Jiddawi, N. & Troell, M. (2015). Stepwise function of natural growth for
Scylla serrata in East Africa: a valuable tool for assessing growth of mud crabs
in aquaculture. Aquaculture Research, 46: 2938-2953.

Moser, S. M., Macintosh, D. J., Pripanapong, S. & Tongdee, N. (2002). Estimated
growth of the mud crab Scylla olivacea in the Ranong mangrove ecosystem:
base on a tagging and recapture study. Marine & Freshwater Research, 53:
1083-1098.

Moser, S. M., Macintosh, D., Laoprasert, S. & Tongdee, N. (2005). Population
ecology of the mud crab Scylla olivacea: a study in the Ranong mangrove
ecosystem, Thailand, with emphasis on juvenile recruitment and mortality.
Fisheries Research, 71: 27-41.

Moser, S. M. & D.J. Macintosh. (2001). Diurnal and lunar patterns of larval
recruitment of brachyuran into a mangrove estuary system in Ranong Province,
Thailand. Mar. Biol., 138: 827-841.

77



Nandakumar, G. (2000). Age and growth of the speckled shrimp Mefapenaeus
monoceros (Fabricius) along the Cochin coast. J. Mar. Biol. Ass. India, 42(182):
101 -111.

Nakisah, M. A. & Fauziah, A. H. (2003). Setiu Wetlands: Tranquility amidst plenty.
Kolej Universiti Sains dan Teknologi Malaysia (KUSTEM), Kuala Terengganu,
Terengganu, pp: 105.

Nakisah, M. A., Keong, P. C. & Shing, C. K. (2008). The identification and
distribution of naked amoebae in the water and sediments of Setiu Wetlands,
Terengganu. Journal of sustainability and Management, 3 (1): 23-29.

Newman, S. J., Cappo, M. & Williams, D. M. (2000). Age, growth, mortality rates
and corresponding yield estimates using otoliths of the tropical red snappers,
Lutjanus erythropterus, L. malabaricus and L. sebae from the central Great
Barrier Reef. Fisheries Research, 48: 1-14.

Neville, A. C. (1965). Chitin lamellogenesis in locust cuticle. Quart J Micro Sci., 106: 269—
286.

Paterson, B. D. & Mann, D. L. (2011). Mud crab aquaculture, in recent advances and
new species in aquaculture. In R. K. Fotedar & Phillips, B. F. (eds.). Wiley
Blackwell. Oxford, UK, pp: 115-135.

Phelan, M. & Grubert, M. (2007). The life cycle of the mud crab. In Fish note No.
11. Coastal Research Unit, Fisheries, Darwin [online], [Accessed November 01
2017].

Quist, M. C., Pegg, M. A. & DeVries, D. R. (2012). Age and growth. In A. Zale,
Parrish, D. & Sutton, T. (eds.). Fisheries techniques [3rd Ed]. Bethesda, MD:
American Fisheries Society. pp: 677 — 731.

Quinitio, E. T., Parado-Estepa, F. D., Millamena, O. M., Rodriguez, E. & Borlongan,
E. (2001). Seed production of mud crab Scylla serrata juveniles. Asian Fisheries
Science, 14: 161-174.

Ricker, W. E. (1973). Linear regression in fisheries research. Journal of the Fisheries
Research Board of Canada, 30: 409 - 434.

Ridgway, I. D., Richardson, C. A. & Austad, S. N. (2011). Maximum shell size,
growth rate, and maturation age correlate with longevity in bivalve molluscs. J.
Gerontol. A. Biol. Sci. Med. Sci, 66A (2): 183-190.

Rosenlund, G., Torstensen, B. E., Stubhaug, I., Usman, N. & Sissener, N. H. (2016).
Atlantic salmon require long-chain n-3 fatty acids for optimal growth throughout
the seawater period. Journal of Nutritional Science, 5: 19.

