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ABSTRACT

Thalassinid mud lobsters are large burrowing crustaceans commonly found on
mangrove shores. They are not well studied due to their cryptic nature and subterranean
habit. Mangrove land reclamation puts this enigmatic creature at odds with humans
where their burrowing activities wreck coastal dykes and culture ponds. This study
investigated the species of mud lobsters in Malaysia, and their abundance and
distribution in relation to environmental factors on Kelanang shore and particularly,
Carey Island, where coastal dykes are built to protect largely oil palm estates. Thus, a
goal of this study was to find environmental-friendly ways to control mud lobster
infestations on earthen dykes. Three species of Thalassina, namely, Thalassina
anomala Herbst, 1804, Thalasssina gracilis Dana, 1852 and Thalassina kelanang Moh
& Chong, 2009 were described and compared to the Australian species, Thalassina
squamifera De Man, 1915. Morphological features of the carapace, rostrum,
scaphocerite, abdominal pleura and sternites, and petasma was used to distinguish
between the newly described species, T. kelanang from T. squamifera which closely
resembles it morphologically, as well as the other species. These four species of
Thalassina were further verified as distinct by discriminant analysis of their
morphological traits and by three molecular gene markers (PEPCK, NaK, and COI).
Both approaches agree that T. anomala and T. gracilis are the most distant pair among
the four species. Molecular analysis of the combined markers shows that the four
species of Thalassina belong to a monophyletic clade, and that T. squamifera and T.
kelanang are two closely similar, but distinct, species. Three sympatric species of mud
lobsters were spatially distributed along the mangrove shore, occurring in combinations
of T. anomala with T. kelanang (Kelanang) or T. gracilis (Carey Island). Spatial
partitioning of these species was strongly driven by environmental factors such as tidal
inundation, salinity and substrate characteristics. = Competitive exclusion was
hypothesized with the more aggressive T. kelanang living on the lower shore and T.
anomala on the upper shore. T. gracilis (genetically closest to T. kelanang) was
spatially partitioned from T. kelanang by its greater tolerance to salinity fluctuations in
the mid-estuary where it occupied a similar elevation in tidal height as T. kelanang. The
distribution of mud lobster (T. anomala) mounds along the entire dyke perimeter of
Carey Island was not random with high densities (up to 70 mounds/100m bund length)
occurring at the northeastern horn of the island and near Air Hitam village south of the
island. T. anomala first invaded the coastal dyke on the river side of the bund at the
highest spring tide level. The animal then tunneled down to the bund bottom at the



opposite or landward side, before venturing farther (up to 10m) into the oil palm
plantation, as long as they could access water. Mud lobster burrows on the bund or
plantation could reach 60cm in height and 1.2m in depth. Experimental planting of
different species of grass vegetation on the dyke to obstruct the passage (vertical
barrier) or exit (horizontal barrier) of the mud lobster showed that a combination of
Chrysopogon zizanioides (Vetiver) and Cyanodon dactylon grasses is the most effective
way to control mud lobster infestations without the use of toxic chemicals. The study
shows the mangrove shore as the endemic habitat for three species of Thalassina in
Malaysia. Coastal reclamation of mangrove forests destroys their natural habitat and
cuts off the path of migration of T. anomala from sea to the landside of mangrove
forests. This results in Thalassina larvae settling and colonizing coastal dykes

constructed by humans to prevent sea water intrusion.



ABSTRAK

Udang Ketak, Thalassinid merupakan krustasea besar yang menggali dan biasanya
dijumpai di persisiran hutan bakau. lanya tidak dikaji dengan baik kerana sifatnya yang
misteri dan tabiatnya hidup di bawah tanah. Penebusgunaan tanah hutan bakau
meletakkan makhluk misteri ini ganjil dengan manusia di mana aktiviti menggali lubang
mereka menghancurkan banteng di persisiran pantai dan kolam perternakan. Kajian ini
mengkaji spesies udang ketak di Malaysia, dan kelimpahan dan taburannya
berhubungkait dengan faktor persekitaran di Pantai Kelanang dan terutamanya, Pulau
Carey, di mana benteng pantai dibina untuk melindungi sebahagian besarnya ladang
kelapa sawit. Oleh itu, matlamat kajian ini adalah untuk mencari cara-cara yang mesra
alam untuk mengawal serangan udang ketak di benteng tanah. Tiga spesies Thalassina,
laitu Thalassina anomala Herbst, 1804, Thalassina gracilis Dana, 1852 dan Thalassina
Kelanang Moh & Chong, 2009 telah diterangkan dan dibandingkan dengan spesies dari
Australia, Thalassina squamifera De Man, 1915. Ciri-ciri morfologi bahagian karapas,
“rostrum”, “scaphocerite”, “abdominal pleura” dan “sternites” serta “petasma” boleh
digunakan untuk membezakan antara spesies yang baru diterangkan, T. Kelanang dari
T. squamifera yang hampir menyerupai ia, serta spesies yang lain. Keempat-empat
spesies Thalassina selanjutnya telah disahkan berbezaannya dengan analisis diskriminan
bagi ciri-ciri morfologinya dan dengan tiga penanda gen molekul (PEPCK, Nak, dan
COI). Kedua-dua pendekatan tersebut bersetuju bahawa T. anomala dan T. gracilis
adalah pasangan yang paling jauh antara empat spesies. Analisis molekul bagi penanda
gabungan menunjukkan bahawa keempat-empat spesies Thalassina tergolong dalam
klad monophyletic, dan T. squamifera dan T. Kelanang adalah dua spesies yang paling
seiras, tetapi kedua-duanya adalah species yang sangat berbeza. Tiga simpatrik spesis
udang ketak adalah ditaburkan atau mendiami kawasan yang berbeza di sepanjang
pantai hutan bakau, ia berlaku dalam kombinasi T. anomala dengan T. Kelanang
(Kelanang) atau T. gracilis (Pulau Carey). Pembahagian kawasan bagi spesis ini amat
didorong oleh faktor-faktor persekitaran seperti paras air pasang surut, kemasinan dan
ciri-ciri sedimen. Pengecualian kompetitif telah menghipotesis dengan spesis yang lebih
agresif T. Kelanang di kawasan pantai yang lebih rendah dan T. anomala di kawasan
pantai yang lebih tinggi. T. gracilis (yang mempunyai genetik paling dekat dengan T.
Kelanang) menduduki kawasan yang berbeza dengan T. kelanang oleh toleransi yang
lebih tinggi kepada turun naik kemasinan yang tinggi pada pertengahan muara di mana
ia menduduki ketinggian kawasan yang sama seperti T. Kelanang. Taburan busut udang
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ketak sepanjang benteng di Pulau Carey tidak berlaku secara rawak dengan kepadatan
yang tinggi (sehingga 70 busut/ 100m panjang benteng) yang berlaku di kawasan
hujung timur laut dan berhampiran Kampung Air Hitam selatan pulau ini.
Pencerobohan T. anomala ke dalam benteng bermula di sebelah sungai pada banteng di
kawasan tertinggi paras air pasang laut purnama. Haiwan itu kemudian menggali turun
ke bahagian bawah benteng di seberang atau kawasan darat, sebelum meneroka lebih
jauh (sehingga 10m) ke dalam ladang kelapa sawit, selagi ia boleh mengakses air.
Lumpur busut udang ketak pada banteng atau kawasan ladang boleh mencecah 60 cm
tinggi dan 1.2m dalam. Eksperimen penanaman spesis rumput berlainan jenis di
banteng bagi menghalang laluan (halangan menegak) atau keluar (halangan melintang)
udang ketak itu menunjukkan bahawa gabungan rumput Chrysopogon zizanioides
(Vetiver) dan Cyanodon dactylon adalah cara yang paling berkesan untuk mengawal
pencerobohan udang ketak tanpa penggunaan bahan kimia toksik. Kajian ini
menunjukkan hutan bakau pantai sebagai habitat endemik untuk tiga spesies Thalassina
di Malaysia. Penebusgunaan kawasan hutan bakau pantai memusnahkan habitat semula
jadi mereka dan menutup jalan penghijrahan T. anomala dari laut ke darat. Ini
menyebabkan Thalassina larva menetap dan menjajah banteng pantai yang dibina oleh

manusia untuk mencegah pencerobohan air laut.
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Dorsal view of carapace. A, Thalassina kelanang, holotype-
male, (TL=150 mm, CL=54.1 mm)

Dorsal view of carapace. A, Thalassina kelanang (holotype,
150.0, 54.1 mm); B, T. anomala-Male (151.4, 51.1 mm).
Zoological Museum, University of Malaya (ZMUM). Scale bar
=10 mm.

Dorsal view of anterior region of cephalothorax. A, T. kelanang
(holotype, 150.0, 54.1 mm); B, T. anomala-Male (151.4, 51.1
mm); C, T. squamifera-Male (132.5, 47.8 mm); D, T. gracilis-
Male (69.8, 25.8 mm). Zoological Museum, University of
Malaya (ZMUM). Scale bar =5 mm.

Dorsal view of right antennal peduncle showing movable
scaphocerite. A, T. kelanang (holotype, 150.0, 54.1 mm); B, T.
anomala, (absent)-Male (151.4, 51.1 mm); C, T. squamifera-
Male (132.5, 47.8 mm). Zoological Museum, University of
Malaya (ZMUM). Scale bars: a-b =20 mm; ¢ = 10 mm.

Right chela of first pereiopod. A-B, outer and inner aspects, T.
kelanang (holotype, 150.0, 54.1 mm); C-D, outer and inner
aspects, T. anomala-Male (151.4, 51.1 mm). Zoological
Museum, University of Malaya (ZMUM). Scale bar = 10 mm.

Dorsal view of first abdominal somite. A, T. kelanang
(holotype, 150.0, 54.1 mm); B, T. anomala-Male (151.4, 51.1
mm). Zoological Museum, University of Malaya (ZMUM).
Scale bar = 10 mm.

Second abdominal somite. A-B, dorsal and ventral aspects, T.
kelanang (holotype, 150.0, 54.1 mm); C-D, dorsal and ventral
aspects, T. anomala-Male (151.4, 51.1 mm). Zoological
Museum, University Malaya (ZMUM). Scale bar = 10 mm.

Ventral view of petasma. A, T. kelanang (holotype, 150.0, 54.1
mm); B, T. anomala-Male (193, 61.4 mm); C, T. squamifera-
Male (132.5, 47.8 mm); D, T. gracilis-Male (69.8, 25.8 mm).
Zoological Museum, University Malaya (ZMUM). Scale bar =
5 mm.

SFDA ordination diagram of morphological and meristic
characters for four species of Thalassina.
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Figure 3.3

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

rate parameters: TC = 0.5206, TA = 0.1254, TG = 0.0125, CA =
0.1254, CG = 0.0125, AG = 0.2036), - Ln likelihood 1935.877;
(b) partial NaK sequences (TC = 0.5183, TA = 0.1061, TG =
0.0727, CA = 0.0972, CG = 0.0223, AG = 0.1834), - Ln
likelihood 2117.352; (c) partial COI sequences (TC = 0.7231,
TA =0.1315, TG = 1.4301e, CA = 0.0153, CG = 0.0311, AG =
0.0991), - Ln likelihood 2729.365; (d) combined PEPCK, NaK
and COIl DNA sequences (TC = 0.5687, TA = 0.1190, TG =
0.0211, CA = 0.1190, CG = 0.0211, AG = 0.1511), - Ln
likelihood 6914.207.

The bootstrap values (ML/MP/BI) are shown at the branches.
Bar indicates substitutions per site.

Locations of examined specimens of T. squamifera (circles) and
T. kelanang (triangles) by various authors. Museum catalog
numbers at each site are indicated.

@ = Poore & Griffin, 1979, @ = Ngoc-Ho & de Saint Laurent,
2009, @® = Moh & Chong, 2009, O = Sakai & Tirkay, 2012,
A = Moh & Chong, 2009, this study. Dotted line indicates
Wallace’s Line. Modified  base map from
http://commons.wikimedia.org.

Klang Islands and its estuaries showing study site 1 at Kelanang
shore (Kelanang Beach) and sites 2 and 3 on Carey Island.

(@) A schematic profile of the Kelanang mangrove shore
showing sampling site 1. Site 1a contained Zone A, Zone B and
Zone C; Site 1b contained Zone C, Zone D, Zone E and Zone F.
Zones E and F were set 150 m off the set transect through Zones
C and D to avoid the disturbed forests below. (b) Composite
horizontal profile of the mangrove high shore at Kelanang shore
(site 1) and Carey Island (sites 2 & 3), showing the various
zones, tidal heights and general distribution of mangroves and
mud lobsters. Numerals below demarcated zones indicate the
number of days per year shore sites were exposed to air.
EHWS= Extreme High Water Spring; MHWS= Mean High
Water Spring; MHWN= Mean High Water Neap; MLWN=
Mean Low Water Neap.

Distribution of mud lobster species in relation to daily tidal
height at Carey Island. Zones A, B (site 1a) and site 2 lie within
the spring high tidal range (habitat of T. anomala), while site 3
lies within the high neap tidal range (habitat of T. gracilis).
Zones C, D, E & F lie within the high neap tidal range to low
neap tide (habitat of T. kelanang). Right vertical arrow bars
indicate range of species in term of shore elevation. Horizontal
bar indicates size scale (1 cm) of animals.

Schematic drawings of the burrow morphology of the three
species of Thalassina based on a particular burrow cast. a-
Thalassina anomala; b- Thalassina kelanang; c- Thalassina
gracilis. Ordering of burrow branches using the Shreve method
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Figure 4.5

Figure 4.6

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

is illustrated in a (humerals).

RDA triplots of three species of mud lobsters (T. anomala, T.
gracilis, T. kelanang, blue arrows) as influenced by
environmental factors (red arrows) and sampled from three sites:
circles (site 1, zone A to F, sample plots 1-8), squares (site 2,
sample plots a-d), diamonds (site 3, sample plots a-e).

Conceptual model of niche differentiation and competitive
interactions among three sympatric species of Thalassina in the
Klang-Langat delta (Selangor).

Map shows study sites for spatial-temporal colonization of
newly repaired bund on Carey Island and the surrounding
estuaries.

Schematic diagram of study zones of surveyed area across dyke
(bund). *Diagram not in scale.

Mud lobster mound and burrow measurements.
Dm= diameter, H= height, Db= diameter at entrance of burrow.

Mud lobsters mound distribution in Carey Island (*Black doted).
(census from May 2005 — August 2005). Topographic map
extracted from Department Survey and Mapping, Malaysia
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Chapter 1

Introduction

1.1  Anoverview taxonomy of mud lobster, their distribution and habitat

Mud lobsters are decapod crustaceans previously described under the family
Thalassinidae Latreille, 1831. Thalassinidea is a former infraorder of decapod crustaceans
that is now recognized as belonging to two separate lineages now recognized as
infraorders; Gebiidea and Axiidea (Sakai, 2004; De Grave et al., 2009). The current the
classification of the mud lobsters is now as follows:

Order: Decapoda Latreille, 1802

Suborder: Pleocyemata Burkenroad, 1963
Infraorder: Gebiidea de Saint Laurent, 1979
Family: Thalassinidae Latreille, 1831

Genus: Thalassina Latreille, 1806

The family Thalassinidea is monogeneric. Thalassina anomala (Herbst, 1804), was
first described as Cancer (Astacus) anomalus Herbst, 1804. The genus Thalassina
Latreille, 1806, was at one time considered monotypic (Glaessner, 1969), but Holthuis
(1991) speculated that there may be more than one species. This genus has recently been

revised show to contin more than one species (see below).

Ngoc-Ho & de Saint Laurent (2009) published on seven species of Thalassina; T.

anomala (Herbst, 1804), T. squamifera De Man, 1915, T. gracilis Dana. 1852 [sensu Ngoc-



Ho & de Saint Laurent, 2009], T. emerii Bell, 1844, T. spinirostris Ngoc-Ho & de Saint
Laurent, 2009 (new species from Singapore) and another two new species related to T.
anomala, T. spinosa Ngoc-Ho & de Saint Laurent, 2009 (from India and Indonesia) and T.
krempfi Ngoc-Ho & de Saint Laurent, 2009 (from Vietnam, Singapore and Indonesia). In
the same year, Moh & Chong (2009) reported additionally one new species, Thalassina
kelanang Moh & Chong, 2009 from Malaysia. Sakai & Turkay (2012) reviewed the genus
Thalassina Latreille, 1806 with a new classification key for the identification of
Thalassina. They suggested that T. emerii Bell, 1844 is a nomen dubium, and that the
material identified by Ngoc-Ho & de Saint Laurent, 2009 as T. emerii Bell, 1844 were in
fact new species; T. australiensis Sakai & Turkay, 2012 and T. saetichelis Sakai & Turkay,
2012. Thus far, the number of Thalassina mud lobster species world-wide may be at least
nine extant species. The nine species are T. anomala (Herbst, 1804), T. squamifera De
Man, 1915, T. gracilis Dana. 1852 [sensu Ngoc-Ho & de Saint Laurent, 2009], T.
spinirostris Ngoc-Ho & de Saint Laurent, 2009, T. spinosa Ngoc-Ho & de Saint Laurent,
2009, T. krempfi Ngoc-Ho & de Saint Laurent, 2009, T. kelanang Moh & Chong, 2009, T.

australiensis Sakai & Turkay, 2012 and T. saetichelis Sakai & Turkay, 2012.

The most commonly reported mud lobster, T. anomala occurs in the southern and
south—eastern region of Asia from Bombay in the west to Morton Bay in Queensland,
Australia where the shore soils are heavy and clayey rather than sandy. T. anomala was
reported to be an extremely abundant animal in the mangrove swamps of Singapore and
Malaya in the early 1960s (Chuang, 1961; Johnson, 1961). The mud lobster is abundant in
water-logged soil with a distribution that extends up the shore to above the extreme high
water-mark (Macnae, 1968). From a study by Varuges (1978) one species was found on

Carey Island, namely T. anomala (Herbst). De Man (1928) recognized only two races of



the one species, T. anomala gracilis and T. anomala squamifera, and conceded that all

those which had been described earlier might prove to be identical.

Thalassina anomala inhabits the upper intertidal zone of estuarine tropical shores.
Its distribution within the deposits of this shore zone is influenced by an array of
environmental parameters, of which the interplay of salinity, organic matter content and
sediment size seem to be the chief determinants (Pillai, 1989). The species has been
described from Queensland (Bennet, 1968), the countries of Southeast Asia and the islands
of the Indo-West Pacific (Macnae, 1968), and on the subcontinent of India, especially along
the western shores (Sankolli, 1963), and in the estuaries of the Ganges (Gayen and

Choudhary, 1973).

Verwey (1930) reported that the burrows of T. anomala are single, with a long
horizontal or near horizontal tunnel and a pool at the bottom. These shy creatures are
responsible for the volcano-shaped mounds that are commonly seen in the back mangroves.
Their burrows are U-shaped and can be up to 2m deep even below the waterline. During
the day, mud lobsters plug up their entrance with mud. In the evening, these are opened
and the mud lobsters may emerge. Mud lobsters prefer to dig in the intertidal regions (Ng
& Kang, 1988). Macintosh (1988) reported T. anomala can stay deep below surface in

noxious anaerobic conditions.

According to Marshall & Orr (1960) T. anomala feeds on vegetation. Johnson
(1961), Sankolli (1963) made detailed observations on the feeding habits and concluded
that Thalassina anomala is not an herbivore, but a mud-feeder. Mud lobsters are believed

to eat tiny organic titbits in mud. To get enough nutrition, they have to process huge



amounts of mud and sand. Processed mud is piled around their burrows as they eat-and-dig
through the mud. Soil moisture content, pH and the presence of T. anomala activity are
important factors in the distribution of the mangrove vegetation (Ng & Sivasothi, 1999).
Its behavior of tunneling through coastal and pond dykes can interfere with paddy
cultivation and aquaculture, so it is considered a pest in most countries, but in parts of Fiji,

it constitutes an important food resource (Pillai 1985).

The destructive nature of T. anomala in the man-made environment was noted by
(Sankolli, 1963), who stated that the animal is notorious for causing severe damage to
coastal bunds by its burrowing habits. Holthuis (1991) summarise that T. anomala is
considered a pest in many areas. The animal is notorious for causing severe damage to
bunds of prawn ponds by its burrowing activities (Macintosh, 1988). The paddy fields and
backyards of houses in the proximity of the creeks are also subject to this sort of damage
(Sankolli, 1963). This is due to T. anomala naturally occurring on the landward margins of

mangrove forests beyond the extreme high-water mark.

Several other decapod crustaceans displayed similar destructiveness in man-made
(human modified) or new environments in other tropical and temperate regions. Invasive
species that are brought into new environments via aquaculture and the aquarium trade can
cause biogeomorphic impacts such as bioturbation, bioerosion and bioconstruction (Fei et
al., 2014). Faller et al. (2016) reported several species of invasive non-native crayfish in
UK that are known to dig burrows into river banks such as the spiny cheek crayfish
(Orconectes limosus), virile crayfish (Orconectes virilis) and signal crayfish (Pacifastacus
leniusculus). The red swamp crayfish Procambarus clarkii in Zambia burrows into the

sides or banks of dams, rivers and lakes to make their nests thus damaging the local
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infrastructure, causing the water canals to leak, earthern dams to collapse, and the banks of
rivers and lakes to erode (Moonga & Musuka, 2014). The activities of other crayfish
species (Pacifastacus leniusculus; Procambarus clarkii) can be extensive and cause
complete riverbank collapse (Guan 1994, Barbaresi et al. 2004). The burrowing activities
of the mitten crab (Eriocheir sinensis) threaten unprotected human earthworks such as digs
and levees (Rudnick et al., 2000). Mitten crabs are extensive burrowers and their burrows
have been observed to undermine stream banks in Germany, causing banks to collapse
(Panning 1939). Since their introduction into San Francisco Bay, there has been much
concern on the impact of the burrowing activity of mitten crabs on the bay and delta
notably on the stream banks, especially those used for flood control (Cohen & Carlton

1995, Rudnick et al., 2000).

1.2 Research problems and objectives

Both the reviews by Ngoc Ho & de Saint Laurent (2009) and Sakai & Turkay
(2012) and all re-descriptions of the Thalassina species as well as the newly described
species including Moh & Chong (2009)’s work on T. kelanang, are based entirely on
morphology. The veracity of the new species status has not been validated by molecular
studies. It may be possible that the so-called ‘new’ species are actually morphs as
commonly encountered in arthropods, and this issue could only be settled by molecular

analysis.

Preliminary studies have indicated populations of mud lobsters from the lower to
upper shore. Besides the question of whether they all belonged to the same species or are

of different species, there has been no work done on how possible sympatric species of



mud lobsters are distributed in the same general area. If the same species is found in the
entire intertidal shore, this would indicate a species tolerant of the wide gradient in
environmental factors (e.g. moisture, heat), whereas if they are different species, it would

be interesting to know how these sympatric species coexist in the intertidal shore.

In Carey Island (2°52” 18.38’°N, 101°22” 41.15’E, state of Selangor), extensive
areas of mangrove forest were cleared for agricultural development in the early 1900s,
coastal bunds, drainage and tidal gates were built around the entire perimeter of the island
to protect the crops from seawater intrusion. The impact of coastal dyke in the mangrove
area is that the mud lobsters now make their homes in the coastal bunds and on their
landward side. Extensive tunneling by the mud lobster weakens and undermines the bund
integrity. Bund collapse occurs quite regularly incurring considerable costs to the estate
due to bund repair and maintenance. Each year millions of ringgit for bund repair and
maintenance are being spent by Sime Darby Plantation Bhd, the company which owns and
manages the plantation. It has been estimated that dyke damage and maintenance in Carey
Island incurs an annual cost of between RM1.5-2.0 million. An estimated average of about

RM15, 000 per kilometer of bund is needed for maintenance and repair cost.

As a result, the mud lobster population in the plantation is being controlled by the
regular use of chemical poisons such as Furadan 3G (Carbofuran). The use of such poisons
is not recommended as this class of poisons (Class Il) is not ecologically friendly. This
insecticide is known to be hazardous to fish, wildlife and invertebrates (Eisler, 1985).
Nevertheless, chemical control however provides a temporary solution only, as their

numbers built up again after a few months. To effectively control the mud lobster



population on the coastal bunds, an ecological study is needed to fully understand their

habitat requirements, behavior and other biological aspects.

Thus, the overall aim of this study was to verify whether the different populations
of mud lobsters belong to a single species (T. anomala), and to study its ecology and
biology so that ecologically-sound and cost effective methods could be used to control their
populations in the man-made environment such as in a coastal plantation. It is hoped that
from this study, biological controls, rather than chemical controls, could be applied to avoid
damage to the environment. The biological control methods will have similar economic
and ecological benefits to coastal aquaculture farms that are also afflicted by mud lobster

infestations.

1.3 Objectives of study

The objectives of this study are:

1) Taxonomy of the mud lobster species from Peninsular Malaysia using both
morphological and molecular analysis.

2) To study the distributional pattern of mud lobster in relation to the abiotic factors
(water parameter, sediment characteristics and tidal inundation) on the
mangrove shore.

3) To determine the mud lobster distribution and abundance in an oil palm plantation.

4) To investigate the spatial-temporal colonization of newly-repaired dykes by mud
lobster.

5) To determine the biological or ecologically-sound methods to control dyke

infestations by mud lobsters in Carey Island.



Hypotheses that were tested in this study are as follows:
1) Sympatric species of mud lobsters are spatially partitioned across mangrove shore
as a result of niche differentiation (Chapter 4).
2) The mode or pathway the T. anomala invading into the dyke began at the dyke top
on the mangrove side during spring tide, then tunneling diagonally down to the

dyke bottom on the plantation side (Chapter 5).

The following investigations were carried out to address the above objectives and/ or
hypotheses:

1. Morphological differentiation of three species of Malaysian Thalassina mud
lobsters, T. anomala, T. gracilis and T. kelanang (sp. nova), and the Australian
species, T. squamifera (Chapter 2).

2. Verification of the four species of mud lobsters, T. anomala, T. kelanang, T.
gracilis and T. squamifera using molecular, morphometric and meristic characters
(Chapter 3).

3. Distribution and burrow morphology of three sympatric species of Thalassina mud
lobsters in relation to environmental parameters on Kelanang shore (Chapter 4).

4. Mound distribution and density of Thalassina mud lobsters on the coastal dykes of
Carey Island (Chapter 5).

5. Control of mud lobter (T. anomala) infestations on coastal dykes (Chapter 6).



Chapter 2

Morphological differentiation of three species of Malaysian Thalassina
mud lobsters, T. anomala, T. gracilis and T. kelanang (sp. nova), and the

Australian species, T. squamifera

Work done in this chapter has been published in:
Moh, H. H., & Chong, V. C. (2009). A new species of Thalassina (Crustacea: Decapoda:

Thalassinidea) from Malaysia. Raffles Bulletin of Zoology, 57(2), 465-473.

2.1 Introduction

The family Thalassinidae Latreille, 1831, contains the single genus Thalassina
Latreille, 1806, which had at one time been considered monotypic (Glaessner, 1969), but
Holthuis (1991) suggested that there may be more than one species. Thalassina anomala
(Herbst, 1804) is the type species, first described as Cancer (Astacus) anomalus Herbst,
1804, based on a female type specimen collected from an unknown locality. The species
was subsequently redescribed under the following synonyms: Thalassina scorpionides
Latreille, 1806 (type locality: unknown); Thalassina scabra Leach, 1814 (type locality:
unknown); Thalassina talpa White, 1847 (type locality: Philippines); Thalassina gracilis
Dana, 1852 (type locality: Telegraph Island, near Singapore); and Thalassina maxima Hess,

1865 (type locality: New South Wales, Australia) (in Miers, 1880; De Man, 1928).



De Man (1928) described his specimens of T. anomala var. squamifera (type
locality: Karakelang-islands, Indonesia) as quite different from the typical, widespread T.
anomala, in that the former had a small movable scaphocerite on its antennal peduncle
while the typical anomala did not have it. In addition, he also recognized that the shape of
the ridge between the second to fifth pleopods is different between the two varieties.
Campbell & Woods (1970) elevated T. anomala var. squamifera to species rank, hence T.
squamifera De Man, 1915, after examination of the Australian specimens. Support for this
assignment came from Poore & Griffin (1979) who examined 32 samples from Australia
and one from the Philippines. They further added that T. squamifera lacks the oblique
tuberculate ridge starting near the base of the fixed finger and running back on the lateral
surface of the large cheliped in T. anomala. This character was found to be most useful in

separating fossil materials of the two species (Campbell & Woods, 1970).

Thalassina emerii Bell, 1844, was first described based on a fossil specimen
believed to be likely from the mouth of the Daly River, Northern Territory, Australia, but
its recognition in museum specimens from N.W. Australia suggests that this species may be
extant (see Davie, 2002, p. 475). Another species, Thalassina chilensis Steenstrup &
Lutken, 1862, from the coast of Chile believed to be distinct from T. anomala, but De Man
(1928) suspected that T. chilensis is likely T. gracilis Dana, 1852 which he thought was
synonymous with T. anomala. Holthuis (1991) surmised that the type locality of T.
chilensis is likely to be incorrect given that it has since never been found in Chile. Ngoc-
Ho & de Saint Laurent (2009) reviewed Thalassina Latreille, 1806 and recognised have
seven valid species; T. anomala (Herbst, 1804); T. squamifera De Man, 1915, T. gracilis
Dana. 1852, T. emerii Bell, 1844, and two new species, Thalassina krempfi Ngoc-Ho & de

Saint Laurent, 2009, and Thalassina spinirostris Ngoc-Ho & de Saint Laurent, 2009. Sakai
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& Tirkay (2012) review the genus with a new classification key for the identification of
Thalassina and added in two more new species. The new species are Thalassina
australiensis Sakai & Turkay, 2012, and Thalassina saetichelis Sakai & Turkay, 2012.
Thus so far, world-wide there appears to be at least nine extant species of mud lobsters

belonging to the genus Thalassina.

In Malaysia, Thalassina anomala was first recorded from the states of Penang and
Sarawak (in De Man, 1928), but the species appears quite widespread, appearing also in the
states of Selangor (Sasekumar, 1974) and Johor (Ng & Kang, 1988). However, there has
been no attempt to examine closely these shy and difficult to catch creatures, to see if there
are more than one species. This chapter describes two main species found in Selangor,
Malaysia; one the typical T. anomala, and the other a new species. We compared their
morphology to specimens of T. squamifera obtained from Natural Sciences Museum & Art
Gallery of the Northern Territory (NSMAG), Australia and T. gracilis from the Zoological
Reference Collection (ZRC) of the Raffles Museum of Biological Research, National

University of Singapore, and our collection.

2.2 Material and methods

2.2.1 Study sites. - Mud lobsters were sampled from two study sites at Kelanang Beach
and Carey Island, Selangor, Malaysia. The mud lobster mounds were located inside or near
to mangrove forests in the intertidal shore. The sandy-mud beach of Kelanang has a
narrow (0.6 km) and degrading fringe of mangrove forests where on the landward side a
coastal bund runs along the entire coastline. All specimens of the new species were

sampled from Kelanang Beach.
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In Carey Island, which is located just north of Kelanang, the mud lobster mounds of only T.
anomala are found on the landward side of perimeter bunds which are built around the
entire island to protect the oil palm plantations that occupy former mangrove forests from

seawater intrusion.

2.2.2 Sampling. - Mud lobsters were trapped by using a 50 cm —long wire with a tethered
piece of fish netting (1.5” or 2.5” mesh size) on one end and a T-handle at the opposite end.
The wire was inserted into the burrow with the T-handle resting on top of the mound. The
traps were laid during dusk and recovered after 15-18 hours. Trapped animals were
entangled in the gill netting as they crawled up from the muddy bottom. The animals were
also caught by digging below their mounds using a spade. All specimens were identified
and measured using a pair of digimatic calipers, with a precision of 0.01mm.
Measurements provided are of the total length (measured along the midline from tip of
rostrum to tip of telson) and the carapace length (measured along the midline from tip of
rostrum to posterior edge of carapace). Identified specimens are deposited in the
Zoological Museum, University Malaya (ZMUM). Two specimens of the new species
(male and female) are also deposited in ZRC, Singapore, and Natural Sciences Museum &

Art Gallery of the Northern Territory (NSMAG), Australia.

2.2.3 Comparative material examined.
T. anomala — 13 males and 5 females (TL; 114.6-241.1 mm) (ZMUM), Carey Island,

Selangor, Malaysia, coll. H.H.Moh, Jun.-Sep.2006.

T. squamifera — 1 male (132.5, 47.8 mm) (NSMAG, Cr.004775) (figured), Micket Creek,

Darwin, N.T., Australia, coll. D. Percival, 26 Sep.1983; 1 male (146, 51.7 mm) (NSMAG,
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Cr.000517), Ludmilla Creek, Darwin, N.T., Australia, coll. J.R.Hanley, 12 Oct.1983; 1
male (139.6, 51.3 mm) (NSMAG, Cr.001475), Ludmilla Creek, Darwin, N.T., Australia,
coll. D. Percival, 13 Oct. 1983; 1 female (113.0, 41.9 mm) (NSMAG, Cr.009965), near
bridge Channel Island, N.T., Australia; coll. M. Burke, 19 Feb. 1992; 1 female (70.3,
26.1mm) (NSMAG, Cr. 013891), Port Keats, N.T., Australia, coll. K. Metcalfe & party,

undated.

T. gracilis — 1 male (69.8, 25.8 mm) and 1 female (57.3, 21.8 mm) (ZRC 2007.0512),
Ranong mangroves, South Thailand, coll. P. Naiyanetr; 1 male (69.8, 25.5 mm) (ZMUM),

Carey Island, Kuala Langat [=District], Selangor, Malaysia, coll. H.H.Moh, 19 Sep.2008.

2.3 Result

2.3.1 Taxonomy

Thalassina kelanang, new species (Figure 2.1).

Figure 2.1. Dorsal view of carapace. A, Thalassina kelanang, holotype-male, (TL=150
mm, CL=54.1 mm)
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Holotype — male (150.0, 54.1 mm) (ZMUM), from mound in mangrove forest, Kelanang

Beach, Kuala Langat, Selangor, Malaysia; coll. H.H. Moh, Apr.2007.

Paratypes - 1 female (141, 50.3 mm) (ZMUM), Kelanang Beach, Kuala Langat, Selangor,
Malaysia; coll. H.H.Moh, Oct. 2006; 1 male, (140, 52.0 mm), 4 females (120, 44.6 mm),
(162, 58.9 mm), (167, 60.8 mm), (150, 55.4 mm), (ZMUM), Kelanang Beach, Kuala
Langat, Selangor, Malaysia; coll. H.H.Moh, Nov. 2006; 1 male, (114, 42.9 mm), 2 females
(163, 58.4 mm), (140, 51.5 mm), (ZMUM), Kelanang Beach, Kuala Langat, Selangor,
Malaysia; coll. H.H.Moh, Mac. 2007; 2 males (143, 51.9 mm), (133, 48.8 mm), 2 females
(120, 43.7 mm), (119, 45.4 mm), (ZMUM), Kelanang Beach, Kuala Langat, Selangor,
Malaysia; coll. H.H.Moh, Apr. 2007; 1 female (161, 59.1 mm), (ZMUM), Carey Island,
Kuala Langat, Selangor, Malaysia; coll. H.H.Moh, Oct. 2006; 1 male (183, 63.6 mm),

(ZMUM), Carey Island, Kuala Langat, Selangor, Malaysia; coll. H.H.Moh, Nov. 2006.

2.3.2 Description of holotype. - Carapace elongate oval in dorsal aspect; sculptured by
circular depressions or punctae, largest pair (gastric pits) associated with post-cervical
groove; upper lateral sides heavily covered with short anteriorly-directed spines; short
posteriorly-directed spine on dorsal median margin not reaching first abdominal tergite
(Fig. 2.2A). Rostrum flat, narrowly triangular, waisted near base (Figure 3.3A), with
lateral margins that continue posteriorly as short divergent ridges (adrostral carina)
extending half the length of gastro-orbital carina; median sulcus or groove deep, extending
beyond adrostral carina; 3-11 blunt marginal spinules or tubercles on adrostral carina.
Supra-orbital, antennal and branchiostegal spines strong, sharp; orbital and sub-orbital
spines short; 4-8 sharp spines at curved anterior end of branchiocardiac groove. Oblique

groove with 10-14 spines on dorsal margin, anterior-most spine largest, thinly setose.
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Anterior margin of antennal region armed with series of short spines. Numerous tubercles

on anterior margin of branchiostegite.

Figure 2.2. Dorsal view of carapace. A, Thalassina kelanang (holotype, 150.0, 54.1 mm);
B, T. anomala-Male (151.4, 51.1 mm). Zoological Museum, University of Malaya
(ZMUM). Scale bar = 10 mm.
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Figure 3.3. Dorsal view of anterior region of cephalothorax. A, T. kelanang (holotype,
150.0, 54.1 mm); B, T. anomala-Male (151.4, 51.1 mm); C, T. squamifera-Male (132.5,
47.8 mm); D, T. gracilis-Male (69.8, 25.8 mm). Zoological Museum, University of Malaya
(ZMUM). Scale bar =5 mm.
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Antenna with highly reduced antennal scale or scaphocerite on the outer side, scaphocerite
large, setose on inner margin (Figure 2.4A). Antennal flagellum when stretched backwards
reached first or second abdominal somite, length more than 5 times length of antennular

flagellum.

Figure 2.4. Dorsal view of right antennal peduncle showing movable scaphocerite. A, T.
kelanang (holotype, 150.0, 54.1 mm); B, T. anomala, (absent)-Male (151.4, 51.1 mm); C,
T. squamifera-Male (132.5, 47.8 mm). Zoological Museum, University of Malaya
(ZMUM). Scale bars: a-b =20 mm; ¢ = 10 mm.

Pereopods 1 (chelipeds) asymmetrical, subchelate, left chela larger than right (but see
Paratypes below). Meri large, flattened laterally on dorsal surface, but broad or triangular

on ventral surface; right merus with 17 dorsal spines, left with 18 dorsal spines, anterior-

most 4 spines large and decurved, inner and outer ventral margins serrulate with numerous
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subequal denticles on ventral surface. Carpi relatively small, inner dorsal margin with row
of 7-8 strong spines, outer ventral margin armed with a row of spines, anterior-most being
most prominent. Propodi granulated on entire surface, granules on the posterior half of
inner ventral surface comparatively larger than those on anterior half, dorsal surface with
two ridges: inner ridge armed with row of 10 strong spines (Figure 2.5A, 2.5B), outer ridge
on proximal three fourths distance, armed with row of small tubercles, outer surface with
long fine setae occurring in tufts along rows, ventral surface with 2 serrated ridges. Dactyli
twice as long as fixed finger, narrow, laterally flattened, right dorsal margin armed with
row of 13-15 spines and numerous long fine stae, ventral surface with 2 serrated ridges and

2 rows of fine setae, a few punctae present along dorsal surface.

Figure 2.5. Right chela of first pereiopod. A-B, outer and inner aspects, T. kelanang
(holotype, 150.0, 54.1 mm); C-D, outer and inner aspects, T. anomala-Male (151.4, 51.1
mm). Zoological Museum, University of Malaya (ZMUM). Scale bar = 10 mm.

Pereopod 2 subchelate, smaller than pereopod 1; basi-ischium laterally flattened, with

ventral margin armed with 6-9 strong spines and a row of setae; merus laterally flattened,

dorsal margin with row of 4-6 strong decurved spines, ventral surface densely setose;
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carpus setose on dorsal and ventral margins, dorsal margin with 2 or 3 strong, decurved
spines; propodus length slightly longer than width, dorsal margin of fixed finger armed
with longitudinal row of blunt teeth; dactylus with 2 rows of setae on dorsal margin, outer
surface with medial longitudinal row of setae, ventral margin serrated with row of blunt

teeth, postero-ventral margin setose.

Pereopod 3 narrow, flattened laterally; coxa armed with 4-6 spines on inner surface;
ischium armed with 4-6 spines on ventral margin; merus with row of 6-10 decurved spines
on dorsal margin, ventral margin serrated with 2 rows of 10-12 spines; carpus armed with 4
or 5 strong spines on dorsal margin, ventral margin spineless; propodus small, laterally
compressed, with setae on dorsal and ventral surfaces; dactylus slender as long as
propodus, ventral margin with row of setae, dorsal margin with 7 short spines and row of

setae.

Pereopod 4 similar but slightly smaller than pereopod 3; dactylus slender, longer than

propodus.

Pereopod 5 smaller than pereopod 4, not compressed; coxae with gonopores facing each

other on either side of mid-ventral line; outer margin armed with row of spines.

Male abdomen elongate and narrow; somite width as wide as length; first abdominal somite

smallest and narrowest; third and fourth somites largest. Dorsal tergite of first abdominal

somite raised as a distinct rectangular piece, with inverted Y groove (Figure 2.6A).

19



Figure 2.6. Dorsal view of first abdominal somite. A, T. kelanang (holotype, 150.0, 54.1
mm); B, T. anomala-Male (151.4, 51.1 mm). Zoological Museum, University of Malaya
(ZMUM). Scale bar = 10 mm.

Base of pleuron of second and third abdominal somites, each with 2 longitudinal, serrated
ribs or carinae occupying anterior 3/4 distance to posterior end of segment (Figure 2.7A).

Abdominal sternite of second to fifth somites with distinct bicuspid sternal ridge between

opposite pleopods; each cusp bearing 3-6 teeth (Figure 2.7B).
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Figure 2.7. Second abdominal somite. A-B, dorsal and ventral aspects, T. kelanang
(holotype, 150.0, 54.1 mm); C-D, dorsal and ventral aspects, T. anomala-Male (151.4, 51.1
mm). Zoological Museum, University of Malaya (ZMUM). Scale bar = 10 mm.

Mature male pleopod 1 uniramus, with opposing endopods modified and united to form
petasma or intromittent organ; distal end of petasma narrowly oval to pointed, setal row on
outer and inner margins reaching or almost reaching tip; inner distal setae modified to form
fine interlocking hooks on disc-like, subterminal keel of petasma; outer proximal end of

petasma armed with 3 or 4 strong spines (Figure 2.8A). Pleopods 2-5 biramous; pleopods

3-5 of equal size, but shorter than pleopod 2.

Uropods styliform. Telson broadly triangular, about as long as previous somite.
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Figure 2.8. Ventral view of petasma. A, T. kelanang (holotype, 150.0, 54.1 mm); B, T.
anomala-Male (193, 61.4 mm); C, T. squamifera-Male (132.5, 47.8 mm); D, T. gracilis-
Male (69.8, 25.8 mm). Zoological Museum, University Malaya (ZMUM). Scale bar = 5
mm.

2.3.3 Variation. — Although our holotype male has a larger right cheliped than the left,
the left cheliped can be larger than the right for both male and female, but in some of our
specimens the difference was not obvious. Our specimens had 14 of the former type and

11 of the latter type. Merus of right cheliped with 12-17 dorsal spines, left 15-18, anterior

3-5 spines large and decurved. In female, gonopores on inner ventral surface of coxa of
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pereopod 3; pleopod 1 uniramus; pleopods 2-5 larger and biramous, bearing long setae

which are particularly well-developed for carrying eggs during breeding season.

2.3.4 Etymology. — The species is named after its type locality, Kelanang, in the district
of Kuala Langat of the state of Selangor, Malaysia. The name is used as a noun in

opposition.

2.3.5 Colour. — Carapace orange to brown on dorsal aspect, becoming grey
ventrolaterally. Abdomen red to orange on dorsal aspect, pleura grey. Dorsal aspect of

pereopods brownish orange, ventral aspect grey.