Rosioru, D., Coatu, V., Oros, A., Vasiliu, D. & Tiganus, D. (2012). Marine
environment quality of the growth and exploitation of the main molluscs from
the Romanian Black Sea. Journal of Environmental Protection and Ecology, 13
(3A): 1799-1805.

78



Ryan, S., Doohan, M., Dunning, M., Helmke, S., Bullock, C., Jebreen, E., Zeller, B.,
Williams, L., Higgs, J, Clarke, K., Brown. 1., Gribble, N., Sumpton, W., Bailey,
S. & Peverell, S. (2003). Ecological Assessment: Quensland mud crab fishery.
The Department of Primary Industries Queensland. Environment Protection and
Biodiversity Conservation Act 1999.

Rypel, A. L. (2009). Climate-growth relationships for largemouth bass (Micropterus
salmoides) across three southeastern USA states. Ecol. Fresh. Fish, 18: 620
628.

Sainte-Marie, B., Raymond, S. & Bréthes, J. C. (1995). Growth and maturation of the
benthic stages of male snow crab, Chionoecetes opilio (Brachyura: Majidae).
Canadian Journal of Fisheries and Aquatic Sciences, 52: 903-924.

Sara, L. (2010). Study on the size structure and population parameters of mud crab
Scylla Serrata in Lawele Bay, Southeast Sulawesi, Indonesia. Journal of Coastal
Development, 13(2): 133-147.

Sheehy, M. R. J., Caputi, N., Chubb, C. & Belchier, M. (1998). Use of lipofuscin for
resolving cohorts of western rock lobster (Panulirus cygnus). Canadian Journal
of Fisheries and Aquatic Sciences, 55: 925-936.

Shelley, C. & Lovatelli, A. (2011). Mud crab aquaculture — A practical manual. FAO
Fisheries and Aquaculture Technical Paper. No. 567, FAO, Rome, Italy, pp: 78.

Sheridan, M., O’Connor, 1. & Henderson, A. C. (2016). Investigating the effect of
molting on gastric mill structure in Norway lobster (Nephrops norvegicus) and
its potential as a direct ageing tool. Journal of Experimental Marine Biology and
Ecology, Elsevier B.V., 484: 16-22.

Sherazul, I. M., Keita, K. & Hisashi. K. (2010). Ovarian development and size at
maturity of the mud crab, Scylla olivacea in Pak Phanang mangrove swamps,
Thailand. Marine Biological Research, 6(5): 503-510.

Silva, T. S. D. C., Santos, L. D. D, Silva, L. C. R. D., Michelato, M., Furuya, V. R.
B. & Furuya, W. M. (2015). Length — Weight relationship and prediction
equations of body composition of growing- finishing cage-farmed Nile tilapia.
R. Bras. Zootec., 44(4): 133 -137.

Siahainenia, L. L., Natan, Y., Khouw, A. S. & Pattikawa, J. A. (2016). Size
distribution, growth pattern and condition factor of mangrove crab Scylla serrata
in the coastal waters of Western Seram, Maluku, Indonesia. International
Journal of Fisheries and Aquatic Studies, 4(2): 291-296.

Smith, B. D., Botsford, L. W. & Wing, S. R. (1997). Estimation of growth and
mortality parameters from size frequency distributions lacking age patterns: The
Red Sea Urchin (Strongylocentrotus franciscanus) as an example. Can. J. Fish.
Aquat. Sci., 55: 1236-1247.

Sparre, P. & Venema, S. C. (1998). Introduction to tropical fish stock assessment. Part
1. Manual. FAO Fisheries Technical paper. No 306.1. Rev. 2. Rome.

79



Spurgeon, J. J., Hamel, M. J., Pope, K. L. & Pegg, M. A. (2015). The global status of
freshwater fish age validation studies and a prioritization framework for further
research. Paper 203: Nebraska Cooperative Fish & Wildlife Research Unit —
Staff Publications.

Stewart, J. & Hughes, J. M. (2007). Age validation and growth of three commercially
important Hemiramphids in south-eastern Australia. J. Fish Biol., 70: 65-82.