2.3.6 Biological notes. — Thalassina kelanang construct sandy mud mounds of generally
less than 0.5 m in height. At Kelanang Beach, while the animal inhabits the fringing
Rhizophora forest, there were more mounds on open sandy mud substrate without
vegetation. In contrast, T. anomala were found in muddy substrate particularly in Carey
Island, although few T. kelanang were found on the island. Thus, the two species appear to
occupy their own microhabitats in the same general area. Male T. kelanang, unlike T.
anomala, are very aggressive inflicting painful pinches on handlers; males often ended up

with broken legs if placed together in an aquarium.
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2.4 Discussion

Thalassina kelanang shows similarities with the sympatric species, T. anomala in
terms of size, coloration and general morphology. However, their morphological
differences warrant the separation of the two species. In all our 65 T. anomala specimens,
the posterior median spine of the carapace, often decurved, always overhangs the
articulation with the first abdominal tergite (Fig. 2.2B). In contrast, the median spine of T.
kelanang is short, blunt and never overhangs the first abdominal tergite. However, this
character is similar to that of T. squamifera. The oblique groove of the carapace of T.
anomala is covered with a thick row of setae, whereas in the new species and in T.
squamifera it is sparsely covered by setae. Thalassina kelanang has an acute tip and
waisted base of the rostrum with deep median sulcus (groove) that extends up to the
posterior pair of dorsal punctae behind the posterior end of adrostrals; the latter reaches
only distal half of the gastro-orbital carina (see Figure 2.3A). In contrast, both T. anomala
and T. squamifera have a triangular rostrum with a shallow median sulcus that does not
reach beyond the adrostrals; the latter extends to three fourths or full length of the gastro-
orbital carina (Figure 2.3B, 2.3C). In addition, both species have rather smooth or at the
most three tubercles on their adrostral and gastro-orbital carinae, posterior to the orbital
margin. These features of the rostrum appear to be important in separating the different
species of Thalassina. In fact, the examined T. gracilis specimens show a distinctive

depressed and acute rostrum unlike that of T. kelanang and the others (Figure 2.3D).

De Man (1928) pointed out the differences between T. anomala and T. squamifera
(as a variety of T. anomala), in that only the latter has a scaphocerite on the antennal

peduncle as well as a tuberculate ridge on the abdominal sternites (see below). Sankolli
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(1970) reported that T. anomala specimens in India, except for one female, generally did
not have the scaphocerite. From a total of 65 specimens of T. anomala examined in this
study, 29 of them have much reduced scaphocerites, while 36 specimens do not have
scaphocerites (Figure 2.4B). In contrast, all specimens of T. kelanang have distinctly large,
triangular scaphocerites with a row of long setae on their inner margin (see Figure 2.4A).
The five specimens of T. squamifera also have scaphocerites but only one specimen has a
row of marginal setae on the right scaphocerite (Figure 2.4C). Thalassina kelanang has a
long antennal flagellum that when stretched backwards reached more than half the length
of the first abdominal somite; the flagellum of T. anomala is much shorter, reaching less
than three fourths the carapace length. While the examined males of T. squamifera all had
broken antennae, both females have antennal flagella that reached the posterior margins of

the carapace.

The merus of the cheliped in T. kelanang has a row of 3-5 strong spines on its
dorsal margin, whereas in T. anomala there are only two strong spines. There are also two
or three strong spines in T. squamifera. Three other distinguishing features of T. kelanang
are (i) the fixed finger of its chela is half the length of the movable finger, whereas in T.
anomala the fixed finger is one-quarter to one-third the length of the movable finger
(Figure 2.5C, D), (ii) 8-12 strong dorsal spines on the inner dorsal ridge of the palm,
whereas T. anomala has 14-20 blunt spines or tubercles, and (iii) lateral dorsal ridge of
outer surface of palm extends at least proximal three-fourths but not to the distal end,
whereas in T. anomala, the ridge extends right up to the distal end (Figure 2.5C). The same
characters for T. squamifera are respectively fixed finger half the length of movable finger,
9-11 inner dorsal spines and a lateral dorsal ridge that extends more than proximal half but

not exceeding three fourths the distance to the distal end.
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Several distinctive differences between the three species are also observed in the
abdomen and its appendages. Thalassina kelanang and T. squamifera have an inverted Y-
groove on the dorsal tergite of the first abdominal somite (see Figure 2.6A), whereas T.
anomala has two petaloid depressions in the form of an inverted VV (Figure 2.6B). In T.
kelanang and T. squamifera, the longitudinal ‘three-quarters long’ carina runs across the
base of the pleuron of the second and third abdominal somites only, whereas in T. anomala
the carina runs the entire somite length and is present on the second to sixth abdominal
somites (Figure 2.7C). A sternal ridge (second to fifth somites) bearing two cusps each
with 3-6 teeth/ tubercles is present in T. kelanang as well as in T. squamifera, whereas in T.
anomala, only one median tubercle is present (Figure 2.7D). This is the other feature

distinguishing the two varieties of mud lobster (sensu De Man, 1928).

The male holotype and paratypes of T. kelanang (see Figure 2.8A) have a petasma
or intromittent organ that is quite different from that of T. anomala in that both outer and
inner marginal setal rows of T. kelanang are reaching its distal tip, whereas the latter’s
petasmal tip is broadly rounded without setae (Figure 2.8B). In T. squamifera, inner
marginal setae but no terminal setae are present on the petasma tip (Figure 2.8C). Another
important difference between the petasma of the three species is the presence of 3-4
proximal spines in T. kelanang but which are absent in both T. anomala and T. squamifera.
All our nine male specimens of T. kelanang have these proximal spines. The petasma of T.
squamifera is stouter than that of its congeners. We also examined the petasma of T.
gracilis and this is distinctly different from the rest and also without proximal spines
(Figure 2.8D). Therefore, despite the close similarities between T. kelanang and T.
squamifera (Table 2.1), based on mainly differences of their petasma and the rostrum, we

conclude that they are two different species.
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The new species of T. kelanang is more similar to T. squamifera than to T. anomala
in general morphology, but can be distinguished from T. squamifera based on the
morphology of the petasma and rostrum. Thus, the characteristics of both rostrum and

petasma are very useful in distinguishing the species of Thalassina.
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Table 2.1. Comparative morphology of Thalassina anomala, T. squamifera and T. kelanang (new species).

T. anomala (Herbst, 1804)

T. squamifera De Man, 1915 T. kelanang, new species

Dorsal median margin of carapace
projected as long, hooked spine resting

on first abdominal tergite.

Rostrum triangular. Adrostral carina of
carapace extending three fourths or entire
distance of gastro-orbital carina, both
carinae smooth or bearing maximum of
three Dblunt tubercles postorbitally.
Median sulcus of rostrum shallow, not

extending to behind adrostrals.

Dorsal median margin of carapace projected as Similar to T. squamifera

short spine not resting on the first abdominal

tergite.
Generally similar to T. anomala except rostrum Rostrum  waisted. Adrostral  carina
more acute. extending to about half the distance of

gastro-orbital carina, both carinae with 3-11
blunt tubercles postorbitally. Median sulcus
of rostrum deep, extending behind

adrostrals.
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Scaphocerite absent or if present, very

small.

Oblique tuberculate ridge present on
inner surface of first cheliped propodus,
starting near the base of the fixed finger

and running posteriorly.

Pereopod 1 with a row of 13-20 blunt
spines or tubercles on the inner propodal
ridge. Lateral dorsal ridge extends the

entire length of propodus.

Merus of pereopod 1 with 2 strong dorsal

spines.

Scaphocerite present, with or without marginal

setae.

Oblique tuberculate ridge on first cheliped

propodus absent.

Pereopod 1 with a row of 9-11 blunt spines or
tubercles on the inner propodal ridge. Lateral
dorsal ridge extends to more than half but never

three fourths the propodal length.

Merus of pereopod 1 with 2 or 3 large dorsal

spines.

Scaphocerite distinctly large, with marginal

row of long setae.

Oblique tuberculate ridge on first cheliped

propodus absent.

Pereopod 1 with a row of 8-12 strong dorsal
spines on the inner propodal ridge. Lateral
dorsal ridge extends to three fourths or more

the propodal length.

Merus of pereopod 1 with 3-5 large dorsal

spines.
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Tergite of first abdominal somite has two
petaloid depressions in the form of an

inverted V.

Pleura of second to sixth abdominal
somites with single longitudinal carina

occupying entire length of somite.

Abdominal sternites of second to fifth

somites with only one median tubercle.

Tergite of first abdominal somite raised up as a
distinct rectangular piece, with inverted Y

groove.

Pleura of second and third abdominal somites
with 2 longitudinal, serrated carinae occupying

anterior 3/4 of somite length.

Abdominal sternites of second to fifth somites
with distinct bicuspid sternal ridge, each cusp
bearing 3-5 teeth for male while adult female

without any.

Similar to T. squamifera.

Similar to T. squamifera

Abdominal sternites of second to fifth
somites with distinct bicuspid sternal ridge,
each cusp bearing 3-6 teeth in both male and

female.
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Petasma without proximal spines, tip Petasma without proximal spines; outer and

broadly rounded without setae.

inner marginal setal rows extending almost to
pointed tip. “Neck” behind keel broad, width

half the length of inner keel surface.

Petasma with 3-4 strong proximal spines on
outer margins; outer and inner marginal setal
rows extending to pointed tip. “Neck”
behind keel slender, width one-quarters the

length of inner keel surface.
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Chapter 3

Verification of the four species of mud lobsters, Thalassina anomala, T.
kelanang, T. gracilis and T. squamifera using molecular, morphometric

and meristic characters

Work done in this chapter is published in:

Moh, H.H., Chong, V.C., Lim, P.E., Tan, J., & Dally, G. (2013). Verification of four
species of the mud lobster Genus Thalassina (Crustacea: Decapoda: Gebiidea:
Thalassinidae) using molecular and morphological characters. Raffles Bulletin of Zoology,

61(2), 579-588.

3.1 Introduction

The family Thalassinidae Latreille, 1831, contains one genus Thalassina Latreille,
1806, with members, commonly called mud lobsters, widely distributed across the Indo-
West Pacific region. This genus had, for some time, been considered monotypic
(Glaessner, 1969), but a recent work and review by Ngoc-Ho & de Saint Laurent (2009)
recognized seven species. In the latter’s study, Thalassina gracilis Dana, 1852, collected
from Telegraph Island near Singapore and synonymised with Thalassina anomala (Herbst,
1804) by De Man (1928), was -redescribed and a neotype, collected from Lim Chu Kang
mangroves, Singapore, was designated. Ngoc-Ho & de Saint Laurent (2009) further
described three new species —Thalassina spinirostris (type locality: Lim Chu Kang

mangroves, Singapore), T. spinosa (type locality: Mentawi Island, Indonesia) and T.
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krempfi (type locality: Saigon, Vietnam). At almost the same time, another new species, T.
kelanang, collected from Kelanang Beach, Selangor, western Peninsular Malaysia, was

described by Moh & Chong (2009).

De Man (1915) described certain odd specimens of T. anomala, collected off Beo,
Karakelong Island (northern Sulawesi) during the Siboga Expedition, which had some
notable morphological differences, in particular, a distinct, movable scaphocerite, and
recognized them as a distinct variety, T. anomala var. squamifera. Later, Poore & Griffin
(1979) redescribed and formally elevated the Australian specimens of T. anomala var.
squamifera De Man, 1915, as a valid species. The extant Australian mud lobsters may bear
another species, T. emerii Bell, 1844, a fossil species considered extant by Ngoc-Ho & de
Saint Laurent (2009) based on their examination of recent specimens (MNHN Th 1524,
MNHN Th 1523 and RMNH D 51758) collected from Australia and Indonesia. However,
in the most recent review of the genus, Sakai & Turkay (2012) argue that T. emerii is a
nomen dubium based on their examination of the recent specimens which, instead,
comprised of two new species — T. australiensis Sakai & Tirkay, 2012 (RMNH D 51758,
type locality: Aru Islands, Indonesia; MNHN Th 1523, type locality: NE of Port Hedland,
N.W. Australia) and T. saetichelis Sakai & Turkay, 2012; NHN-1U-2011-5615 (=MNHN
Th1524), type locality: Roebourne, N.W. Australia). Hence, these authors have updated

the present number of mud lobster species to nine.

The identification keys by Ngoc-Ho & de Saint Laurent (2009) and Sakai & Turkay
(2012) both largely rest on the adult morphologies of the carapace, rostrum, cheliped and
the abdominal sternites, which nonetheless overlap among species or are variable within

species to some degree. Moh & Chong (2009), however, distinguished four outwardly
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similar species, Thalassina kelanang, T. anomala, T. gracilis and T. squamifera, based on
their distinct male gonopods. The importance of this character for species diagnosis is also

recognized by Sakai & Turkay (2012) in their figures.

The work of Ngoc-Ho & de Saint Laurent (2009) has however cast doubt on the
geographical distribution of T. squamifera which, according to them, was found from
Australia to Thailand, including the Solomon Islands, Vanuatu, Fiji, New Caledonia, Papua
New Guinea, Philippines, Indonesia, Singapore and Malaysia. They rested their argument
on purported T. squamifera specimens collected from these countries (except Malaysia).
This wide distribution could be an oversight because of the closely similar morphological
characters shared by T. squamifera and T. kelanang. There is also some uncertainty in the
species distinction between T. squamifera and T. gracilis. Since Dana’s holotype of T.
gracilis was considered lost and the lectotype is poorly illustrated, Ngoc-Ho & de Saint
Laurent (2009) had selected a male neotype (TL=91.5mm) from Singapore for a
redescription of the species. However, Sakai & Tirkay (2012) argued that the selection of
this neotype is inappropriate because the lectotype is a small female (TL =2.5” or 63.5 mm)
which could be morphologically different. They pointed out that the number of
spinules/denticles on the dorsal margin of the cheliped, as figured by Dana (1852: 514, pl.
32, fig.5a-g), did not match that of the neotype. Based on similar cheliped armature, they

argue that T. gracilis Dana, 1852 should be synonymous with T. squamifera.

It is apparent that population and species distinctness of the outwardly similar
Thalassina anomala, T. kelanang and T. gracilis from the Malay Peninsular, including T.

squamifera from Australia, need verification. In this chapter, we report on (1) the
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population distinctiveness among the three sympatric species, and between T. kelanang
and T. squamifera based on their meristic and morphometric features, and (2) species
differentiation among T. kelanang, T. squamifera, T. anomala and T. gracilis based on
three  molecular markers comprising two nuclear protein-coding  genes,
phosphoenolpyruvate carboxykinase (PEPCK) and sodium-potassium ATPase a-subunit

(NaK), and one mitrochondrial-coding gene, cytochrome c oxidase subunit 1 (COI).

3.2 Materials and methods

3.2.1 Material examined. — Mud lobsters were sampled from two nearby sites at
Kelanang Beach and Carey Island (< 50 km apart) in Selangor, Malaysia. A total of 58
mud lobsters comprising T. anomala (n=24), T. kelanang (n=25) and T. gracilis (n=9) were
collected inside or near to the mangrove forest for meristic and morphological studies. All
specimens were deposited in the Zoological Museum University of Malaya (ZMUM).
Eleven specimens of T. squamifera were loaned out from the National Sciences Museum
and Art Gallery (NSMAG), Darwin, Australia. A further two specimens of each species
were collected and prepared for molecular analysis. Tissues from the chelae were removed
from fresh specimens killed by freezing and immediately preserved in absolute ethanol

(99.90%).

3.2.2 Meristics and morphometrics. — A total of 13 morphometric and six meristic
characters were used for discriminant analysis (see Table 3.1). The morphometric
measurements were made using a pair of digimatic calipers, with a precision of 0.01mm.

The meristic characters were counted under a dissecting binocular microscope.
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Table 3.1. Definitions of 13 morphometric and six meristic characters of four species of
Thalassina (T. anomala, T. gracilis, T. kelanang and T. squamifera).

Abbreviations Character

Description

Morphometric measurements

Meristic counts

TL
CL

ABL

Cw

ABW

ATUL
LPL

LPW

LPH

SPL

SPW

SPH

RL

LMDS
SMDS

LGP

SGP

LMLS

SMLS

Total length

Carapace length
Abdomen length

Carapace width

Abdomen width

Antennule length
Propodus  length,
large chela
Propodus width,
large chela
Propodus  height,
large chela
Propodus  length,
small chela
Propodus width,
small chela

Propodus  height,
small chela

Rostral length

Tip of the rostrum to the end of the telson.

Tip of the rostrum to the posterior edge of the
carapace.

Anterior edge of the first tergite to the tip of
the telson.

Straight line measurement between lateral
surfaces across the linea thalassinica.

Straight line measurement between lateral
surfaces of third abdominal segment at
midregion.

Base to tip of the antennule.

Proximal to distal edge of propodus along the
mesial dorsal carina.

Straight line measurement between lateral
surfaces at the midregion of propodus.

Dorsal to ventral edge measured at the
midregion of propodus.

Proximal to distal edge of propodus along the
mesial dorsal carina.

Straight line measurement between lateral
surfaces at the midregion of propodus.

Dorsal to ventral edge measured at the
midregion of propodus.

Tip of rostrum to postorbital edge of
carapace.

No of dorsal spines on the merus of large chela.
No of dorsal spines on the merus of small chela.
No. of spines/ tubercles on the mesial dorsal carina of propodus of

large chela.

No. of spines/ tubercles on the mesial dorsal carina of propodus of

small chela.

No. of large dorsal spines on anteriormost margin of the merus of

large chela.

No. of large dorsal spines on anteriormost margin of the merus of

small chela.
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3.2.3 Statistical analysis

Data on 11 morphometric (ABL, CW, ABW, ATUL, LPL, LPW, LPH, SPL, SPW,
SPH, RL) and six meristic (LMDS, LGP, LMLS, SMDS, SGP, SMLS) characters were
used for discriminant analysis. To approximate multivariate normality and linear
relationships, all data were first transformed to base 10 logarithms (Pimentel, 1979).
Because of the variation in size of mud lobsters, all body part measurements were corrected
for differences in body size. Carapace length (CL) was used to indicate body size and as
the covariate. Analysis of covariance was used to adjust each morphometric character to
the overall mean total length (Misra & Ni, 1983). This adjustment used the following
formula: M= logM;; — [RC;; (logCL; — logCL)]
where M’jj is the measurement adjusted for character j of individual i, M;j; is the original
value, RC;; is the pooled regression coefficient of logM on logCL, CL; is the carapace

length of individual i, and CL is the overall mean carapace length.

The meristic and morphometric variations among species were analyzed using
forward stepwise discriminant function analysis (SDFA). All statistical analyses were
performed using the software Statistica Version 10. Default settings were retained as the

following:-tolerance level at 0.010, F to enter at 3 and F to remove at 2.

3.2.4 Molecular analysis

3.2.4.1 DNA extraction, polymerase chain reaction (PCR) and sequencing.
The genomic DNA were isolated from approximately 100 mg of Thalassina
cheliped tissues preserved in absolute ethanol (99.90%) using i-genomic CTB DNA

Extraction Mini Kit (iNtRON Biotechnology, Inc, Korea). The sequences of nuclear
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encoded phosphoenolpyruvate carboxykinase (PEPCK) and sodium—potassium ATPase a-
subunit (NaK) were amplified using the following primer sets: (1) PEPCK for2: 5'-GCA
AGA CCA ACC TGG CCA TGA TGA C-3' and PEPCK rev3: 5- CGG GYC TCC ATG
CTS AGC CAR TG-3'and (2) NaK for-a: '5- GTG TTC CTC ATT GGT ATC ATT GT-3'
and NaK rev2: 5'- ATG ACA GTT GCT CAT ATG TGG TT-3' (Tsang et al., 2008). The
partial sequences of mitochondrial encoded markers, namely, cytochrome ¢ oxidase subunit
I (COI) were amplified using primer sets LCO1490: 5'- GGT CAA CAA ATC ATA AAG
ATA TTG G-3' and HCO2198: 5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3

(Folmer et al., 1994).

PCR amplification of all the molecular markers was carried out using MultiGene
Gradient Thermal Cycler (Labnet, USA). The PCR amplification was carried out as in Lim
et al. (2012) except that the annealing temperature was varied for PECK and NaK at 60°C
and for COI at 50°C. PCR products were assayed by electrophoresis on 1.0% agarose mini
gel stained with SYBR®Safe DNA gel stain (Invitrogen, USA) and visualized under UV
light. The target DNA fragments were isolated and purified by the LaboPass™ PCR
purification kit (Cosmo Genetech, South Korea). The purified PCR products were sent to a
commercial company, Lucigen (Taiwan) for sequencing. The same primers set for PCR
amplifications were used for DNA sequencing. Two decapod shrimp species, one a
penaeid, Metapenaeus brevicornis (H. Milne Edwards, 1837) and the other a palaemonid,
Exopalaemon styliferus (H. Milne Edwards, 1840) we sequenced in the analysis, were used
as outgroups in this study. The palaemonid belongs to the Caridea, a sister group to the
Gebiidea within the Pleocyemata, while the penaeid represents the Dendrobranchiata, sister

group to the Pleocyemata (Bracken et al., 2009; Lin et al., 2012).
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3.2.4.2 Sequence alignment and molecular analysis.

The generated sequences were initially aligned using the CLUSTAL X program
(Thompson et al., 1997) and subsequently aligned manually. Additional T. anomala (from
Singapore) sequences, for PEPCK (EU427241) and NaK (EU427172), from GenBank were
used in the analysis. The aligned sequences were subjected to maximum-parsimony (MP).
The MP tree was constructed using the heuristic search option, 100 random sequence
additions, tree bisection reconnection (TBR) branch swapping, and unordered and
unweighted characters. Bootstrap percentage (BP) was computed with 1000 replications.
Maximum Likelihood (ML) analysis was performed by Treefinder version October 2008
(Jobb et al., 2004). Bayesian inference (BI) analysis was performed using MrBayes 3.1.1
(Huelsenbeck & Ronquist, 2001). Best-fit nucleotide substitution model was determined

using KAKUSAN v.3 (Tanabe, 2007), which also generated the input files for ML and BI.

Best-fit models were evaluated using the corrected Akaike Information Criterion
(AICc) (Akaike, 1973; Shono, 2000) for ML and the Bayesian Information Criterion (BIC)
for Bl. ML analysis was performed with 1,000 bootstrap replicates. Two parallel runs
were performed in MrBayes, each consisting of four chains, two “cold” and two
incrementally heated. Four million Markov chain Monte Carlo (MCMC) generations were
run, with convergence diagnostics calculated every 1000™ generation for monitoring the
stabilization of log-likelihood scores. Trees in each chain were sampled every 100"
generation. A 50% majority rule consensus tree was generated from the sampled trees after
discarding the first 20%. The likelihood scores stabilized before 800,000 generations
(20%) for all three individual molecular marker analyses and also the combined markers

analysis.
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To assess the level of variation in PEPCK, NaK and COIl among the selected samples of

different taxa, uncorrected “p” pairwise genetic distances were estimated using PAUP*
4.0b10 software (Swofford, 2002). The DNA sequences used in this study were deposited

in GenBank and their accession numbers are given in Table 3.2.

Table 3.2. GenBank accession numbers for the four species of thalassinids and outgroups.

GenBank accession number

Species Voucher number PEPCK NaK ol

Thalassina anomala 1 ZMUMCTA19 JX100440 JX100454 JX100447
Thalassina anomala 2 ZMUMCTA20 JX100441 JX100455 JX100448
Thalassina gracilis 1 ZMUMCTGO02 JX100442 JX100456 JX100449
Thalassina gracilis 2 ZMUMCTGO03 JX512419 JX512423 JX512421
Thalassina kelanang 1 ZMUMCTK17 JX100443 JX100457 JX100450
Thalassina kelanang 2 ZMUMCTK18 JX512420 JX512424 JX512422
Thalassina squamiferal  Cr014928 JX100444 JX100458 JX100451
Metapenaeus brevicornis  ZMUMCMBO01 JX100445 JX100459 JX100452
Exopalaemon styliferus ZMUMCESO01 JX100446 JX100460 JX100453

3.3 Results

3.3.1 Analysis of morphometric and meristic data.

Of the 17 characters used in the discriminant analysis (SDFA), seven characters
(ABL, SMLS, SGP, CW, RL, LMLS, LGP) were adopted by the SDFA model that best
distinguished the four species of Thalassina, while the remaining 10 characters were
removed (Wilks” A = 0.00022; F value (21, 169) = 143.20, P<0.001). The classification
matrix which compares the known membership with the predicted membership, based on

the model’s classification functions, showed 100% correctly predicted membership for all

species.
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The SDFA generated three canonical functions (roots), with the first root
contributing to 79% and the second root 17% of the total variance. Hence, the first two
roots captured most of the discriminatory power of the SDFA model and were used to

interpret the contribution of the measured characters to discrimination of the four species.

The first root was loaded highest by the abdominal length, ABL (0.683), rostral
length, RL (0.503) and carapace width, CW (0.452) (Table 3.3). The second root was
loaded highest by the number of large dorsal spines on the anteriormost margin of the
merus of the small chela, SMLS (0.609), number of large dorsal spines on the anteriormost
margin of the merus of the large chela, LMLS (0.424) and number of spines or tubercles on

the inner ridge of the propodus of the small chela, SGP (-0.361).

Table 3.3. Standardized coefficients for canonical variables derived by SFDA of
morphometric and meristic characters.

Standardized Coefficients for Canonical Variables

Variable

Root 1 Root 2 Root 3
ABL 0.6827 -0.2218 0.1755
SMLS -0.1709 0.6094 -0.5403
SGP 0.0618 -0.3607 -0.3778
Cw 0.4518 0.2088 -0.4275
RL 0.5026 0.2392 0.1471
LMLS -0.1244 0.4241 -0.5837
LGP -0.1483 -0.1739 -0.5837
Eigen 67.3980 14.9089 3.1199
Cum. P 0.7890 0.9635 1.0000

Eigen = eigenvalue, Cum. P = cumulative proportion of total variance. Variable, see Table
3.1 for explanation.
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Plots of the canonical scores of all specimens show clear separation of the four
population samples of Thalassina species (Figure 3.1). On the first root, T. anomala with
the longest ABL, RL and CW was farthest from T. gracilis which had the shortest
measurements of these characters. The second root separates T. kelanang with the highest
SMLS (3-5) from T. anomala (2) and T. gracilis (2-3). On the other hand, SGP was
highest in T. gracilis (17-22) and T. anomala (12-17) as compared to T. squamifera (8-15)

and T. kelanang (8-14).
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Figure 3.1. SFDA ordination diagram of morphological and meristic characters for four
species of Thalassina.

The squared Mahalanobis distance between the group centroids shows the farthest

distance between T. anomala and T. gracilis (516.8) and the shortest distance between T.
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squamifera and T. gracilis (84.3). T. kelanang was not the closest to T. squamifera (154.0),

as it was with T. anomala (103.9).

3.3.2 DNA sequences.

The aligned sequences of PEPCK consisted of 607 sites, of which 425 characters
were constant, 79 characters were parsimony informative and 103 characters were
parsimony uninformative. The aligned sequences of NaK consisted of 770 sites, of which
565 characters were constant, 73 characters were parsimony informative and 132 characters
were parsimony uninformative. The aligned sequences of COI consisted of 710 sites, of
which 459 characters were constant, 184 characters were parsimony informative and 67

characters were parsimony uninformative.

3.3.3 Molecular analysis.

The phylogenetic trees constructed using the three methods (ML, MP and BI) for
molecular markers PEPCK, NaK and COI, and combined markers, had similar topology
except for variation in the bootstrap support values (Figure 3.2,a, b, c, d). Hence only ML
trees are presented here with support from all the analyses. Only results from one specimen
of T. squamifera were usable because the DNA of the second sample was not able to be

extracted due to its poor condition.
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Figure 3.2. The 50% majority-rule consensus tree resulting from maximum likelihood
analysis of (a) partial PEPCK sequences (substitution rate parameters: TC = 0.5206, TA =
0.1254, TG = 0.0125, CA =0.1254, CG = 0.0125, AG = 0.2036), - Ln likelihood 1935.877;
(b) partial NaK sequences (TC = 0.5183, TA = 0.1061, TG = 0.0727, CA = 0.0972, CG =
0.0223, AG = 0.1834), - Ln likelihood 2117.352; (c) partial COI sequences (TC = 0.7231,
TA = 0.1315, TG = 1.4301e”, CA = 0.0153, CG = 0.0311, AG = 0.0991), - Ln likelihood
2729.365; (d) combined PEPCK, NaK and COI DNA sequences (TC = 0.5687, TA =
0.1190, TG = 0.0211, CA =0.1190, CG = 0.0211, AG = 0.1511), - Ln likelihood 6914.207.
The bootstrap values (ML/MP/BI) are shown at the branches. Bar indicates substitutions
per site.

PEPCK.

The phylogenetic tree of PEPCK (Figure 3.2a) showed that all the four species T.
anomala, T. squamifera, T. gracilis and T. kelanang are grouped in a monophyletic clade
with full support for all analyses. Thalassina kelanang (T. kelanang 1 and T. kelanang 2)

was the most basal species among the four species. The three T. anomala (T. anomala 1, T.

anomala 2 and T. anomala EU427241) were grouped in a monophyletic clade with full to
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moderate support values (ML= 100%, MP= 100%, BI=0.79). Thalassina squamifera was

included in the same clade with T. anomala and T. gracilis.

NaK.

The phylogenetic tree of NaK (Figure 3.2b) showed all four species grouped in a
monophyletic clade with full support for all analyses. T. squamifera was the most basal
species and showed a sister relationship with the clade containing the other three species
(T. anomala, T. gracilis and T. kelanang) which has moderate support from the various

analyses (ML=72%, MP=74%, BI=0.65).

COl.

The phylogenetic tree of COI (Figure 3.2c) showed the four species grouped in a
monophyletic clade, with bootstrap support values varying from low to high (ML=55%,
MP=61%, B1=1.00). T. squamifera was the most basal species. Thalassina kelanang and
T. gracilis were in the same clade, supported by variable bootstrap values (ML=67%,

MP=76%, BI=0.96).

Combined markers. — The combined phylogenetic tree of PEPCK, NaK and COI (Figure
3.2d) also grouped the four species T. anomala, T. squamifera, T. gracilis and T. kelanang
in @ monophyletic clade with full support from all analyses. T. squamifera was shown to be
the most basal species among the four species. T. squamifera showed a sister relationship to

the other three species.

Uncorrected "'p** distance. — The uncorrected "p" distances of the three markers (PEPCK,

NaK, COI) and their combined markers are shown in Table 3.4. The uncorrected "p
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distances between T. anomala 1 and T. anomala 2 were close, which ranged from 0.5% for

NaK to 0.7% for PEPCK; the combined markers was 0.6%.

The uncorrected "p" distance between T. gracilis and T. kelanang ranged from 0.5%
for NaK to 13.1% for COI; the combined markers gave 5.2-5.4 %. The distance between
T. gracilis and T. squamifera ranged from 1.3% for NaK to 16.5% for COI, with 6.6-6.7 %
for combined markers. Between T. kelanang and T. squamifera, the distance ranged from
2.5% for PEPCK to 14.1% for COI, with the combined markers giving 5.9-6.0%. In
summary, the uncorrected "p" distance among species varied according to the type of
molecular markers used. The COI gave the highest distance among species ranging from
13.1% (T. kelanang 1 and T. gracilis 1) to 17.1% (T. anomala 1 and T. gracilis 2), while
NaK gave the lowest distance among species of 0.5% (T. kelanang 2 and T. gracilis 1 & 2)
to 3.3 % (T. anomala 2 and T. squamifera). Overall, based on the combined markers, T.

anomala 2 was the most distant from T. gracilis 2 (8.2%), while the closest pair was T.

kelanang 1 and T. gracilis 1 (5.2%).
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Table 3.4. Uncorrected “p” distance measures (%) among four species of Thalassina based
on PEPCK, NaK, COI and combined molecular markers.

i i Species

Species (site) 1 5 3 4 5 5

1. T.anomala 1

2. T.anomala 2 PEPCK 0.7
NAK 0.5
COl 0.8
COMBINED 0.7

3. T. gracilis 1 PEPCK 5.0 4.6
NAK 2.5 3.0
COl 16.8 16.9
COMBINED 7.9 8.0

4. T. gracilis 2 PEPCK 5.1 4.8 0.5
NAK 2.5 3.0 0.0
COl 171 169 0.0
COMBINED 8.0 8.2 0.2

5. T. kelanang 1 PEPCK 4.6 4.5 2.3 2.3
NAK 2.6 2.9 0.7 0.7
COl 152 147 131 131
COMBINED 7.3 7.4 5.2 5.3

6. T. kelanang 2 PEPCK 4.9 5.1 3.2 3.2 1.0
NAK 2.5 3.0 0.5 0.5 0.1
COl 155 151 128 127 0.6
COMBINED 7.4 7.7 5.3 5.4 0.5

7. T. squamifera PEPCK 3.6 3.3 2.7 2.0 25 27
NAK 2.7 3.3 1.3 1.3 1.2 1.0
COl 158 151 164 165 138 14.1
COMBINED 7.3 7.3 6.7 6.6 59 6.0

(1) T. anomala 1 (Kelanang Beach), (2) T. anomala 2 (Kelanang Beach), (3) T. gracilis 1
(Carey Island), (4) T. gracilis 2 (Carey Island), (5) T. kelanang 1 (Kelanang Beach), (6) T.
kelanang 2 (Kelanang Beach), (7) T. squamifera (northern Australia).
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34 Discussion

Meristic, morphometric and molecular evidence has verified that the sampled
populations of Thalassina in Malaysia belong to four distinct groups, i.e., four species,
which form a monophyletic clade. The molecular evidence justifies the recognition of T.
squamifera and T. anomala as distinct species. Also, T. kelanang (from Malaysia) is a
distinct species from T. squamifera (from Australia), supporting the assertion of Moh &
Chong (2009) based on its distinctive rostrum and male gonopod. Based on the figures and
descriptions of Ngoc-Ho & de Saint Laurent (2009: 149, fig. 12A, B), the identity of their
T. squamifera specimen from Thailand (MNHN Th 438) is doubtful since it very closely
resembles T. kelanang (cf. Moh & Chong, 2009: 466, 468, figs. 1, 3A). Moh & Chong
(2009) described T. kelanang as having a waisted rostrum, adrostral carina extending %2 the
distance of the gastro-orbital carina and median sulcus extending behind the adrostrals
(clearly seen in MNHN Th 438, fig. 12A in Ngoc-Ho & de Saint Laurent, 2009). Moh &
Chong (2009) also described the chela as having a dorso-lateral carina extending ¥ the
propodal length and merus bearing 3-5 large dorsal spines (clearly seen in MNHN Th 438,
fig. 12B in Ngoc-Ho & de Saint Laurent, 2009). However, the Australian materials of
Ngoc-Ho & de Saint Laurent (2009: 149, fig. 12C, D) are clearly T. squamifera (MNHN
Th 1518, bearing 2 or 3 large dorsal spines on the merus). Therefore, it is more likely that
T. kelanang has a widespread distribution in the Southeast Asian region, rather than T.
squamifera spreading out from Australia to Thailand. Our recent examination of one
Indonesian specimen of a male T. squamifera (MZB.Cru.211, coll. C. Boden Kloss, 1924),
collected from Sipora, W. Sumatra, now in the Wet Biological Collection, Indonesian
Institute of Sciences (LIPI), turned out to be a female T. kelanang (Citra Dewi, LIPI, pers.

comm.). Another specimen from LIPI (MZB.Cru. 2252, coll. W.T. Laksono & D.C.
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Murniati, 2008), a male collected from Legon Cibariang, Panaitan Island, Java, is also
identified as T. kelanang. Two other locations, Semakau Island, Singapore (Ron Yeo,
Raffles Museum of Biodiversity Research, Singapore, pers. comm., 2009), and Lahat Datu,
Sabah (Tungku Beach Resort, pers. comm., 2011), have also recorded T. kelanang, based
on confirmed photo-specimens including rostrum and male gonopod, outside of Peninsular

Malaysia.

Results from morphometric and molecular data concur in that T. anomala and T.
gracilis form the most distant pair in terms of morphology and phylogenetics, respectively,
while T. anomala and T. squamifera form the third most distant pair (Table 3.4). Except
for these agreements, the conclusions regarding the affinities among other species pairs did
not match. For instance, T. kelanang and T. gracilis were considered to be the closest pair
(uncorrected “p” distance = 5.2) based on molecular evidence, but were the second most
distant pair based on meristics and morphometrics (Mahalanobis distance = 348.67). In
fact, meristics and morphometrics have placed T. gracilis as morphologically closest to T.
squamifera. The incongruence is not unexpected since the meristic and morphometric
characters used were selected while the molecular gene markers do not necessarily reflect

these expressions.

The molecular evidence suggests that T. kelanang or T. squamifera are basal species
depending on the molecular marker used. In fact, NaK, COI, and combined markers
indicate the affinity-between the two species based on their uncorrected ‘p’ distance (Table
3.4). The combined gene markers, however, indicate T. squamifera to be the most basal
species (Figure 3.2d). Also, only these two species consistently retain a distinct, movable,

and setose scaphocerite: one of the caridoid facies of primitive eumalacostracans. Thus, T.
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squamifera and T. kelanang are likely two basal sister species retaining most of their
ancestral characters, and the other species are possibly derived from their common or
shared ancestor. One such species, T. anomala, the most distant from all other species, is
likely derived from a shared ancestor with T. kelanang. T. anomala is reported to have a
wide distribution from west India to Fiji, and as far north as southwest Japan but it is not
known in Australia (Davie, 2002; Ngo-Ho & de Saint Laurent, 2009). Some of the derived
traits of T. anomala may include the distinctively long hooked spine on the posterior
dorsomedian margin of the carapace, absence of (or rudimentary) movable scaphocerite on
the antennal peduncle, and sexually dimorphic 3™ maxilliped (dactylus bearing stiff setae in

males).

Since the molecular gene markers have also conclusively resolved the distinction
between the species T. squamifera and T. kelanang, we hypothesize that these species
represent two sister groups in their present biogeographical regions. The records of their
collections, especially T. squamifera (see Ngoc-Ho & de Saint Laurent, 2009: 148; Sakai &
Turkay, 2012: 1371-1373), attest to their distribution east and west of Wallace’s line,
respectively (Figure 3.3). This hypothesis of two sister groups is also supported by the
molecular evidence and by the retention of closely similar morphological traits in the two
‘basal’ sister species (see Moh & Chong, 2009). These morphological traits have caused
confusion in the work of Ngoc-Ho & de Saint Laurent (2009) regarding the
biogeographical occurrence of T. squamifera. The identity of the lone specimen of T.
squamifera from Ranong, Thailand, in Sakai & Turkay (2012) is similarly doubtful. Like
Ngoc Ho & de Saint Laurent (2009), they did not examine-material of T. kelanang. It is not
likely that T. squamifera is found in Singapore and Thailand, and, yet, escaped detection in

Peninsular Malaysia. Hence, by implication, T. squamifera cannot be regarded as
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synonymous to T. gracilis Dana, 1852, as suggested by Sakai & Tiirkay (2012), even if the
neotype for the latter is indeed a misdesignation. From an ecological point of view, it is
unlikely that two very similar species are found together (co-exist) in a similar habitat. For
instance, in the Langat estuary, Selangor, either T. kelanang or T. gracilis live
sympatrically on the lower intertidal shore with T. anomala on the upper and supratidal
shore of mangrove forests (Moh, unpublished data). From the molecular data, T. kelanang
is the species closest to T. gracilis, but the indication from extensive samplings in Selangor

is that they are spatially separated — the latter occupying the upper estuary while the former

is on the coast.
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Figure 3.3. Locations of examined specimens of T. squamifera (circles) and T. kelanang
(triangles) by various authors. Museum catalog numbers at each site are indicated.
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« = Poore & Griffin, 1979, @ = Ngoc-Ho & de Saint Laurent, 2009, @& = Moh & Chong,
2009, O = Sakai & Tirkay, 2012, A = Moh & Chong, 2009, this study. Dotted line
indicates Wallace’s Line. Modified base map from http://commons.wikimedia.org.

As for T. gracilis Dana, 1852 being a nomen dubium, we have examined further our
material of T. gracilis, in particular two small females slightly larger than Dana’s lectotype:
(1) TL=77.50 mm/CL=28.15 mm, (ZMUM CTG010), coll. H.H.Moh, 10 Nov. 2010,
number of dorsomesial denticles on cheliped: right = 15, left = 16; and (2) TL=99.19
mm/CL=32.34 mm (ZMUM CTGO011), coll. H.H.Moh, 10 Nov. 2010, number of
dorsomesial denticles on cheliped: right =18, left = 17. These results may support Sakai &
Turkay (2012) for a case of nomen dubium if indeed the small drawing as provided by
Dana (1852: 514, pl. 32, fig. 5d) accurately portrays the spination of the cheliped.
Nonetheless, his description and illustration of a short acute rostrum (Dana, 1852: 515, pl.
32, fig. 5¢) are clearly not indicative of T. anomala, T. squamifera nor T. kelanang,
including our collection of three young individuals (TL 37.80, 47.14 and 61.63 mm) of T.
kelanang. Dana’s description that on “either side of the beak there is a slight ridge running
longitudinally for a short distance from the front edge” clearly meant the rostrum of T.
gracilis. None of the other species show this feature since the ridge on their rostrum
extends anteriorly to the rostral tip. Even if the description meant extending posteriorly,
the ridge in T. gracilis only extends about the same length as its short rostrum, whereas in
the others it extends a distance farther than the length of their (longer) rostrum (see Moh &
Chong, 2009: 468, fig. 3). Thus, it is likely that Dana’s drawings of the denticles on the
cheliped of T. gracilis were done in perspective, and lacked the remaining hidden denticles.
We therefore, conclude that Ngoc-Ho & de Saint Laurent’s assignment of the neotype for

T. gracilis is correct.
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Fossil specimens of Thalassina emerii Bell, 1844 are known from Australia, but
living specimens with rudimentary scaphocerites, thought to be of this species, have been
redescribed by Ngo-Hoc & de Saint Laurent (2009). Notwithstanding the assertion of
Sakai & Turkay (2012) that T. emerii is a species inquirenda without further status, the
living specimens of two new species (Sakai & Turkay, 2012) instead may suggest a
similarly derived condition from T. squamifera. Three further thalassinid species not
treated in the present study (Thalassina spinosa, T. krempfi and T. spinirostris) are unlikely
to be basal species based on their described morphological traits. Unlike the basal species
with movable developed scaphocerite, Thalassina spinosa, T. krempfi and T. spinirostris
have either a rudimentary scaphocerite or none at all. Thalassina spinosa and T. krempfi
are described as morphologically similar to T. anomala, while T. spinirostris is similar to T.

gracilis (Sakai & Turkay, 2012).