Suratman, S., Hussein, A. N. A. R., Latif, M. T. & Weston, K. (2014). Reassessment
of physic-chemical water quality in Setiu Wetland, Malaysia. Sains Malaysiana,
43 (8): 1127-1131.

Sukumaran, K. K. & Neelakantan, B. (1997). Length-weight relationship in two
marine portunid crabs, Portunus (Portunus sanguinolentus) (Herbst) and
Portunus (Portunus pelagicus) (Linnaeus) from the Karnataka Coast. Indian
Journal of Marine Sciences, 26: 39-42.

Susanto, A. & Irnawati, R. (2014). Length - weight and width - weight relationship of
Spiny Rock Crab Thalamita crenata (Crustacea, Decapoda, Purtunidae) in
Panjang Island Banten Indonesia. AACL Bioflux, 7(3): 148-152.

Tang, F., Minch, T., Dinning, K., Martyniuk, C. J., Kilada, R. & Rochette. R. (2015).
Size-at-age and body condition of juvenile American lobsters (Homarus
americanus) living on cobble and mud in a mixed-bottom embayment in the Bay
of Fundy. Marine Biology (Berlin), 162: 69-79.

Thirunavukkarasu, N. & Shanmugam, A. (2011). Length-weight relationships of mud
crab Scylla tranquebarica (Fabricius, 1798). European Journal of Applied
Sciences, 3(2): 67-70.

Tongdee, N. (2001). Size distribution, sex ratio and size at maturity of mud crab
(Scylla spp.) in Ranong Province, Thailand. Asian Fisheries Science, 14: 113—
120.

Treble, M. A., Campana, S. E., Wastle, R. J., Jones, C. M. & Boje, J. (2005). An
assessment of age determination methods, with age validation of Greenland
Halibut from the Northwest Atlantic. Scientific Council Meeting, Serial No.
N5129 NAFO SCR Doc. 05/43: Northwest Atlantic Fisheries Organization.

Trivedi, J. N. & Vachhrajani, K. D. (2013). Taxonomic account of genus Scylla (de
Haan, 1833) from Gujerat State, India with two new record of species.
International Academy of Ecology and Environmental Science. Arthropods,
2(4): 159-171.

Turker, A. (2006) Effects of feeding frequency on growth, feed consumption, and
body composition in juvenile turbot (Psetta maxima Linnaeus, 1758) at low
temperature. Turkish J Veterinary Animal Sci., 30: 251-256.

Urban, H. J. (2002) Modeling growth of different developmental stages in bivalves.
Marine Ecol. Prog. Ser., 238: 109-114.

Ut, V. N, Le Vay L., Nghia T. T. & Walton, M. (2007) Comparative performance of
hatchery-reared and wild Scylla paramamosain (Estampador, 1949) in pond
culture. Aguaculture Research, 38: 1593-1599.

80



Viswanathan, C., Pravinkumar, M., Suresh, T. V., Elumalai, V. & Raffi, S. M. (2016).
Carapace width-weight relationship, age, growth and longevity of the mud crab
Scylla olivacea (Herbst, 1796) in the Pichavaram mangroves, south-east India.
Journal of the Marine Biological Association of the United Kingdom, 96(7):
1379-1386.

Vogt, G. (2012). Ageing and longevity in the Decapoda (Crustacea): a review. Zool.
Anz, 251(1): 1-25.

Von Bertalanffy, L. (1983) A quantitative theory of organic growth (inquiries on
growth laws II). Hum Biol, 10: 181-213.

Wabhle, R. A., Tully, O. & O’Donovan, V. (1996). Lipofuscin as an indicator of age in
crustaceans: analysis of the pigment in the American lobster Homarus
americanus. Mar. Ecol. Prog. Ser., 138: 117-123.

Ward, T. M., Schmarr, D. W. & McGarvey, R. (2008). Northern Territory mud crab
fishery: 2007 stock assessment. SARDI Aquatic Sci. Publ. No: F2007/000926-
1. SARDI Res. Rep. Ser. No.244 West Beach, South Australia.