The molecular evidence based on NaK, COIl and combined markers suggests a close
phylogenetic relationship between T. gracilis and T. kelanang, probably reflecting a more
recent speciation of the former due to its small scaphocerite, short dorsomedian process,
and a third maxilliped that is not sexually dimorphic. Nonetheless, the depressed, spiny-
tipped rostrum of T. gracilis is likely a derived feature not observed in the basal species.
On the other hand, the examined morphological traits suggest a close relationship between
T. gracilis and T. squamifera, which is supported by their similar morphologies with T.
kelanang. The T. kelanang + T. gracilis pairing is however more plausible based on the
molecular evidence (Figs. 2b, c, d), and the fact that more specimens of T. gracilis have
been collected in the Asian region including Thailand, Malaysia, Singapore and Indonesia
(Sumatra), whereas there was only one broken specimen of dubious identity recorded from

northwest Australia (Ngoc-Ho & de Saint Laurent, 2009). Our hypotheses and
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speculations, however, require further substantiation from molecular work on the remaining
extant species, T. krempfi, T. spinosa, T. spinirostris, T. australiensis and T. saetichelis, in
order to validate their species identities and to fully elucidate the phylogenetic relationships

of the thalassinid mud lobsters.
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Chapter 4

Distribution and burrow morphology of three sympatric species of
Thalassina mud lobsters in relation to environmental parameters on

Kelanang shore

Work done in this chapter is pubished in:
Moh, H. H., Chong, V.C., & A. Sasekumar (2015). Distribution and burrow morphology
of three sympatric species of Thalassina mud lobsters in relation to environmental

parameters on a Malayan mangrove shore. Journal of Sea Research, 95, 75-83.

4.1 Introduction

Distribution and abundance of intertidal decapods have been shown to vary greatly
across the continent, intertidal zone and tidal creek, (Smith 11l et al., 1991; Frusher et al.,
1994; Salgado-Kent & McGuiness, 2010). Such variability has been attributed to various
environmental variables including elevation and vegetation (Mouton & Felder, 1996;
Salgado-Kent & McGuiness, 2010), sediment characteristics (Snelgrove & Butman, 1994),
temperature and salinity (Bliss, 1968), and competition (Diamond, 1975). Crab distribution
and abundance also depend on their ability to make and maintain their burrows in a given
habitat (Pandya, 2010). Crabs burrow in different habitats to overcome harsh estuarine
conditions, for protection from predation, and for feeding, moulting and mating (Leme,
2002). Their activities as well as those of other decapods have been shown to influence

mangrove forest vegetation structure and ecological processes (Lee, 1999; Cannicci et al.,
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2008). Sesarmid crabs remove mangrove plant litter by ingestion or burial (Ashton, 2002;
Thongtham, 2008), thus, contributing to nutrient cycling; their burrowing habits also
modify the mangrove substrate and facilitate soil oxygenation (Robertson & Daniel, 1989).
Fiddler crabs (Ocypodidae) not only retexture sediments but also produce pseudofecal
pellets that significantly increase the nitrogen and carbon content of mud (Hogarth, 1999).
Crab activity also stimulates the growth of Avicennia mangrove, while both crabs and tree
roots have complementary effects on sediment microbial processes (Alongi, 2009).
Hydrodynamic studies of tidal flow over mangrove swamp flats suggest that animal
burrows provide an efficient pathway for the transfer of nutrients and oxygen across the

swamp-bed interface (Ridd, 1996; Stieglitz et al., 2000).

Among the decapods that colonize soft-sediment habitats, thalassinideans which are
common decapods found in abundance in the littoral and sublittoral shores of coastal
environments (Griffis & Suchanek, 1991), are the least studied due to their cryptic habits,
deep burrows and the harsh environments they occupy. Yet, the mounds of Thalassina
mud lobsters are a ubiquitous feature of high shore mangroves in the Indo-West Pacific
Region. The complexity and extensiveness of their burrows are even more dramatic than
those of crabs (Hogarth, 1999). Thalassina mounds can reach heights of one meter above
the ground, forming depressions between them and completely altering the substrate
topography (Macnae, 1968). On the other hand, their burrows can reach 1.6 metre depth,
and the excavated materials surrounding the mouth of the burrow is an indication of the
large amounts of sediments excavated. In the process of burrowing and extracting organic
matter from the sediment, Thalassina excavates and aerates otherwise anoxic subterranean
soil (Johnson, 1961). Like large sesarmid crabs, mud lobsters can excavate large branching

tunnels thus playing a major role in reducing sediment toxicity by allowing water
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circulation during high tides (Stieglitz et al., 2000) especially on the upper shore where

tidal inundation is irregular.

In fact, due to their active burrowing activity, Thalassina mud lobsters have been
described as “ecosystem engineers” that not only alter the topography of high mangrove
shores but also cause physical changes in the abiotic and biotic materials (Macintosh, 1988;
Hogarth, 1999). As a result, such ecosystem engineers modify, maintain and create new
habitats (Jones et al., 1994). The burrows of mud lobsters provide them protection from
exposure to extreme environmental conditions, predators and perturbations, as well as sites
for feeding, moulting and breeding (Atkinson & Taylor, 1988; Bromley, 1990). Their
burrows are used by other fauna as habitat and refugia (Dubey et al., 2012). The
waterlogged depressions between mud lobster mounds are colonized by the bivalve

Geloina erosa (Morton, 1976).

Sympatric occurrence of thalassinidean shrimps is interesting but poorly understood
since several species can live close to each other often in a homogenous mud environment
(Dworschak, 2003). This has also been observed for bivalve assemblages living in
intertidal soft sediment systems where coexistence between species is not associated with
increased sediment heterogeneity (Compton et al., 2008), contrary to expectation (e.g.
Whitlatch, 1981; Snelgrove & Butman, 1994). It is possible that niche differentiation has
enabled each thalassinidean species to become highly specialized or adapt to their occupied
area. For example, Neotrypaea and Upogebia can live together in the same intertidal mud
flat but they differ in their seasonal reproductive cycle and timing of postlarval recruitment
(Dumbauld et al., 1996). Previous studies of the relatively unknown mud lobsters had all

named these creatures as belonging to Thalassina anomala (e.g. Watson, 1928; Ferguson,

58



1951; Johnson, 1961, Chuang, 1961; Macnae, 1968; Sasekumar, 1974; Macintosh, 1988),
based on their rather similar features first described by Herbst (1804) and subsequently by
De Man (1928). In fact, thalassinid mud lobsters were then thought to be monotypic
(Glaessner, 1969). Holthuis (1991) later suggested that there may be more than one
species. In a recent review by Ngoc-Ho & de Saint Laurent (2009), seven species of
Thalassina have been identified across the Indo-West Pacific region to as far as Fiji in the
east, and to southern Japan and northern Australia. In the same general area of the coastal
and estuarine environment of Klang-Langat delta in southern Selangor, Malaysia, three
sympatric species of Thalassina (T. kelanang, T. gracilis, T. anomala) have been described
for the first time (Moh & Chong, 2009; Moh et al., 2015). These species had never being
reported as co-occurring species in other geographical regions (see Ngoc-Ho & de Saint

Laurent, 2009).

This hypothesis is that the three species of mud lobsters are spatially partitioned
across the mangrove shore as a result of niche differentiation. This chapter investigates
how the mud lobsters are horizontally and vertically distributed on the mangrove shore and
the possible environment factors driving their distribution. We examined sediment texture,
organic matter, interstitial salinity, surface root bulk or mass, shore elevation and tidal

inundation as influencing factors.
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4.2 Materials and methods

4.2.1 Study area

The area of study in the state of Selangor (west coast of Peninsular Malaysia) was
heavily vegetated by mangrove forests largely extirpated for agriculture, industry,
settlement and a major port. As a result, the current mangroves are restricted to narrow
fringes that line the Langat River estuary and parts of the coast that faces the Straits of
Malacca (Figure 4.1). Environmental and biotic samplings were carried out at three sites

where mud lobsters were known to occur in reasonable abundance.

The three sites were separate sites located from the seashore to the upper estuary in
the same general area, but either in the mangrove reserve or within the coastal buffer zone
of mangrove forest. Site 1 was located by the shore at Kelanang where the buffer
mangrove forest stretched from the low to high shore. Site 1a consisted of three zones
(Zones A to C). The lower region of site 1 (site 1b) comprised of mangroves as well as an
open area close to the lower dyke. Site 1b consisted of four zones (Zones C to F). Zone C
was divided into two sections by the lower dyke; an upper section of 35 m above the dyke
in site 1a and a lower section of 5 m below the dyke in site 1b (Figure 4.2a). Site 2 and
site 3 on Carey Island were respectively located about 6 km and 20 km to the north of site 1
(Figure 4.1). Site 2 was located on the upper reaches of a small coastal inlet (henceforth
called the Air Hitam River) that drains the western half of the Jugra mangrove forest
reserve. Site 3 was located on the mangrove buffer zone situated 26 km upstream in the

upper estuary of the large Langat River, north of Carey Island.
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The mangrove Rhizophora apiculata Blume dominated site 1 from zone A to zone
D, while Avicennia alba Blume and Sonneratia alba Griffith became the main species in
zone E and zone F (Figure 4.2b). In site 2, the mangrove was mostly R. apiculata with a
few Bruguiera spp., Xylocarpus granatum Koenig and Nypa fruticans Wurmb. The
remnant mangrove forest at site 3 consisted mostly of Bruguiera spp. and a few R.

apiculata, and Avicennia marina (Firsk.)Vierh.

We used belt transect sampling across the shore or river bank to investigate mud
lobster distribution from low to high shore. To enable equidistant samplings of
environmental parameters and fauna along the shore and across dykes, three parallel
transects along Kelanang shore (Figure 4.2a) were established at the lower dyke and
extended 200 m landward via Zones C, B and A towards the high mangrove shore (site 1a).
Another set of four seaward transects, also started from the lower dyke and extended 160 m
via Zones C to F to the low shore mudflat (site 1b). These transect lines did not follow a
straight line all through, but were broken after 60m (Zones C to D) to avoid disturbed
forests, and shifted 150 m away towards the south before extending a further 100 m
through Zone E and F. All transects at site 1 were marked with reference sampling points
at every 20 m intervals. The landward transects of 200 m distance consisted of 33
sampling points while the seaward transects of 160 m distance consisted of 36 sampling
points. At site 2, four parallel 60-m transects were established from the dyke towards the
Air Hitam River. A total of 16 reference sampling points were established along
thetransects, each point marked at every 20- m intervals. At site 3, four parallel 40-m
transects were established from the dyke beside the oil palm plantation to the Langat River.
Each transect was marked every 20-m intervals giving a total of 12 reference sampling

points for all transects. The study was carried out from October 2010 to March 2012.
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4.2.2. Sampling methods

The height of the sites above Chart Datum (C.D.) was determined using a pole with
test tubes tied on it at 2 cm intervals. The height of the site was determined from the height
where sea water filled the top most test tube on the pole. Height of the water was measured
from the ground surface. Tidal heights were determined by reference to the Tide Tables
Malaysia (2011). The number of days the tides wetted or inundated the sampling stations
in a year was estimated from the tidal movements for the year 2011 (Tide Tables Malaysia,

2011).

More than 30% of the total sampling points for each zone were sampled based on
random sequence numbers. Mud lobster samplings were carried out within 5 x 5 m
sampling plots established as feasibly close to the sampling points as possible. The final
number of sampling plots randomly selected, or at least 30% of the total plots, for each
zone is listed in Table 4.1. For the identification of species, mud lobsters were trapped
from their burrows in every sampling plot using a self-devised contraption, comprising of a
stiff steel wire of 50cm length, with a tethered piece of fish gill net (2.5 inch mesh size) on
one end, and a T-handle on the other. The net end was pushed into the burrow with the T-
handle resting across the opening of the mound. The traps were left overnight. All caught
specimens were preserved in 80% alcohol for identification in the laboratory. All or a
maximum of five mounds of identified species per sampling plot were randomly selected

for mound measurements.

Although traps were deployed on every mound, the total animal captures

represented about 30% of the total deployment. This is because a single individual could
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construct burrows that open up into several mounds (see Figure 4.4), and animals could
have escaped from their traps. Thus, animal captures could not be reliably used as
estimates of the total population. The density of mud lobster was better estimated from the
number of active mound per sampling plot (25 m?) for each zone. An active mound is

capped fresh/ wet mud dug out by the mud lobster the night before.

Soil samples and root counts were taken from smaller sampling units obtained by
subdividing the 25 m? sampling plot into 25 subplots or quadrats of 1 m? each. The
quadrats were numbered and randomly sampled according to the random sequence
numbers generated. The samples were collected using a hand scoop to a depth of 12 cm.
Sediment was individually kept in labeled plastic bags for determination of water content,
organic matter content and particle size. Salinity was determined using a hand held
refractometer (Milwaukee, USA) for water that seeped into a dugout shallow pit. Three
quadrats were sampled for counting the number of above-ground pneumatophores and/ or

prop roots.

4.2.3. Casting of mud lobster burrows

The burrow of each species of mud lobster was identified by first trapping the
animal using the method described above. A cast of the internal burrow morphology was
then made by pouring in and filling up the burrow with synthetic epoxy resin (Asasin
142™ and Asahard 142™) purchased from ASACHEM (M) Private Limited, Malaysia.
The filling agent was prepared by mixing one kg of Asasin 142™ with 0.42 kg of Asahard
142™. After allowing 24 hours for the resin to completely solidify, the burrow cast was

completely dug out by hand and spade. The burrow casts of Thalassina anomala were
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obtained from Site 1a, Thalassina kelanang from Site 1b and Thalassina gracilis from Site
3. Five burrow casts were made for each species, but four perfect casts were ultimately

used for analysis.

4.2.4. Analysis of particle size of sediment

Oven dried sediment were treated with 10% hydrogen peroxide and left overnight to
allow digestion of the organic matter. The treated samples were then washed with distilled
water to remove soluble salts before analysis by a Coulter 230 L Particle Size Analyzer.
The method showed the volume-based fractions of the clay, silt and various sand grain
sizes. Particle sizes were then categorized according to the Wentworth grade scale

(Wentworth, 1922).

4.2.5. Determination of organic matter and root mass

A portion of air-dried sediment was weighed before combustion in a muffle furnace
at 550°C for five hours, after which it was weighed again (Buchanan, 1984). The
percentage of organic matter was calculated based on the weight lost. The subterranean
‘root mass’ of mangrove plants in the sampling plots was estimated by proxy based on the
density (no. per m?) of above-ground roots including pneumatophores and stilt roots. This
assumption was based on (i) the allometric equations (in logarithms) of stilt biomass and
below-ground root biomass with stem girth of Rhizophora apiculata derived by Ong et al.
(2004) (their Figure 4.4 and 6), which yielded a well fitted regression line of below-ground
root biomass against stilt biomass (r’= 0.9331, p<0.01), and (ii) the fact that the

pneumatophores of Avicennia and Sonneratia give rise to the underground fibrous network
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of nutrition roots, while the pneumatophores themselves arise from underground cable

roots that radiate from the tree trunk (Tomlinson, 1986).

4.2.6. Data Analysis

We attempt to index the network complexity of the casted burrows of each species
by using the Shreve (stream) ordering method (Shreve, 1966). The method assigns a
number to each river stretch based on the hierarchy of its tributaries or branches, thus
giving an indication of its relative size within the drainage system. The higher the number
the more complex is the branching network. Stream ordering methods have been applied to
biological systems such as tree branching (Borchert & Slade, 1981) and animal respiratory
and circulatory systems (Horsfield, 1976). The burrow casts were stream ordered from the
top (ground level) to the main shaft excluding the bottom resting chambers. All outer
branches or segments were assigned an order of 1, and tunnel order or magnitude increased
when two segments intersected below them. Increase in tunnelling magnitude was
additive, i.e. two first-order links created a second-order link, while the intersection of a
second- and third-order link created a fifth-order link, and so on until the bottom of the

main shaft was reached.

All variables including basal diameter, height, burrow (mouth) diameter (cm) of the
mounds, wet mound density and number of roots (per m?) were tested for normality and
homogeneity of variances prior to ANOVA (Zar, 2010). If the ANOVA vyielded significant
results, significant difference among means was further tested by Tukey test. All statistical

analyses were performed using the software Statistica Version 10.
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Redundancy analysis (RDA), a constrained ordination technique, was used to analyze
the relationships between mud lobster abundance with the measured water and sediment
characteristics. RDA uses a direct gradient analysis approach useful for short gradient
analysis assuming that animal abundance increases or decreases along the shore transect
due to the environmental conditions and species interactions (Ter Braak & Smilauer, 2002).
To justify the use of RDA, the detrended correspondence analysis (DCA) was first used to
derive the gradient length expressed in standard deviation of the species turnover units (SD
value) which should not be over 4 (Leps & Smilauer, 2003). The test gave the highest SD
value or longest gradient of 2.345, hence justifying the use of RDA. In RDA, the species
data comprised of the abundance of active mounds of known mud lobster species (T.
anomala, T. kelanang and T. gracilis). The sample data set comprised of sampling plots
from all zones (site 1 only) and sites, whereas the environmental data set comprised of
shore elevation (height above CD), number of tidal inundations per year, water parameters
(salinity), sediment organic content, root mat density and sediment texture (clay, silt, sand).
DCA and RDA analysis was performed using CANOCO 4.5 software (Ter Braak &
Smilauer, 2002). To avoid the paradox problem in computing distance between samples in
the Euclidean space due to double zeros in the species abundance data, the chord distance
was used (Legendre & Legendre, 1998). To implement this in CANOCO, standardization

by sample norm was selected.
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4.3 Results

4.3.1 Distribution of Thalassina species along the mangrove shore

Three species of Thalassina were sampled from Kelanang shore and Carey Island.
In no sampling plot for all zones were more than one species of Thalassina found at any
one time. Thalassina anomala was found in Zone A and Zone B of site 1a on the high
shore at Kelanang, and at site 2 in Carey Island; these zones/ sites were situated 330 to 370
cm above Chart Datum (C.D.) (Figure 4.2b). Thalassina kelanang was found at mid-shore
from Zone C (site 1a) to Zone F (site 1b), that is, from 140 to 330 cm C.D. Thalassina
gracilis was found in site 3 on the high shore of the Langat estuary in Carey Island from

250 to 300 cm C.D. (Table 4.1; Figure 4.2b).

Semi-diurnal tides prevailed in the study area. Zone A to Zone E at Kelanang
shore were variably exposed to air, while Zone F was always inundated by sea water (Table
4.1). The highest point inhabited by mud lobsters (only T. anomala) at zone A was
inundated by 159-303 tides/ year, while the lowest point at Zone F was nearly always
inundated, being covered by 707-839 tides per year. All sampling stations were wetted by
spring tides, while neap tides only wetted Zones C, D, E, F and site 3 (Figure 4.3). Hence,

only the mounds of T. anomala were not wetted during neap tides.
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Figure 4.3. Distribution of mud lobster species in relation to daily tidal height at Carey
Island. Zones A, B (site 1a) and site 2 lie within the spring high tidal range (habitat of T.
anomala), while site 3 lies within the high neap tidal range (habitat of T. gracilis). Zones
C, D, E & F lie within the high neap tidal range to low neap tide (habitat of T. kelanang).
Right vertical arrow bars indicate range of species in term of shore elevation. Horizontal
bar indicates size scale (1 cm) of animals.

4.3.2. Active mound density of Thalassina

On Kelanang shore, Thalassina anomala showed the highest mean active mound
density (no. m™) in Zone A (0.46 + 0.08) at site 1a, but declined slightly (p>0.05) in Zone
B (0.39+ 0.08). In Carey Island (Site 3), the species showed almost similar mean mound

density (0.45 + 0.12) as in Zone A at Kelanang shore (Table 4.1).

There was a general decline in the active mound densities of Thalassina kelanang
with increase in tidal height on the mangrove shore (Table 4.1). Mean mound densities
(0.96) were similar at the open area station (Zone C, Site 1b) and Rhizophora area (Zone D,
Site 1b) but declined towards Zone E (0.30) where there were mainly young Avicennia alba
and few Bruguiera sp. and Sonneratia alba trees. The lowest mean mound density of T.
kelanang (0.09) was found at the lowest shore in Zone F which consisted of mature
Sonneratia alba. Mean active mound density of T. gracilis (0.46) was almost similar to

that of T. anomala at Site 2, Carey Island.
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Table 4.1. Site characteristics, number of above-ground mangrove roots (no. m2) and mean wet mound density (no. m™) of three

species of Thalassina at Kelanang Beach (Site 1) and Carey Island (Site 2 and 3).

Station & Salinity (ppt) Height Days exposed Species Plot Mean total Mean wet  No. of roots/ m?
Zone above Chart per year mound/ plot mound density/

Datum (cm) m’
Site 1a (A) 1540+ 167  370-350 254-181 Thalassina anomala 5 30.80 £3.35 0.46 +0.08° 30.28 +5.69°
Site 1a (B) 22.33+£0.58  350-330 181-126 Thalassina anomala 3 24,00 +458  0.39 +0.08 34.80 + 8.64°
Site 1a (C) 23.25+1.26  330-310 126-82 Thalassina kelanang 4 40.75 +4.57  0.96 +0.16° 11.70 £ 4.38°
Sitelb (C) 21.50+1.29  310-300 82-61 Thalassina kelanang 4 41.00 £4.32  0.96 £0.14° 2.70£1.43°
Sitelb (D) 2350+1.29  300-250 61-3 Thalassina kelanang 4 37.75 £3.00 0.96 £0.16° 67.55 £ 18.77"¢
Sitelb (E)  24.00£1.41  250-200 3-0 Thalassina kelanang 4 10.00 £1.83  0.30 +0.10*¢ 79.40 £ 12.70°
Site 1b (F) 2420+ 0.84  200-140 0 Thalassina kelanang 5 3.60 £261 0.09 +0.09° 74.88 £6.01°
Site 2 14.20+3.49  370-350 254-181 Thalassina anomala 4 26.25 +5.00 0.45 +0.12° 29.52 +2.51°
Site 3 15.20 £ 2.17 300-250 61-3 Thalassina gracilis 5 244 +5.03 0.46 +0.10° 57.68 + 7.57¢

Homogenous groups indicating no significant difference (p>0.05) by Tukey test are shown by similar superscript alphabets.
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4.3.3 Burrow morphology and mound size

Thalassina anomala- All four burrow casts examined were each constructed by a
single animal. Each cast revealed a similar system of one to three Y-shape burrows, all
joined at their bases, and continued downwards in a single vertical shaft (Figure 4a). The
number of surface burrow openings varied from 2 to 6, rarely 7. Mound openings are
plugged by mud caps. Below the Y-burrows, paired horizontal burrows or chambers each
of 30-40 cm length connect to the main shaft where at its bottom, the horizontal burrows
bifurcate into several chambers serving as the animal’s main resting area. The number of
paired horizontal burrows varied from 3 to 4. These horizontal chambers probably act as
places for the animal to rest and turn. The walls of the burrows are smooth. The distance
between two mouth openings ranged from 0.5 to 1.50 m. Burrow depths ranged from 1.5-
3.0 m. Mean burrow diameter at the mouth was 7.0 cm (= 1.00) at Kelanang shore (Site 1)
and 8.4 cm (x 1.14) at Carey Island (Site 2). The burrow index of network complexity

based on the Shreve method for four casts ranged from 7-10.

Thalassina kelanang- The total of four burrow casts studied all showed an upper
section of 2-5 short burrow branches, some with blind-ends while others (numbering 3-6)
open at the ground surface (Figure 4b). The upper anastomosing burrows finally join
together in a single vertical shaft, sinous and not linear as in T. anomala. As in the latter,
similar short horizontal chambers join the main vertical shaft, but these chambers are not
paired but alternate with each other. The lower part or end of the burrow has 3-5 extended
resting chambers. The mound’s surface openings are spaced 0.1-0.5 m apart. Average
depth of burrow ranged from 1.0-1.5 m with mean burrow mouth diameter of 5.4 cm (=

0.82). The burrow index of network complexity for four casts ranged from 8-16.
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Thalassina gracilis- Four good burrow casts extracted from site 3 showed a
complex, upper anatomosing network of blind ending, branching and non-branching
burrows that open to the ground surface, similar to that of T. kelanang. However, unlike
the burrow of T. kelanang and T. anomala, the main vertical shaft with short blind-ending
branches twirls around in a loop before descending vertically (Figure 4c). The lower end of
the burrow has many resting chambers (4-8). There were 3 to 5 mound openings, each
separated by a distance of 0.1-0.6 m. The average depth of the main burrow ranged from
1.0-1.5 m with mean burrow mouth diameter of 4.2 cm (+ 1.11). The burrow index of

network complexity ranged from 13-17.

The largest mounds were made by T. anomala in Site 2, with mean basal diameter
of 92.4 cm and mound height of 83.6 cm (Table 4.2). Both mound measurements
compared to smaller measurements made in Site 1 were however not significantly different
(P<0.05). Mounds of T. gracilis were the smallest in terms of basal diameter (29.2 cm) and
height (9.0 cm). T. kelanang constructed mounds that were intermediate in size. The
burrow mouth diameters of the three species ranged from 4.2 to 8.4 cm, with magnitude

corresponding to the size of their mounds.

Table 4.2. Mean basal diameter, height and burrow mouth diameter of wet mud lobster
mounds according to species and site (zone).

Species/ site Mean mound Mean mound Mean burrow
basal diameter height (cm) mouth diameter
(cm) (cm)

T. anomala (Site 1, A-B) 81.00% (£ 7.94) 56.00° ( 5.57) 7.00%¢ (+ 1.00)
T. kelanang (Site 1, C-F)  35.20° (+ 4.32) 16.40%" (x2.07) 5.40*" (£ 0.82)
T. anomala (Site 2) 92.40° (+ 26.2) 83.60° (+17.66)  8.40° (x 1.14)
T. gracilis (Site 3) 29.15° (+5.51) 9.00° (+ 1.41) 4.23° (+ 1.11)

Homogenous groups in columns indicating no significant difference (p>0.05) by Tukey test
are shown by similar superscript alphabets
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Figure 4.4. Schematic drawings of the burrow morphology of the three species of
Thalassina based on a particular burrow cast. a- Thalassina anomala; b- Thalassina
kelanang; c- Thalassina gracilis. Ordering of burrow branches using the Shreve method is
illustrated in a (numerals).

4.3.4 Effect of sediment parameters on the distribution of the three species of

Thalassina

Result of RDA of the active mound density of the three species of mud lobsters by
zones or/ and sites in relation to various environmental factors is illustrated in Figure 4.5.
The first two axes accounted for 82.9% (first 58%) of the total variability of the species
data. Further, the first and second axis accounted for 69.2% (eigen value = 0.580) and
29.8% (0.249) of the species-environment relation, respectively. The Monte Carlo
permutation test of the significance of the relation between species and whole set of
environmental variables based on the first (F ratio = 40.025) and all canonical axes (F

=18.685) indicated that both were highly significant (p <0.002).
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Zones A and B in Site 1 (circles) and Site 2 (filled squares) on higher shore
elevation had similar soil conditions of relatively higher composition of silt and highest
organic matter content. Zone C, D and E in Site 1 had similar conditions of higher
composition of sand, interstitial water of higher salinity and higher frequency of tidal
inundation. Zone F (Site 1) and Site 3 (filled diamonds) had relatively higher root mass

than all other zones/ sites.

The distribution of T. anomala was correlated to silt and high organic matter,
whereas T. kelanang appeared to colonize relatively sandy substrate inundated by seawater
of higher salinity (23.5 ppt); higher abundance of T. kelanang was however at the middle
shore (Site 1, zones C&D). While T. gracilis occurred in clayey-fine sand substrate, its
only habitat at Site 3 was thickly covered by mangrove roots and flooded by freshwater and
seawater (15.2 ppt). Interstitial water where T. anomala colonized in the upper sea shore

was also low in salinity (14.2 ppt in Site 2 and 15.4 ppt in Site 1a).

Species interactions among the three species of mud lobsters were predicted to be

low (low or negative correlation) since the species arrows produced obtuse angles with one

another suggesting that the three species were well partitioned in their habitats.
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Figure 4.5. RDA triplots of three species of mud lobsters (T. anomala, T. gracilis, T.
kelanang, blue arrows) as influenced by environmental factors (red arrows) and sampled
from three sites: circles (site 1, zone A to F, sample plots 1-8), squares (site 2, sample plots
a-d), diamonds (site 3, sample plots a-e).

4.4 Discussion

The three sympatric species of Thalassina are spatially distributed on the mangrove
shore, with no overlap in their distribution. There was no site where all three species
occurred together, but each species did occur with one of the others. They occur in
combinations of T. anomala with either T. kelanang or T. gracilis. Thalassina anomala
occurs at the high intertidal near the landward side of the mangrove shore where tides
inundate the ground for 30-65% of the time in a year (Figure 4.2b & 4.3). Thalassina

kelanang inhabits the middle to lower mangrove shore which is subjected to daily tidal
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inundation (Figure 4.2b). Thalassina gracilis also occurs at the mid-tidal zone indicating
that it shares a similar microhabitat as T. kelanang in terms of tidal inundation and
frequency. However, T. gracilis was observed at the upper estuary and never found
together with T. kelanang at the lower estuary or sea shore. It is hypothesized that T.

kelanang is less tolerant of large salinity fluctuations.

The mud lobster distribution pattern appears not to be solely influenced by sediment
characteristics (Fig.4.5) but also by tidal inundation and salinity. Only more silty,
organically rich substrates may be favoured by T. anomala on the high shore. This could
be due to the presence of rather similar mud substrates in the mangrove area, whereas tidal
inundation and salinity are a function of the elevation of the shore where the animals are
distributed. Interestingly, both species have been reported to be genetically closest to each
other as compared to either of them with T. anomala (Moh et al., 2013). Laboratory
experiments also showed that T. kelanang is more aggresive than T. anomala (Moh &
Chong, 2009). Hence, interference competition leading to species exclusion is a potential
mechanism that explains separation of T. kelanang from T. anomala, as well as from T.
gracilis. The Thalassina mud lobster distribution model differs from that of other
thalassinideans. For example, the distribution of three species of Callianassa species in
Victoria, Australia, interestingly shows a rather similar situation as in the present study;
only two species were found together, except that the mud shrimps co-occurred with
considerable overlap in distribution (Coleman & Poore, 1980). Apparently, the mechanism

of competitive interaction differs to allow for spatial co-existence.

A conceptual model of niche differentiation and competitive interactions among the

three Thalassina species is depicted in Figure 4.6. With interference competition, mud
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lobsters are expected to compete for habitat space, which in the mangroves are restricted to
the unvegetated space of the forest floor. A successful ‘stake-out’ of the forest floor and its
defense also guarantee the food resources within and presumably the opportunity for
mating. On the forest floor, total mound densities can reach a maximum of 1.52/m?
depending on species (Table 4.1), while in unvegetated areas such as coastal dykes or

landward plantation, mound densities could reach 2.40 /m? (Moh, unpublished).

High

T. anomala

A
]
]
]
1

SHORE ELEVATION

Low

SALINITY

Low High

Figure 4.6. Conceptual model of niche differentiation and competitive interactions among
three sympatric species of Thalassina in the Klang-Langat delta (Selangor).

Ellipse denotes the distributional range of each species. Niche differentiation is
achieved by animal’s preference or tolerance to salinity (horizontal axis) and
duration/frequency of tidal inundation, a function of shore elevation (vertical axis).

Strength of competitive interactions is denoted by the weight of broken arrow; lesser

78



competition allows for a closer area of distribution of T. anomala with either T. kelanang
(fringing mangrove, shore area) or T. gracilis (riverine mangrove, upper estuary), while

intense competition widely separates T. gracilis from T. kelanang.

Shore animals have evolved a variety of morphological, physiological and
behavioural mechanisms to withstand the rigours of the shore, particularly aerial exposure
and variation in salinity (Raffaelli & Hawkins, 1999). Mud lobsters make mud-capped
burrows not only to avoid exposure but also as refugia space. It has also been reported that
they dig while simultaneously feeding on the organic matter in the substrate (Johnson,
1961; Dubey et al., 2012) which are eventually pushed out to form their mounds. Thus,
active mounds which indicate their recent feeding habits can be used to indicate the
animal’s presence. Nevertheless, we caution the absolute use of active mounds to estimate
population size since a single animal may deposit the freshly excavated mud onto one
(39%), two (35%) or three (17%) mounds on the same night (Moh, unpublished).
Thalassina mounds are very prominent on the upper shore but not so on the lower shore as
tidal currents and wave action re-distributes or removes freshly excavated sediments.
Hence, surface accumulation of excavated sediment on Thalassina anomala mounds
increases when frequency of tidal inundation decreases in the upper shore. Therefore, T.
anomala have mounds higher above ground level than Thalassina kelanang and T. gracilis

which occur on the lower shore.

Burrow morphology of thalassinidean shrimps and shore crabs can be affected by
environmental factors including sediment type, tidal height and climate, or biological
factors such as population density, age and sex (Nash et al., 1984; Griffis & Chavez, 1988;

Lim & Diong, 2003; Chan et al., 2006). The present study shows that the three species of
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Thalassina constructed burrows of different morphologies and complexity (Figure 4.4).
The Shreve method provides an indication that the burrows of T. gracilis and T. kelanang
are more extensive and complex than those of T. anomala as well as brachyuran crabs.
Burrows of fiddler crabs (Uca) may have single (L or J types) or/and double (or triple)
openings (U, V or Y types) (Lim, 2006; Qureshi & Saher, 2012). The portunid, Scylla
serrata, digs J, U or Y typed burrows (Nandi & Dev Roy, 1991), while the ghost crab
Ocypode ceratophthalma digs burrows that vary from J type in juveniles to Y type in adults
(Chan et al.,, 2006). The burrows of Thalassina mud lobsters are also more complex
compared to those of their close relatives, the mud shrimps. Upogebia (Upogebiidae)
constructs U- or usually Y-shaped burrows (Dworschak, 1983; Coelho et al., 2000).
However, the burrow architecture of callianassid shrimps, a group that is almost completely
confined to marine soft sediments, is equally complex consisting of an interconnected tube-
system with several surface openings often in volcano-like mounds (Ziebis et al., 1996;
Stamhuis et al., 1997). Griffis & Suchanek (1991) distinguished six burrow types among
the three major feeding guilds of thalassinideans: deposit feeders (complex or branched
burrows), drift catchers (simple straight burrows) and filter/ suspension feeders (U- or Y-

shaped burrows). Based on this classification, Thalassina mud lobsters are deposit feeders.

A link between burrow morphology and organic content of the sediment has been
suggested for the subtidal mud shrimp Callianassa subterranea, which appears to construct
burrows that are more shallow and complex in organically poor than in organically rich
sediments (Nickell & Atkinson, 1995; Rowden & Jones, 1995). This may meet the
requirements of Thalassina gracilis and T. kelanang as mud feeders need to process high
amounts of sediment in organically poor substrates, resulting in more complex and shallow

burrows. In contrast, T. anomala living on the higher shore with sediment of higher
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organic content, digs deeper but less complex burrows. Stamhuis et al., (1997) suggested
that higher competition for food and space induces mud shrimps to construct deeper
burrows in organic rich sediments. Several studies have observed changes in burrow
characteristics with changes in tidal height. Dworschak (1987) observed that the high
intertidal burrows of Upogebia pusilla reached greater depths than burrows from subtidal
areas. A review by Griffis & Suchanek (1991) concluded that changes in thalassinidean
burrow architecture along tidal gradients are primarily related to burrow depth, and that the
basic morphology of the burrow is fairly constant within species across tidal and latitudinal

gradients.

Finer sediments can provide a more stable substrate for extensive, more complex
burrows owing to their higher cohesive nature (Takeda & Kurihara, 1987; Rudnick et al.,
2005). Sediment type, below-ground roots and other plant matter in the sediment can
interfere with burrow construction and increase the complexity of crab burrows (Katrak et
al., 2008). Seagrass roots and shell debris in sediments reduced the population density and
frequency of occurrence of three species of the burrowing mud shrimp Callianassa
(Coleman & Poore, 1980). Pillai (1989) reported the cable roots of Fijian mangroves that
extensively ramify the ground can limit the space for T. anomala to construct its burrows.
In the present study, the mangrove species (R. apiculata and A. marina) present at Site 3 in
Carey Island have more numerous and wider cover of roots. Thus, the presence of root mat
and fine sediments may explain the more complex burrow morphology including the
circular bend in burrows of T. gracilis. Bertness & Miller (1984) suggest that intermediate
root mat density may be necessary to provide the hard structural elements for burrow

support and longevity.

81



While sediment characteristics may explain the depth of burrows, the topography
and tidal regime of the animal’s locality vis-a-vis its physiological requirements may be
just as important. Berry (1972) reported that the burrow of Thalassina anomala leads
down to the water table, where the animal can occasionally wet its gills. Therefore, T.
anomala residing at the upper shore digs deeper burrows (1.5-3.0 m) as compared to T.
kelanang and T. gracilis on the lower shore (1.0-1.5 m) where tidal inundation is more
frequent. The deep burrows of T. anomala may also be a way to maintain lower burrow
temperature in the higher shore similar to crab burrows (Powers & Cole, 1976; Lim &
Diong, 2003). The morphology of 7. anomala’s mound maintains an interior temperature
(29.1 £ 1.1°C) of about 3°C lower than the exterior temperature (32.1 + 1.9°C) (Moh,
unpublished). Macintosh (1988) concluded that T. anomala must be highly tolerant of the
hypoxic condition prevaling at the bottom of its deep burrow. A study of the oxygen
transporting properties of the haemocyanim of five species of thalassinidean mud-shrimps
shows that all have a high oxygen affinity, but Calianassa subterranea, a deposit feeder
living in severely hypoxic burrows have significantly higher oxygen carrying capacity of

the haemocyanin (Taylor et al., 2000).

Niche differentiation allows the three Thalassina species to live sympatrically in
slightly different mangrove habitats within the same deltaic system. There are however no
major morphological differences among the three species that would suggest their adaptive
differences as a result of niche differentiation. Therefore, these species are likely to have
adopted different physiological and/or behavioral adaptations to maintain survival. For
instance, T. anomala on the high shore, would need to have a higher ability to tolerate
dessication and occassional low-salinity stress from episodic rainwater; these animals can

be found in rather dry parts of oil palm plantations and in freshwater ditches (Moh et al.,
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2006). Also, berried females were more often observed during spring tides when strong
tides are needed to export their larvae off shore. On the other hand, T. gracilis, at the upper
estuary, will need to tolerate a wide range of fluctuating salinity. Its small size (about half
of the size of the other two species) may be an adaption to live amongst mangrove roots.
Nevertheless, future studies, particularly mesocosm and laboratory experiments, are needed
to test the physiological and behavioral responses of this group of poorly studied

thalassideans.
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Chapter 5

Mound distribution and density of Thalassina mud lobsters on the coastal

dykes of Carey Island

51 Introduction

Among all the known species of Thalassina mud lobsters, T. anomala is the most
common and most widely distributed mud lobster species in the Indo-West Pacific region
(Moh et al., 2015). According to Johnson (1961) T. anomala is an extremely abundant
animal in the mangrove swamps of Singapore and Malaya. This species inhabits the higher
region of the intertidal shore with a distribution that extends above the extreme high water
mark of the mangrove shore (Moh et al., 2015). However, mangrove deforestation and
land-claim for agriculture and development since the early 1960s have made the mud

lobster no longer the ubiquitous creature they once were other than in some places.

The burrowing behavior of mud lobster, T. anomala can have profound impact on
the topography and vegetation structure of mangrove shores (Macintosh, 2002) including
reclaimed mangrove areas. Extensive land reclamations of high shore mangroves during
the 60s for agriculture and aquaculture have resulted in the loss of the natural habitat of T.
anomala which now has made coastal dykes its new home. Macintosh (1988) reported the
burrowing activities of Thalassina caused extensive damage to man-made dykes and
embankments of aquaculture ponds to collapse. The burrowing activities of the mud-lobster

on the dyke has weakened it and now Thalassina is considered a pest to human (Holthuis,
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1991). T. anomala seems to have developed a remarkable tolerance to the harsh

environment of the dyke (Ng & Kang, 1988).

In this chapter the distribution and colonization pattern of Thalassina anomala on
the coastal dyke in Carey Island is investigated, including the influence of environmental
factors on its distribution.  In this study it is assumed that T. anomala is the only
Thalassina species that inhabit the coastal dykes given that it is the only species found on
the high shore mangroves. Initial investigations using traps had also recorded T. anomala

as the only species captured.

5.2 Materials and methods

5.2.1 Study area

Carey Island (2°52° 18.38°’°N, 101°22’ 41.15’E) was chosen as the study site since
the island is completed surrounded and protected by coastal dykes. The island is located in
the state of Selangor, on the west coast of Peninsular Malaysia (Figure 5.1). It is the largest
single island separated from the mainland by the bifurcated Langat River at its lower
estuary. The island is separated from Lumut (=Indah) Island by one of the estuarine
channels of the Klang River system, the Lumut Strait, to the north. Carey Island has a land
area of approximately 16,187 hectare and is approximately 1.5-2.0 meters below sea level.
The island is presently an oil palm plantation of about 10,521 hectares. The entire
perimeter of Carey Island is surrounded by 101.8 km of earthen dykes of 2.5 to 3.5 m high
and 3.0 to 4.0 m wide to protect the mainly oil palm plantation from seawater intrusion.
Thirty-seven tidal gates are built interspersed along the dykes to control the outflow of

fresh water and inflow of sea water via a system of canals inside the plantation. The

85



plantation is built on reclaimed mangroves, and now surrounded by a narrow fringe of

mangroves mostly of Avicennia, Bruguiera and Rhizophora species (Figure 5.1).
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Figure 5.1. Map shows study sites for spatial-temporal colonization of newly repaired bund
on Carey Island and the surrounding estuaries.

Al - Sites with the most abundant mud lobster mounds

B1 - Sites with moderate number of mud lobster mounds
C1 - Sites with very few mud lobster mounds

5.2.2 Distribution of mud lobster in whole Carey Island

Locations of all mud lobster mounds along the entire 91.9 km length of the dyke
were determined by belt transect sampling from May 2005 to August 2005. The belt
consisted of 919 sampling plots, each measuring 100 m length (along the length of the

dyke) by 25 m width (including both slopes of the dyke). Census began at the first
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sampling plot at the first tidal gate, TG 1 (2°90219°N, 101°38350’E) and continued over a
period of 105 days until the last sampling plot (TG 1) was reached. Every mud lobster
mound found in each surveyed plot was recorded and counted on the day of observation.
Individual positions of all mud lobster mounds were recorded by a Global Positioning
System (GPS) device (Garmin e-Trex Venture, CX model). Characteristics of each
observed mound, namely, height, diameter and burrow mouth diameter were measured (see
Figure 5.3). Mound activity, which is a measure of how likely the mound is occupied by an
animal, is evaluated based on the presence of freshly excavated or moist mud at the burrow
opening. An active mound is one that has freshly capped moist mud (labelled A= active
mound). An inactive mound is still occupied by an animal but without recent excavations
since the burrow exit is capped by dry mud (labelled In A = inactive mound). An
abandoned or old mound is one that is without animal and outwardly appeared worn-out,

eroded or collapsed (labelled O= old mound).

At three selected sites (Al, B1, C1), mound distribution across or perpendicular to
the dyke was further studied to investigate Thalassina anomala’s preference for specific
microhabitats. The location of all mud lobster mounds were recorded according to the
following demarcated zones: waterside bund top (TW), landside bund top (TL), top bund
slope (TB), bottom bund slope (BB), bund ditch (DB), road zone (RD), plantation canal

(CB), and plantation zone (PL) (Figure 5.2).
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Figure 5.2. Schematic diagram of study zones of surveyed area across dyke (bund).
*Diagram not in scale.
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Figure 5.3. Mud lobster mound and burrow measurements.
Dm= diameter, H= height, Db= diameter at entrance of burrow.
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5.2.3 Colonization dynamics of mud lobster on the dyke

This study was conducted to investigate mud lobster colonization of a newly built
dyke or repaired section (first week after repair) of the dyke (i.e. with no mounds) at
selected sites of mud lobster infestation (see Figure 5.1). Two sites for each condition
(level) of infestation by mud lobster mounds, namely, high (> 30 mounds/ 100m, Site A1),
moderate (20-30 mounds/ 100m, Site B1) and low infestation (< 20 mounds/ 100m, Site
C1), were selected on the dyke. Each plot of the experimental quadrat was 100 m long by
25m wide (across), i.e. on the bund from the waterside bund top (TW) zone to the
plantation zone (PL). New mud lobster mounds were observed during spring tides at full
moon and new moon every fortnight from January to June 2006, and monthly at full moon
from July 2006 to July 2007. Location of each new mound was marked with pegs driven
into the ground and recorded with a Global Positioning System (GPS) device. The
methodology of measurements for each location, zone, mound activity and mound

measurements is to section 5.2.2 above.