West, L. D., Lyle, J. M., Matthews, S. R. & Stark, K. E. (2012). A survey of
recreational fishing in the Northern Territory, 2009-10. Northern Territory
Government Department of Resources Fishery Report 109.

Wiles, P. R. & Guan, R. Z. (1993). Studies on a new method for permanently tagging
crayfish with microchip implants. In D. M. Holdich, & Warner, G. F. (eds.).
Freshwater Crayfish — IX. University of Southwestern Louisiana, Lafayette, LA.
pp: 419-425.

Zafar, M., Amin S. M. N. & Rahman, M. M. (2006). Population dynamics of mud
crab (Scylla serrata) in the southern coastal region of Bangladesh. Asian
Fish. Sci., 19: 43-50.

Zaidi, M. Z., Hilmi, M. G., Ikhwanuddin, M. & Bachok, Z., (2011). Population
dynamics of mud crab, Scylla olivacea from Setiu Wetland areas, Terengganu,
Malaysia. Annual symposium of Universiti Malaysia Terengganu (UMTAS), 34-
38.

Zavorka, L., Slavik, O. & Horky, P. (2014). Validation of scale-reading estimates of
age and growth in a brown trout Salmo trutta population. Biologia, 69 (5).

81



APPENDICES

Appendix 1: Sampling activity Appendix 2: Fiberglass tank (320cm x 138cm x
60cm)

Appendix 3: The aeration Appendix 4: Rectangular plastic Appendix 5: Refractometer
devices were supplied. container (25cm x 19cm x 15cm) and YSI multiprobe meter

Appendix 6: Crab measurements using\}é’rnier Appendix 7: Epoxy resin EpoxiCure®
caliper. 2 Epoxy System and EpoxiCure® 2

Hardener
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Appendix 8: Samples were embed for 2 — 7
days at room temperature

Appendix 9: Buehler IsoMet Precision Cutter
(IsoMet® 1000 Precision Cutter.

= . ——— Appendix 12: Digital images were taken
Appendix 10: Sectioned ~ Appendix 11: Thin samples sjng DinoCapture 2.0 software and
samples cutting axis were mounted on a

: . enhanced using Adobe Photoshop CS6
standard microscope slide. yersion.
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Appendix 13

A. Independent Samples t —test analysis of between CW and BW of reared S. olivacea.

Group Statistics

Model Sex N Mean S.td'. Std. Error
Deviation Mean
cw female 12 4.80 0.70 0.20
male 13 6.04 1.86 0.52
BW female 12 27.92 15.28 441
male 13 48.58 51.19 14.20
Independent Samples Test
Levene's Test
for Equality of t-test for Equality of Means
Variances
_ Std. 95% Confidence
Sig. Mean | - Interval of the
F Sig. T df (2- Differe Differ Difference
tailed) nce ence | Lower Upper
CW Equal
variances | 342 | 0.08 | 2.15| 23.00 | 0.04 124 | 057 | 242 0.05
assumed
Equal
variances
not 2.23 | 15.56 0.04 124 | 0.55 2.42 0.06
assumed
BW Equal
varances | 257 | 012 | 1.34|2300| 0.19| 2066 | 1539 | 5251 | 11.18
assumed
Equal
variances
not 1.39 | 14.28 0.19 20.66 | 14.87 52.49 11.16
assumed

*, Significant value at the 0.05 level (2-tailed)

B. Regression information of Log CW and Log BW of reared S. olivacea between sexes.

Model Summary

Model R R Adjusted R Std. Error of
Square Square the Estimate

female 0.84 0.61 0.56 0.29

male 0.99 0.98 0.98 0.06
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ANOVA?