Water parameters at ditch water between the dyke and road such as water salinity
(ppt), ditch water pH and redox potential (Mv) were measured at all sites using Cyberscan
pH 310 (Eutech Instruments). Salinity of the ditch water was measured using a handheld
refractometer (Milwaukee MR100ATC). Reading of soil parameters for pH and
temperature (°C) were taken at the mud lobster mound at bottom bund slope (BB) of the
dyke. Soil from the mud lobster mound (wet or dry) mixed with some distill water to
soften the soil and soil pH were measured using Cyberscan pH 310 (Eutech Instruments).
Soil thermometer was poke into the soil for measurement of the soil temperature (°C). A

soil auger was used to sample the dyke soil at zone (BB). The soil auger was repeatedly
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bored into the ground by twisting its handle, taking care to empty the dug soil between
successive bores until a depth of 1 metre) was reached. A portion of the collected sediment
at each 50 cm depth was kept in a labeled plastic bag for subsequent assessment of the
organic matter content (%), soil moisture (%) and particle size of the sediment in the

laboratory. All sediment prior to analysis was dried in the oven at 70 °C for a week.

5.2.4 Sediment analysis

A. Particle size analysis

Large particles of the sediment such as stones and leaves were removed manually
from the samples. The sediment was then treated with 10% hydrogen peroxide (H2O) in a
beaker and left for 24 hours for the digestion of the organic matter (English et al., 1994).
The treated samples were then washed with distilled water to remove soluble salts before
particle size analysis using a Beckman Coulter Particle Size Analyzer (Model LS230). This
method gave the volume-based fractions of the clay, silt and sand of various grain sizes.
The soil particle groups were then categorized according to the Wentworth grade scale as

described in Table 5.1.

Table 5.1. Categories of sediment based on particle size.

Particle size class (um) Categories
0-<3.9 Clay
3.9-<15.6 Fine silt
15.6-<62.0 Coarse silt
62.0-<125 Very fine sand
125-<250 Fine sand
250-<500 Medium sand
500-<1000 Coarse sand

1000-<2000 Very coarse sand
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B. Organic matter content

A small portion of the air-dried sediment in triplicates was placed in individual pre-
weighed soil cups. The weight of sediment with its cup was taken using a 4-decimal point
digital balance (Model GR-200) before combustion inside a muffle furnace (Model: JSMF-
30T) at 550°C for 6 hours. The sediment with its cup was then weighed again. The
percentage of organic matter was calculated based on the weight lost during combustion

based on the following equation:

Percentage composition of organic matter= [(B-C) x 100]
B-A
Where, A = weight of soil cup
B = weight of soil cup + dried sediment before combustion

C = weight of soil cup + sediment after combustion

5.2.5 Statistical analysis

All data were tested at the 5% significance level for homogeneity of variance using
Levene’s test and normality using Kolmogorov- Smirnov’s test before analysis of variance
(ANOVA) (Zar, 2010). If the homogeneity of variance or normality requirement for
parametric testings was not fulfilled, the data were either logarithmically transformed
[log(x+1)] or arcsine transformed (percentage data) before analysis. The non-parametric
Kruskal-Wallis test was used for data analysis if data transformation still could not fulfil
the parametric requirements. All statistical analysis was performed using Statistica Version

10 Software Package.
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Principal component analysis (PCA) was carried out to visualize the spatial
distribution of the mud lobster with the on-site water and soil parameters The sample data
comprised of the different sampling sites (A1, B1 and C1) whereas the environmental data
set comprised of ditch water pH, salinity, redox potential (Mv), soil pH, soil temperature,
sediment organic content, soil moisture content, sediment grain size (clay, fine silt, coarse
silt, very fine sand, fine sand, medium sand, coarse sand and very coarse sand). PCA

analysis was performed using CANOCO 4.5 software (Ter Braak & Smilauer, 2002).

5.3 Results

5.3.1 Distribution and habitation of mud lobster in Carey Island

5.3.1.1 Mud lobster mound distribution and abundance

The total number of 100-m quadrats established around the whole island was 919,
in which 3073 mud lobster mounds were enumerated. Thus, the mean number of mud
lobster mounds was 3.35 (+ 10.38) per 100m length of dyke (quadrat). Mound numbers
ranged from 0 — 121 per quadrats. Approximately 67% of the 100m-quadrats (618) did not
contain any mud lobster mounds. Twenty five percent (25%) of the quadrats contained less
than 10 mud lobster mounds per quadrat, while less than 5% contained between 10-20
mounds. Less than 3.5% of the quadrats contained more than 30 mounds (Table 5.2).
Most of the mounds were observed on the northeastern of the island (9.19 + 13.70/ 100m)
around the meander of the lower estuary of the Langat River, and the southern coast of the
island at the upper tidal creeks (6.69 £ 17.01/ 100m) that fed the coastal inlet of Sungai Air
Hitam (Figure 5.4). The across-dyke distribution showed the highest number of mud

lobster mounds at the road or zone RD (38%), followed by the dyke bottom or zone B
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(28%). The dyke top (TL and TW) recorded 10% of the total number of mounds

enumerated along the transect (Figure 5.5).

Table 5.2. Frequency-class distribution of all the mud lobster mounds in Carey Island.

No. per quadrat | Count | Cumulative Percent Cumulative
Count (%) percent (%)
-10.0<x<=0.0 618 618 67.24 67.24
0.0<x<=10.0 226 844 24.59 91.83
10.0<x<20.0 39 883 4.24 96.07
20.0<x<30.0 6 889 0.65 96.72
30.0<x<40.0 11 900 1.20 97.92
40.0<x<50.0 9 909 0.98 98.90
50.0<x<60.0 3 912 0.33 99.23
60.0<x<70.0 3 915 0.33 99.56
70.0<x<80.0 2 917 0.22 99.78
80.0<x<90.0 0 917 0.00 99.78
90.0<x<100.0 0 917 0.00 99.78
100.0<x<110.0 |0 917 0.00 99.78
110.0<x<120.0 |1 918 0.11 99.89
120.0<x<130.0 |1 919 0.11 100.00
130.0<x<140.0 |0 919 0.00 100.00
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Figure 5.4. Mud lobsters mound distribution in Carey Island (*Black doted). (census from
May 2005 — August 2005). Topographic map extracted from Department Survey and
Mapping, Malaysia (JUPEM).
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1400

Mound Location

Figure 5.5. Distribution of mud lobster mounds across dyke zones for the whole of Carey
Island, Peninsular Malaysia.

Numerals above bars indicate % contribution of transect zones to mound numbers.

For zones (x-axis): Plantation-PL, Plantation canal-PC, Road-RD, Bund ditch-DB, Bottom
bund-BB, Top bund slope-TB, Landside bund top-TL and waterside bund top-TW. (see
Figure 5.2 for detail of the zones).

5.3.1.2  Classification of mud lobster mound activity

A total of 3073 mounds were recorded between May to August 2005, of which 1330
were old or abandoned mounds (43.3%), 1233 were active mounds (40.1%) and 510
were inactive mounds (16.6%). Most of the old mounds were found in the road zone
(RD) while occupied mounds (active and inactive mounds) were largely found in the

road zone (RD) and bottom bund slope (BB) (Figure 5.6).

95



700

600 y
500
400
300
= v / /
100
P e S ) / e
A o InA A (] InA A @] InA
Mound Location: PL Mound Location: PC Mound Location: RD
700
600
- 500
5 400
g 300 /
5 200 /7
-
2 % i
=z 7, S A Ao / % -
A o InA A (@] InA A @] InA
Mound Location: DB Mound Location: BB Mound Location: TB

700
600
500

400
300
200
100 4 rl
o = P S, e
A o InA A o InA
Mound Location: TL Mound Location: TW
Mound Activity

Figure 5.6. Distribution of “Active” (A), “Abandoned” (O) and “Inactive” (InA) mounds
by zones across bund perimeter for whole of Carey Island.

For zones (x-axis): Plantation-PL, Plantation canal-PC, Road-RD, Bund ditch-DB, Bottom
bund-BB, Top bund slope-TB, Landside bund top-TL and waterside bund top-TW.

5.3.1.3 Mud lobster mound height

Analysis of the mound height measurements, which ranged from <5 c¢cm to about
105cm, showed that most of the mounds (41%) had heights of between 10 to 20 cm, but the
mound height distribution was positively skewed (Figure 5.7). There were approximately
1260 mounds (41%) with heights of this size range, and almost all the mounds observed
had heights of less than 80 cm. Very few mounds had heights of over 100 cm.
Investigation on the mean mound height across the bund revealed that it was the highest at
the canal (C) zone and the lowest at the bund top (TL). Mound heights of the latter also
showed the smallest standard deviations (Figure 5.8). The tallest mean mound height and
mound occurred at the banks of the oil palm plantation canal (PC) about 8-13 m from the

dyke.
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Figure 5.7. Frequency distribution of Thalassina mound heights for whole of Carey Island.
Numerals above bars indicate % contribution of each size class of mud lobster mound
height.

Box & Whisker Plot: Height (cm)

70
PLANTATION . SE

60

50
€
S
ez 30 O
2 O
[5)
T ]

O

20

10

10 o Mean

PL PC RD DB BB B L Tw L MeanSD

T Mean+1.96*SD
Mound Location

Figure 5.8. Mound height (cm) in relation to location (transect across bund from sea to
plantation) for the whole length of dykes in Carey Island.

For zones (x-axis): Plantation-PL, Plantation canal-PC, Road-RD, Bund ditch-DB, Bottom
bund-BB, Top bund slope-TB, Landside bund top-TL and waterside bund top-TW. (see
Figure 5.2 for detail of the zones).
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5.3.1.4 Mud lobster mound burrow diameter

Figure 5.9 shows the frequency distribution of burrow mouth diameter which
indicates that mouth diameters generally fell between 3 to 5 cm, and were slightly
positively skewed in distribution. The diameter of the burrow mouths ranged from 1 to 12
cm. The mean mouth diameter of mounds located on low ground between BB to PL
(plantation) were generally larger (>5cm) than those on higher ground (dyke). Figure 5.10
shows the mean of burrow diameters in relation to position of zones which indicated that
the lowest mean burrow diameter (4-5cm) was found at the bund top (TL) and followed by
TW zone. The mean burrow diameter from BB to PL zone generally fell between 5- 6¢cm.
The correlations among three mound characteristics showed that all were significant with
each other (P<0.05); the highest was between mound height and mouth diameter (r=0.52),

and the lowest was between burrow diameter and mound height (r = 0.36) (Table 5.3).

K-S d=.18129, p<.01; Lilliefors p<.01
—— BExpected Normal
1000 v

900 |

800 |

700 f

600 |

500 f
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400 |

300 f

200 |

100 |

X <= Category Boundary

Figure 5.9. Frequency distribution of all burrow mouth diameter for whole of Carey Island.
(X = mouth diameter, cm).
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zones for whole length of dykes in Carey Island.
For zones (x-axis): Plantation-PL, Plantation canal-PC, Road-RD, Bund ditch-DB, Bottom

bund-BB, Top bund slope-TB, Landside bund top-TL and waterside bund top-TW. (see

Figure 5.2 for detail of the zones).

W ] Mean+SD

T Mean+1.96*SD

Table 5.3. Correlations among three mound characteristics (all significant P< 0.05).

Spearman Rank Order Correlations (new data)
MD pairwise deleted
Marked correlationsare significant at p <.05000

Height (cm)| Diameter (cm) Burrow Diameter
Variable (cm)
Height (cm) 1.00000:! 0.52278: 0.36418.
Diameter(cm) 0.52278. 1.00000:! 0.47691
Burrow Diameter (cm) 0.36418. 0.47691 1.00000!

*Red value indicates significant different at P<0.05
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5.3.2 Dyke Colonization by mud lobster at Site Al

From January to December 2006, a total of 245 new mud lobster mounds were
established in the 100 x 25m experimental plot at Site A1, an area where the dyke had been
just repaired with excavated sediment from the ditch and mangrove area close by.
Colonization frequency by mud lobsters was very high during the first 1-2 months, but
rapidly dropped off over the following 2 months (Figure 5.11). Over the 12 months of
observations, the rate of establishment of new mounds by zone was highest at the waterside
dyke top (TW) (9.08 mounds/ month), followed by the bottom bund slope (BB) (5.75
mounds/ month), dyke ditch (DB) (2.25 mounds/ month), landside dyke top (TL) (1.75
mound/ month), top dyke slope (TB) (1.5 mounds/ month), and road (RD) (0.25 mounds/
month). Locations in the plantation canal (PC) and plantation proper (PL) did not indicate

the presence of lobster mounds.

The distribution of new mounds was found to be the highest at the bund top (water
side, TW) (44%), followed by the bottom bund slope (BB) (28%), (Figure 5.12). The
zones of TL, TB, DB and RD recorded 9%, 7%, 11% and 1% respectively. Figure 5.16
shows that the number of new mounds at zone (TW) was relatively higher during the full
moon or bright lunar phase (Month “A”) as compared to new moon or dark phase (Month
“B”), although the numbers progressively decreased with time. This moon-phase pattern
was not so obvious on the dry side of the bottom bund slope (BB). The (TW) zone also
showed the number slightly increased from month of September to November (Figure

5.13).
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Figure 5.13. Monthly distribution of newly colonized mud lobster mounds by zones from
January to December 2006 (Site Al).
A= full moon (spring tide) B= new moon (spring tide).
For zones (x-axis): Road-RD, Bund ditch-DB, Bottom bund-BB, Top bund slope-TB,
Landside bund top-TL and waterside bund top-TW. (see Figure 5.2 for detail of the zones).
From the total of new mounds recorded, it was found that 77.6% (190) were active
mounds (A), followed by 15.1% (37) “Inactive” mounds (InA) and 7.3% (18) abandoned
mounds (O). Figure 5.14 shows the “activity” of the mounds by zones across site Al over
12 months. Most of the active new mounds were found on the water side zone (TW,
n=98), followed by bottom bund slope (BB; n=56), TB (; n=14) and bund ditch (DB;
n=21). From January to April, the number of new active mounds was high at water side

zone (TW) and the number of new active mounds increased again from August to

November at zone (TW). The bottom bund slope (BB) also exhibited the same activity
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pattern with high number of new active mounds from January to March but this activity

pattern was not seen from August to September at zone (BB) (Figure 5.14).

Active (A)

Inactive (InA)

No. of New mound (Activity)

Abandoned (O)

o N N~ O

RD DB BB B TL T™W
Mound location

Figure 5.14. Distribution of new “Active” (A), “Abandoned” (O) and “Inactive” (InA)
mounds by zones across Al site (most abundant) over 12 months.

A= full moon (spring tide) B= new moon (spring tide). For zones (x-axis): Road-RD, Bund
ditch-DB, Bottom bund-BB, Top bund slope-TB, Landside bund top-TL and waterside
bund top-TW. (see Figure 5.2 for details of the zones).

5.3.3 Colonization of mud lobster mounds at Site B1

The total number of new mud lobster mounds enumerated was 305 mounds in an
area of 100 X 25 m. The total number of new mounds at site B1 was higher compare to the
most abundant site Al due to the mud lobster actively creating new mound at the first two

month of the experiment, which comprised (37.4% or n=114) for month (January-
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February). Most of the mounds emerged on the first and second month after the bund had
been repaired and slowly decreased in the subsequence months (March to Jun). The total
number of mounds started to increased again after August to November (Figure 5.15). The
distribution of mounds was found to be highest at the bund top zone (TW) (8.17 mounds/
month; n=99; 32%). This was followed by the bottom bund slope (BB) (7.67 mounds/
month; n=91; 30%) (Figure 5.16). The zones of TL, TB, DB and RD recorded 21 (7%), 20

(6.6%), (43; 14%) and (31; 10%) new mounds, respectively (Figure 5.16).

Figure 5.17 shows that the number of the new mounds at zone TW was
comparatively higher during the full moon or bright phase (Month “A”) as compared to
new moon or dark phase (Month “B”) and the numbers of mounds progressively decreased
the following month. The numbers of the new mounds at zone (TW) started to increase
again from the month of August to October and decreased again from November to
December (Figure 5.17). This moon-phase activity pattern also showed on the dry side of
the bottom bund slope (BB) but with higher new mounds at new moon (Month “B”)
compared to full moon (Month “A”) (Figure 5.17). Apart from the first peak during month
January-February, zone TW and BB also clearly showed a second peak during month

October-November (Figure 5.17).
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Figure 5.17. Distribution of new mud lobster mounds by zones from January to December
2006 for Site B1. A= full moon (spring tide) B= new moon (spring tide).

For zones (x-axis): Road-RD, Bund ditch-DB, Bottom bund-BB, Top bund slope-TB,
Landside bund top-TL and waterside bund top-TW. (see Figure 5.2 for detail of the zones).

From the total new mounds recorded, 76.4% (233) were active mounds (A),
followed by 17.4% (53) “Inactive” mounds (InA) and 6.2% (19) abandoned mounds (O).
Monthly colonization and distribution of new active mud lobster mounds by zones showed
most of the active mounds (30.0 %) were found on the bottom bund slope (BB), followed
by 29.2% at the water side zone (TW) and 15.9% was at the dyke ditch (DB) zone (Figure
5.18). From January to April, the number of new mounds was high at water side zone
(TW) and the number of new mounds increased again from August to November. The
bottom zone also exhibited the same activity pattern with high number of new mounds

from January to March and increased again from September to November (Figure 5.18).
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Figure 5.18. Monthly distribution of newly colonized mud lobster mounds by zones from January to December 2006 (Site B1).
A= full moon (spring tide) B= new moon (spring tide). For zones (x-axis): Road-RD, Bund ditch-DB, Bottom bund-BB, Top
bund slope-TB, Landside bund top-TL and waterside bund top-TW. (see Figure 5.2 for detail of the zones).
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5.3.4 Colonization of mud lobster mounds at Site C1

Site C1 recorded the lowest total numbers of new mud lobster mounds with 53 (n)
mounds in an area of 100 x 25 m from January to December 2006 compared to site A1 and
B1. Temporally, colonization of new mud lobster mound at site C1 did not show clear
pattern compared to sites Al and B1 (Figure 5.19). Month of April showed the highest
number of new mounds (n=7) compared to other months for the site C1 (Figure 5.19).

The distribution of new mud lobster mound colonization on the dyke zones was
found to be highest at the road zone (RD) (1.58 mounds/ month; n=19; 35.9%). This was
followed by the bund ditch zone (DB) (1.41 mounds/ month; n=17; 32%). The other zones
of BB, TW, TL and TB recorded of (9; 17%), (4; 7.5%), (3; 5.7%) and (1; 1.9%)
respectively (Figure 5.20).

Monthly Distribution of new mud lobster mounds by zones did not show any clear
pattern on thedyke. Most of the new mounds were found on the road zone (RD) and ditch

of the dyke (DB) from month January to April 2006 (Figure 5.21).
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Figure 5.19. Total number of new mud lobster mounds in newly repaired dyke (Site C1)
over 12 months. A= full moon (spring tide) B= new moon (spring tide).
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Figure 5.20. Distribution and abundance of new mud lobster mounds for each zones at Site
C1 on the dyke.

Numerals above bars indicate % contribution of transect zones to mound numbers.

For zones (x-axis): Road-RD, Bund ditch-DB, Bottom bund-BB, Top bund slope-TB,
Landside bund top-TL and waterside bund top-TW. (see Figure 5.2 for detail of the zones).




RN
s
APR A [
RN
R

<OIOIDIDIOLIDLOEZO
Zzommooxx>>zza2WEouW

© <<ungaa<cc>SS <P

c ORULULSSI<ISSDD

>

2 RD DB BB

=

5 5

o

z 4

Mound Location

Figure 5.21. Distribution of monthly new mud lobster mounds by zones from January to
December 2006 for Site C1. A= full moon (spring tide) B= new moon (spring tide).

For zones (x-axis): Road-RD, Bund ditch-DB, Bottom bund-BB, Top bund slope-TB,
Landside bund top-TL and waterside bund top-TW. (see Figure 5.2 for detail of the zones).

From the total of new mud lobster mounds recorded at site C1 (n=53), it was found
that 73.6% (n=39) were active mounds (A), followed by 18.9% (n=10) “Inactive” mounds
(InA) and 7.5% (n=4) abandoned mounds (O). Monthly colonization and distribution of
new active mud lobster mounds (A) by zones showed most of the active mounds were
found on the ditch at the dyke zone (DB) (n=13) and road zone (RD) (n=13) with 33.3%.
This was followed by 18.0% at the bottom bund slope (BB) (n=7), water side zone (TW)
(n=3; 7.7%), top dyke toward landside zone (TL) (n=2; 5.1%) and top of the dyke (TB)
(n=1; 2.6%) (see Figure 5.22). However, activities of the mud lobster mounds did not

showed any consistent pattern.
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Figure 5.22. Monthly distribution of newly colonized mud lobster mounds by zones from Jan — Dec 2006 (Site C1).
A= full moon (spring tide) B= new moon (spring tide). For zones (x-axis): Road-RD, Bund ditch-DB, Bottom bund-BB, Top bund
slope-TB, Landside bund top-TL and waterside bund top-TW. (see Figure 5.2 for detail of the zones).
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5.3.5 Spatial and temporal variation of environmental parameters in/ near mud

lobster mounds

5.3.5.1 Ditch water parameters

The mean ditch water pH at the dyke ranged from 4.1 to 5.3 in the entire three sites,
with the most acidic water recorded at site C1 (Table 5.4). Kruskal-Wallis test showed
that there was no significant differences (H=5.60, P>0.05) in water pH among the three
sites (Table 5.4). The mean monthly ditch water pH shows general increase of the pH
reading starting from the month of April 2006 to June-August when the pH reached the
highest at around neutral. Ditch water pH then sharply dropped to the lowest (pH 2-3) in

October or November at all three sites (Figure 5.23a).