Model Sum of Df Mean F Sig.
Squares Square
female Regression 0.32 1.00 0.32 6.58 0.028°
Residual 0.48 10.00 0.05
Total 0.80 11.00
male Regression 1.81 1.00 1.81 8.03 0.000°
Residual 0.04 11.00 0.00
Total 1.85 12.00
Coefficients?
Unstandardized Standardized
Model Coefficients Coefficients ¢ Sig.
B Std. Beta
Error
female (Constant) -0.35 0.67 -50 0.63
logCW_F 2.48 0.99 0.63 2.56 0.03
male (Constant) -0.71 0.10 -7.31 0.00
logCW_M 2.93 0.13 0.99 23.20 0.00

C. Independent Samples t —test analysis of between CW and GBC of reared S. olivacea.

Group Statistics

Std. Std. Error
Sex N Mean Deviation Mean
Ccw Female 12 4.80 0.70 0.20
Male 13 6.04 1.86 0.52
GBC female 12 0.91 0.14 0.04
Male 13 0.92 0.13 0.04

Independent Samples Test

Levene's
E;E:is;f t-test for Equality of Means
Variances
Sig Mean Std. 95% Confidence
F Sig. T df (2- Differ I_Error Inte_rval of the
: Differen Difference
tailed) | ence
ce Lower Upper
Equal
variances 3.42 | 0.08 2.16 23.00 0.04 1.24 0.57 2.42 0.05
assumed
CW  Equal
variances not 2.23 15.56 0.04 1.24 0.55 2.42 0.06
assumed
Equal
variances 0.03 | 0.86 0.12 23.00 | 0.90 0.01 0.05 0.12 0.10
GBC assumed
Equal
variances not 0.12 22.72 0.90 0.01 0.05 0.12 0.10
assumed

*, Significant value at the 0.05 level (2-tailed)
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D. Independent Samples t —test analysis of between GBC and Known age of reared S. olivacea.

Group Statistics

Model Sex N Mean Std. Deviation Std. Error
Mean
GBC Female 12 11.00 1.60 0.46
Male 13 11.08 1.55 0.43
AGE Female 12 0.91 0.13 0.04
Male 13 0.92 0.13 0.04
*. Significant value at the 0.05 level (2-tailed)
Independent Samples Test
Levene's Test
for Equality of t-test for Equality of Means
Variances
Sig Mean Std. 95% Confidence
. ) . Error Interval of the
F Sig. T df (2' Differen Differen Difference
tailed) ce
ce Lower Upper
GBC Equal
variances | 0.03 0.86 0.12 | 23.00 0.90 0.08 0.63 1.38 1.23
assumed
Equal
‘r:‘;;'ances 012 | 2272 | 090 | 0.08 0.63 1.38 1.23
assumed
AGE Equal
variances | 0.03 0.86 0.12 | 23.00 0.90 0.01 0.05 0.12 0.10
assumed
Equal
‘éi;‘ances 012 | 2272 | 0.90 | 0.01 0.05 0.12 0.10
assumed

E. Independent Samples t —test analysis of between CW and Known age of reared S. olivacea.

Group Statistics

Sex N Mean Desitgt.ion Strc:{eirrzor
cw male 13 6.04 1.86 0.52
female 12 4.80 0.70 0.20
KnownAge male 13 11.08 1.55 0.43
female 12 11.00 1.60 0.46
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Independent Samples Test

Levene's Test
for Equality of
Variances t-test for Equality of Means
95%
Confidence
Interval of the
Sig. Difference
(2- Mean Std. Error
F Sig. t df tailed) | Difference | Difference | Lower | Upper
Ccw Equal
variances 3.42 0.08 2.16 23.00 0.04 1.24 0.57 0.05 2.42
assumed
Equal
‘r’g;'ames 2.23 | 1555 | 0.04 1.24 0.56 0.06 | 2.42
assumed
KnownAge Equal
variances | 0.03 0.86 0.12 23.00 | 0.90 0.08 0.63 -1.23 1.38
assumed
Equal
‘r’zz'ames 012 | 22.72 | 0.90 0.08 0.63 123 | 1.38
assumed

*. Significant value at the 0.05 level (2-tailed)

F. The inverse linear regression plot were describe in Excel using equation —Ln (1 — CWt/ CW=)
against t (age) in month for known age of reared S. olivacea.

1.20
y=1.7314x - 0.6746
R?=0.9042

1.00

0.80

0.60

-LN (1-Cwt/ CW._.)

0.00 0.20 0.40 0.60 0.80 1.00
t (age)

G. Growth parameters interpret by SPSS software output using von Bertalanffy equation
CWi = CWa[1 —exp ~ K- ]for known age of reared S. olivacea.

Parameter Estimates

95% Confidence Interval
Parameter Estimate Std. Error
Lower Bound Upper Bound
CW 20.07 76.81 -135.74 175.89
K 0.31 3.99 -1.54 2.16
to 0.20 0.68 -1.23 1.64
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Appendix 14

A. Independent Samples t —test analysis of between CW and BW of wild caught S. olivacea from
Setiu Wetlands, Peninsular Malaysia, Malaysia.
Group Statistics
Model Sex N Mean S.td'. Std. Error
Deviation Mean
cw female 39 10.12 1.85 0.30
male 51 9.33 1.78 0.25
BW female 39 201.64 127.46 20.41
male 51 183.01 140.91 19.73
Independent Samples Test
Levene's
Test for .
Equality of t-test for Equality of Means
Variances
Mean Std. 95% Confidence
. Sig. (2- . Error Interval of the
F Sig. T df tailed) Differen Differe Difference
ce
nce Lower Upper
CW | Equal
variances 0.77 | 0.38 2.06 | 88.00 0.04 0.79 0.39 0.03 1.56
assumed
Equal
variances
not 2.05 | 80.28 0.04 0.79 0.39 0.02 1.56
assumed
BW | Equal
variances 0.10 | 0.76 0.65 | 88.00 0.51 18.62 28.77 | -38.56 75.81
assumed
Equal
variances
not 0.66 | 85.48 0.51 18.62 28.39 | -37.82 75.06
assumed

*, Significant value at the 0.05 level (2-tailed)

B. Regression information of Log CW and Log BW of wild caught S. olivacea between sexes.

Model Summary

Adjusted R Std. Error of

Model R R Square Square the Estimate
female 0.96 0.94 0.94 0.07
male 0.97 0.95 0.95 0.06
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ANOVA?

Model Ssq“u”;rg‘; df S'\gﬁz:‘e F Sig.
female Regression 2.69 1.00 2.69 578.29 .000P
Residual 0.17 37.00 0.00
Total 2.86 38.00
male Regression 3.91 1.00 3.91 957.12 .000P
Residual 0.20 49.00 0.00
Total 4.11 50.00
Coefficients?
Unstan(_ja_lrdized Standgr_dized Co%?iggﬁce
Coefficients Coefficients
Model t Sig. Interval for B
8 | gror | Bew Bound | Bound
female (Constant) | 1.11 0.14 8.01 0.00 1.40 0.83
LogCW_F | 334 0.14 0.97 24.05 | 0.00 3.06 3.62
male (Constant) | 1.18 0.11 10.93 0.00 1.41 0.97
LogCW_M | 3.47 0.11 0.98 30.94 0.00 3.25 3.71

Group Statistics

Independent Samples t —test analysis of between CW and GBC of wild caught S. olivacea samples from
Setiu Wetlands, Terengganu.

Model sex N Mean S.td'. Std. Error
Deviation Mean
Ccw Female 39 10.12 1.85 0.30
Male 51 9.33 1.78 0.25
GBC Female 39 2.56 0.71 0.11
male 51 2.25 0.77 0.11
Independent Samples Test
Levene's Test
for Equality of t-test for Equality of Means
Variances
Sig Mean Std. 95% Confidence
. ’ . Error Interval of the
F Sig. T Df (.2' Differe Differe Difference
tailed) nce
nce Lower Upper
CW | Equal
variances 0.77 0.38 2.06 88.00 0.04 0.79 0.39 0.03 1.56
assumed
Equal
‘r’gi'ances 205 | 8028 | 004 | 079 | 0.39 0.02 1.56
assumed
GBC | Equal
variances 0.76 0.39 1.94 88.00 0.06 0.31 0.16 -0.01 0.63
assumed
Equal
‘r’g;'ames 196 | 8456 | 005 | 031 | 0.16 0.00 0.62
assumed

*, Significant value at the 0.05 level (2-tailed)
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D. Independent Samples t —test analysis of between GBC and Estimated age of wild caught S. olivacea

from Setiu Wetlands, Terengganu.

Group Statistics
Model Sex N Mean  Std. Deviation  Std. Error Mean
GBC Female 3 2.00 1.00 0.58
Male 3 2.00 1.00 0.58
EstiAge Female 3 1.34 0.67 0.39
male 3 1.89 0.94 0.55
Independent Samples Test
Levene's
Test for .
Equality of t-test for Equality of Means
Variances
. Std. 95% Confidence
F Si T df S("Zq D'};lfee ?gn Error Interval of the
9. tailed) ce Differe Difference
nce Lower Upper
GBC Equal
variances | 0.00 | 1.00 | 0.00 | 4.00 0.94 0.00 0.82 -2.27 2.27
assumed
Equal
‘é"éi'ames 0.00 | 400 | 0.94 | 0.00 082 | -2.27 2.27
assumed
EstiAge | Equal
variances | 0.23 | 0.66 | -0.82 | 4.00 | 0.45 -0.55 0.67 -2.41 1.30
assumed
Equal
‘é"éi'ames -0.83 | 361 | 046 | -0.55 067 | -2.49 1.39
assumed

*. Significant value at the 0.05 level (2-tailed)

E. Independent Samples t —test analysis of between CW and Estimated age of wild caught S. olivacea

from Setiu Wetlands, Terengganu.

Group Statistics

Sex N Mean Std. Deviation Std. Error Mean

Ccw male 51 9.33 1.78 0.25
female 39 10.12 1.85 0.30

EstiAge male 51 2.13 0.73 0.10
female 39 1.71 0.48 0.08
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Independent Samples Test

Levene's Test
for Equality of
Variances t-test for Equality of Means
95% Confidence
Std.
. Interval of the
Sig. Mean Error Difference
(2- Differe | Differe
F Sig. T df tailed) nce nce Lower | Upper
Ccw Equal
variances 0.77 | 0.38 2.06 88.00 0.04 0.79 0.39 1.56 0.03
assumed
Equal
‘r’g;'ames 205 | 80.28| 004| 079 0.39 156 | 0.02
assumed
EstiAge Equal
variances 12.92 0.00 3.13 88.00 0.02 0.42 0.14 0.15 0.69
assumed
Equal
xg{'ances 331 | 86.10| 002| 042 013 | 017| 068
assumed

*. Significant value at the 0.05 level (2-tailed)

F. Growth parameters interpret by SPSS software output using von Bertalanffy equation
CWi = CWax[1 —exp ~Kt-10] of female and male wild caught S. olivacea from Setiu Wetlands,

Terengganu.
Parameter Estimates
95% Confidence Interval
Parameter Estimate Std. Error Lower Bound Upper Bound
CW- 28.011 198.042 -247.854 303.875
K 0.369 609 -1.158 1.897
to 0.734 4.618 -4.857 6.325
Female wild caught S. olivacea
Parameter Estimates
95% Confidence Interval
Parameter Estimate Std. Error Lower Bound Upper Bound
bl 29.340 149.297 -260.574 319.254
b2 0.380 .309 -.557 1.318
b3 0.792 2.277 -6.572 8.156

Male wild caught S. olivacea
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G. Von Bertalanffy plot describe in Excel using equation —Ln (1 — CW:/ CW=) against t (age) in of
female and male wild caught S. olivacea from Setiu Wetlands, Terengganu.
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Male wild caught S. olivacea
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