The mean salinity of the ditch water ranged from 9.7 to 16.5 ppt (Table 5.4).
Kruskal-Wallis test showed that salinity at site Al (16.5+ 7.2) was significantly (p<0.05)
higher than site B1 (9.7+5.4) (Table 5.4). However, site Al showed two similar high
peaks in May and November and both recorded salinities fell after one month indicating the

highly fluctuating salinity of the ditch water (Figure 5.23b).

Kruskal-Wallis test showed that the redox potential (mv) of the ditch water at site
Al (149.8+100.6) and site C1 (252.6+119.7) were significantly different (P<0.05) (Table
5.4). However, like salinity, the redox potential fluctuated greatly and the lowest values

near to zero or below occurred from June to September (Figure 5.23c).
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5.3.5.2 Soil parameters

The mean soil pH was acidic ranging from 4.2 to 5.4 (Table 5.4). Kruskal-Wallis
test showed significant differences (P<0.05) in soil pH between site Al (5.4£1.2) and site
C1 (4.2£1.0). Mean monthly soil pH shows an almost similar pattern as the ditch water pH

for all three sites (Figure 5.23d).

Mean temperature at all three sites similarly ranged from 28.7°C to 29.7°C. Soil
temperatures among the three site were not significantly different (P>0.05; Table 5.4).

Mean monthly temperatures did not show any clear temporal pattern (Figure 5.23e).

Mean sediment moisture (%) recorded the highest value at Site A1l with mean of
36.5+£7.0% and ranged from 25.4 to 47.0%. Site C1 recorded the lowest value with mean
of 30.1+5.4% (Table 5.4). Kruskal-Wallis test revealed that sediment moisture (%) at Site
Al was significantly higher (P<0.05) than Site C1 (Table 5.4). The temporal trend of the
mean monthly sediment moisture (%) at all sites indicated that moisture content at the
highest in February/ March gradually decreased to the lowest between May-July before it

gradually increased to November (Figure 5.23f).

Highest organic content was recorded at Site A1l with mean of 16.8+2.1% and
ranged from 14.1 to 19.2%, while the lowest was recorded at Site B1 with mean of
14.3+1.9%. Site C1 recorded almost similar organic content as Site B1 with mean of
14.7+£1.5%. Kruskal-Wallis test revealed that sediment organic content at Site Al was
significantly higher (P<0.001) than the other two sites (Table 5.4). The monthly mean
sediment organic content (%) over the sampling period showed no clear temporal pattern

(Figure 5.239).
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Table 5.4. Mean water parameters, standard deviations (SD) and summary of Kruskal-
Wallis test results for difference among three different sites (Al, B1, C1) on the dykes of
Carey lIsland. Similar superscript alphabets indicate homogenous groups tested at 5%
significance level using Kruskal-Wallis test. Al= heavy infestation, B1= moderate
infestation, C1 = low infestation.

Parameter Al B1 Cc1 p- level
Ditch water pH Mean 5.3% 4.6% 4.1° 0.0607
Sd 14 1.5 1.1
Range 2.8-7.3 2.5-6.7 2.7-6.2
n 72.0 72.0 71.0
Ditch water Salinity (ppt) Mean 16.5° 9.7° 12.4%P <0.05
Sd 7.2 5.4 5.1
Range 4.0-26 0-23 4.0-22
n 72.0 72.0 71.0
Ditch water redox Mean 149.8% 203.9%° 252.6" <0.05
potential (Mv) Sd 100.6 85.4 119.7
Range 387-(-51.1) 334-16.2 492-44.6
n 72.0 72.0 71.0
Soil pH Mean 5.4° 5.1 4.2° <0.05
Sd 1.2 1.2 1.0
Range 2.9-7.3 3.5-7.0 2.6-6.1
n 72.0 72.0 71.0
Soil temperature (°C) Mean 29.7% 29.0% 28.7% 0.4240
Sd 2.12 1.2 0.8
Range 27.1-33.8 27.3-31.8 27.5-30.7
n 72.0 72.0 71.0
Sediment moisture (%)  Mean 36.5° 32.7*° 30.1° <0.05
Sd 7.0 7.1 54
Range 25.4-47.0 21.2-44.8 19.2-39.7
n 32 30 20
Organic matter (%) Mean 16.8° 14.3 14.7° <0.001
Sd 2.1 1.9 15
Range 14.1-19.2 10.8-17.5 12.8-18.3
n 36 36 36
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Redox potential (Mv)
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Figure 5.23. Monthly mean values of water parameters and sediment organic contents and
soil moisture at three sampling sites in Carey Island. (* standard deviation omitted for
clarity). A= full moon (spring tide) B= new moon (spring tide). Al= heavy infestation,
B1= moderate infestation, C1 = low infestation.

117



5.3.5.3 Sediment particle size

Site Al

a)

b)

d)

Clay

Clay showed highest mean (%) value at site A1 with mean of 32.3+8.5%, followed
by site C1 with mean of 32.1+8.4%. Site B1 recorded the lowest mean value of
25.0£4.8% (Table 5.5). Kruskal-Wallis test showed that composition of clay was
significantly higher (P<0.01) at site A1 & C1 compared to site B1 (Table 5.5).

Fine silt

Site Al recorded the highest mean of fine silt (36.9+£8.9%) with the range 25.2 to
48.8 % compared to other site (Figure 5.12). Kruskal-Wallis test showed that
composition of fine sand was significantly higher (P<0.01) at site Al (36.9+8.9%)
and C1 (36.0+8.9%) compared to site B1 (28.2+6.5%) (P<0.01) (Table 5.5).

Coarse silt

Site B1 recorded the highest mean composition (%) of coarse silt with the value
(35.5+5.6%), followed by the lowest at site Al (23.1+£15.4%) (Table 5.5). Kurskal-
Wallis test showed the significant difference between site A1 with site B1 (p<0.05)

(Table 5.5).

Very fine sand

Highest mean (%) of very fine sand recorded at site B1 with mean of 24.2+9.1%
and range between 0- 32.3% (Table 5.5). Kruskal-Wallis test revealed site Al
(10.1£11.2%) and C1 (11.5£13.8%) was significantly different with site B1 (Table

5.5).
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e) Fine sand
Kruskal-Wallis test revealed that site B1 (10.7+£7.5%) was significantly

different with site C1 (2.0£3.3%) (P<0.001) (Table 5.4).

f) Medium sand
Site Al recorded the highest mean of medium sand (3.2+5.5%), followed by
site B1 (2.4%£4.1%) and the lowest recorded at site C1 (0.6+2.5%) (Table
5.5). There was no significant difference of medium sand among site

(P>0.01).

g) Coarse sand
Site Al and B1 are the two sites which recorded the sediment content
composition of coarse sand with the mean of (0.2£0.7%) and (0.8+3.6%)

(Table 5.5).

h) Very coarse sand
Site B1 was the only site recorded with the sediment has very coarse sand

with mean of 0.15+0.63% (Table 5.5).
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Table 5.5. Mean soil composition (%), standard deviations (SD) and summary of Kruskal-

Wallis test results between three different sites in the dykes of Carey Island.

Al= heavy infestation, B1= moderate infestation, C1 = low infestation.

Soil composition (%) Al Bl C1 p- level
Clay Mean 32.3° 25.0° 32.1° <0.01
Sd 8.5 4.8 8.4
Range 20.7-43.9 19.3-37.1 21.8-44.1
n 36 36 36
Fine silt Mean 36.9° 28.2° 36.0° <0.01
Sd 8.9 6.5 8.9
Range 25.2-48.8 21.7-46.8 24.0-45.7
n 36 36 36
Coarse silt Mean 23.1° 35.5° 29.1*° <0.05
Sd 154 5.6 12.6
Range 3.5-42.2 19.4-41.7 3.9-42.8
n 36 36 36
Very fine sand Mean 10.1° 24.2° 11.5% <0.001
Sd 11.2 9.1 13.8
Range 0-26.1 0-32.3 0-34.3
n 36 36 36
Fine sand Mean 7.2%° 10.7° 2.0° <0.001
Sd 8.9 7.5 3.3
Range 0-21.2 0-22.1 0-9.1
n 36 36 36
Medium sand Mean 3.2 2.4 0.6 0.0242
Sd 55 4.1 2.5
Range 0-15.9 0-13.7 0-10.8
n 36 36 36
Coarse sand Mean 0.2 0.8 0 0.3675
Sd 0.7 3.6 0
Range 0-2.6 0-15.5 0
n 36 36 36
Very coarse sand Mean 0 0.15 0 0.3679
Sd 0 0.63 0
Range 0 0-2.8 0
n 36 36 36
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5.3.5.4 Mud lobster infestation in relation to sediment and water parameters

The biplot results from principal components analysis (PCA) show that the highly
infested site (A1) contained mainly clayey-fine silt, medium sand substrate of high organic
and moisture content, with interstitial water that recorded the highest salinity, pH and

temperature as compared to other sites (Figure 5.24).
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Figure 5.24. PCA biplot showing the water and soil characteristics of three habitat sites
with different levels of mud lobster infestation. Al= heavy infestation, B1= moderate
infestation, C1 = low infestation.
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5.4 Discussion

The distribution pattern of T. anomala along the perimeter dyke of Carey Island was
not random. The results from the distribution and abundance of T. anomala mounds along
the entire dyke length (91.9 km) showed that 618 quadrats or 61.8 km of the dyke did not
show any mud lobster mounds (Table 5.2). These results indicate that the infestation
occurs only in areas that likely favor the animal’s habitat requirements or physiological
needs. Based on the number of the active mounds and on the assumption that one active
mound is occupied by a single individual, the mud lobster population on the dyke (to about
25 m inland) was estimated to be 1233, or a mean population density of 3.34 +10.38 mud

lobsters per 100 m of dyke length (or 2500 m?).

The mound distribution pattern shows that most of the mounds occurred at two
major areas, one on the northern ear of the island at the lower estuary of the Langat River
and the other, on the southern coast of the island at the Sungai Hitam estuary which is

located next to the mangrove reserve (see Figure 5.4).

Most of the active mounds were found in the road zone (RD) and the bottom bund
slope (BB); hence, these two zones as the most preferred area in the plantation beyond the
dyke. It is likely that these two zones are the most preferred area since they are located
next to the bund ditch where the sediment water content is high and the ground water table
is just below (see Figure 5.2). Ng & Kang (1988) reported that T. anomala burrows lead

down to the water table so that the animal can wet its gills.
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The mean heights of mounds built on the TL (11.6 + 5.70 cm) and TW (13.3+7.05
cm) zones were the lowest on the top dyke slope compared to other zones (Figure 5.8).
The result also showed that the mean mouth diameter of the burrow under the mound at the
top bund slope between TL and TW zones were smaller than those on low ground between
B to PL zones (Figure 5.10). Thus, this suggests that the mounds at TL and TW zones
were occupied by smaller mud lobsters which arrived from the mangrove side of the bund

and therefore, these two zones are the first place of invasion by the mud lobsters.

The colonization frequency and distribution of new mud lobster mounds on the
newly repaired bunds was found to be highest at the bund top on the water side zone (TW)
followed by the bottom bund slope (BB) (Figure 5.12 & 5.16). On the water side of the
bund, there was no mud lobster mounds found below the mean high water neap level (see
Figure 5.25). The results also show that there were relatively much fewer mounds in the
intervening zones between TW and BB zones. Thus, it is hypothesized that water side
(TW) zone presents the first line of invasion by mud lobsters which penetrate through the
bund before invading the landward side of the bund, and subsequently staying at the bottom
bund slope (BB) near to the bund ditch (Figure 5.25). This shows that the mud lobster

prefers proximity to water.
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Figure 5.25. Diagram shows the hypothesized path of invasion by mud lobsters from the
mangrove/ estuary side.

The pH levels of the ditch water at the dyke indicated that the pH was highly acidic,
ranging from 2.5-7.3 for the all three sampling sites (A1, B1, C1). The pH levels showed it
start to decrease from July to November 2006 and the extremely low pH values were
recorded in the month of October and November with the range of 2.5 to 3.5 pH (see
Figure 5.23a). Andriesse et al. (1973) working in the mangrove swamps of Sarawak (East
Malaysia) revealed that the mud lobster’s burrowing activity brings up sulfide-rich
subsoils that will develop extreme acidity upon aeration and oxidation at the surface. In
addition, the carbon dioxide from respiration of the mud lobster and associated fauna inside
the mounds, as well as decomposition of organic matter, could decrease the pH values in

the soil (Sasekumar 1974; Ashton et. at., 2002).
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Organic matter could be an important factor influencing the area of infestation by T.
anomala on the dyke. According to Johnson (1961), Sankolli (1963) and Ng & Kang
(1988), T. anomala is a mud feeder obtaining and seiving the organic matter in the mud.
Therefore, T. anomala likely favours dykes with high organic matter for their nutrition.
Moh et al. (2015) showed that the distribution of T. anomala on the high mangrove shore is
correlated to high sediment organic matter. Organic matter such as from plankton and
detritus is presumed to be brought into the dyke by the daily incoming tides via the mud
lobster burrow. Nevertheless, the coastal bunds are regularly shored up and maintained by

plantation soils every two years.

The distribution of Thalassina on the dyke shows that fine sediment of less than 250
um with high moisture is the preferred kind of substrate (Table 5.4 & 5.5). Webb (1958)
reported finer sediment size hold more water than coarse grains and the water table tends to
stay higher because of greater capillarity. High soil moisture content can either be due to
frequent tidal inundation or freshwater input. Pillai (1989) reported T. anomala prefers

fine-grained sediment in the mangroves of Laucala Island, Fiji.

Sankolli (1963) conducted experiments to test the tolerance of T. anomala to
salinity by placing the animal separately in fresh water and sea water for 15 days, and
found both lived well. Therefore he concluded T. anomala can tolerate wide changes in
salinity. Moh et. al. (2006) reported that since T. anomala live on the high shore, it would
need to be better adapted to tolerate lower salinity stress from episodic rainwater. In the
present study, the salinity measured at all the three sampling sites fluctuated widely each
month. Such fluctuations could be due to the weather of the day the measurements were

taken, e.g. rainfall has the effect of diluting the saline ditch water at the dyke. According to
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local people, mud lobsters could be seen emerging from their mounds during freshwater
floods after they had fully covered (capped) their mounds for more than a day. Most of the
mud lobsters would die after emerging from their mound. This strange behavior seems to

indicate they cannot tolerate living in fresh water for long periods.

During high spring tide there appears to be a higher number of invasions or
recruitment of young mud lobsters through the dyke, from the mangrove area to the
plantation, at full moon compared to new moon. Nonetheless, the burrowing activities of
Thalassina on the dyke are very much dependent on tidal fluctuations or height of the tide,
rainfall and the frequency of wettings on the dyke. All these factors have the effect of
wetting and softening the dyke soil which make it easier for the animal to dig and feed on

the mud.

Higher saline water from the estuary can flow into the dyke ditch either via the
mud lobster burrow during high spring tide or through the tidal gate if opened. However
the tidal gate is only opened during heavy downpour or to drain excessive rain water from
the plantation. It had been observed that large amount of the saline water from the estuary
flowed through the dyke from TW to BB zone inside the dyke via mud lobster burrows
during high spring tide. It is also hypothesized that the mud lobster also uses the same
burrow to move out of the plantation from the BB (or DB) zone to the TW zone during the
breeding season when they release their mature eggs into the water during high spring
tides. Thalassina anomala came to the surface during nocturnal high tides to disperse the
freshly hatched larvae. Dispersal is presumably facilitated by vigorous flexion of the
abdomen (Pillai, 1982). According to Pillai 1985 there is a spawining peak between

September and November which is 14 berried females been trapped for the larval lide
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studies. Thus, the result also shows more activities of the mud lobster, where both sites Al
and B1 clearly showed two frequency peaks of active mounds (A) at zone BB and zone TW
during spring tide. From the mud lobster catches during March to May and September to
November at the TW zone (or dyke slope facing mangrove area, it was found that more
berried females occurred during these periods as compared to the other months. Berried
females were more often observed during spring tides when strong tides are needed to
export their larvae off shore (Moh et. al., 2015). The results indicate that T. anomala
living inside the bund has two breeding periods in a year as attested by two major
recruitment periods (Fig. 5.13 and 5.17). Nevertheless, further studies are required,
particularly the occurrence of larvae of mud lobsters in the estuaries and off shore waters
needs to be substantiated in order to confirm the spawning season of Thalassina in the

study area.
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Chapter 6

Control of mud lobters (Thalassina anomala) infestations on coastal dykes

6.1 Introduction

The most common species of mud lobster, Thalassina anomala is distributed
widely across the Indo-West Pacific region, and are found wherever there are mangroves
up to the extreme high water mark several kilometers inland from the water margin
(Macnae, 1968). The mud lobster burrows down to a depth of 1.5 meter. The dug sediment
is moved up to the surface resulting in mounds that often reach up to 2 meter height. Their
excavating activities contribute to recycling of material from deep in the mud, loosening
the mud and allowing air and oxygenated water to penetrate the otherwise oxygen-poor

sediment (Ng & Sivasothi, 1999).

Thalassina anomala is however destructive to man-made coastal structures, as for
example in reclaimed mangrove land. Sankolli (1963) noted that the animal is notorious
for causing severe damage to coastal bunds by its burrowing habits. The bunds of paddy
fields and aquaculture ponds located in coastal lands are also subject to this sort of damage
by Thalassina mud lobsters, often interfering with paddy cultivation and aquaculture and
thus have been regarded as pests in India, Bangladesh and Southeast Asian countries
(Pillai, 1985; Macintosh, 1988; Holthuis, 1991). In the early 1950s, when much of the
coastal mangrove forests were reclaimed for agriculture in Malaysia, Ferguson (1951)
reported that this creature wrecked damage to coastal dykes incurring high costs of repair

and maintenance.
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Carey Island located on the west coast of peninsular Malaysia (Figure 5.1; Chapter
5) was formerly mangrove forests which had been cleared felled for agricultural
development in the early 1900s, and earthen dykes were constructed around the entire
island to protect it (plantation) from seawater intrusion. These dykes have since existed
and been maintained by the plantation owners. Interestingly, the plantation practices began
with the planting of rubber followed by coconut, tea, coffee and finally to oil palm in 1955,
as a result of successive crop failures and changing market demand. Coastal dykes not only
block the intrusion of seawater during high tide, but also cut off the natural ingression of
marine animals into the reclaimed land. However, these coastal dykes do not deter T.
anomala from searching their preferred natural habitat on the upper mangrove forest
including dykes where the substrate is suitable. It has been estimated that dyke damage and
maintenance in Carey lIsland incurs an annual cost of between RM1.5 to 2million. An
estimated average cost of about RM15, 000.00 per kilometer is spent on maintenance and
repair each year (Mr. Gunasekaran Uthiradam, Senior Manager for East estate at Carey

Island from Sime Darby plantation, personal communication).

Thalassina anomala has also been reported to build burrows in the bunds of coastal
prawn ponds weakening them, causing leakage and eventual collapse if the bunds are not
maintained and repaired (Tham, 1967). Fish farmers eliminate mud lobsters by dropping
into their burrows a small piece of calcium carbide which reacts with water releasing toxic
acetylene gas which kills them, or by pouring quicklime (calcium oxide) into the burrows
to generate heat that will kill on contact the moist animal (Tham, 1967). More toxic
chemicals used include DDT mixed with kerosene, Sevin and carbofuran employed to kill
mud lobsters. Nonetheless, chemical control provides only a temporary solution as their

numbers soon build up after a few months. There is thus a need to find a long-term solution

129



to the problem, and develop biological and safe methods to control mud lobster infestations

in man-made coastal dykes.

Initial observations in the distribution study of mud lobster mounds on the dykes in
Carey Island showed that areas that were heavily covered with grass had much less mud
lobster mounds. It became apparent that the thick covers of suitable grass species with
closely-set stolons or deep fibrous roots could obstruct the tunneling activities of the mud
lobster. Thus, the main objective of this study was to find environment-friendly ways to
control the colonization of these burrowing animals on coastal dykes. The hypothesis
tested was that suitable small vegetation such as grasses hinder mud lobster infestations.
Based on the earlier findings regarding mud lobster tunneling behavior on encountering a
coastal dyke (Chapter 5 on distribution), grass planting of suitable species on it may help to
control mud lobster invasions. The idea is to plant a grass species with long vertical roots
on the outer bund slope to prevent the first entry of the animal (point A to B), and also to
plant another species of grass with net-like stolons to prevent the aerial emergence of the

animal when they pile up the dug soil (Figure 6.1).
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6.2 Materials and methods
6.2.1 Study area

The study sites on Carey Island were the coastal dyke located on the northern
branch of the Langat River, Selangor. The selected areas were among the most infested

areas by mud lobsters on Carey Island (Chapter 5).

The experimental design used was a completely randomized design of 6 treatments
of vegetation, each with three replicates. Three different species of grass and their
combinations constituted the treatments including a control or no vegetation for the plot
(Table 6.1). Eighteen plots of 5m x 6 m size were prepared for an experimental design that
comprised of treatments (with grass) and controls (without grass). All existing vegetation

was completed removed from the bund before the experiment.

Mangrove

Figure 6.1 Schematic diagrams of study zones and planting method of the vegetation across
the dyke to prevent mud lobster intrusion.
*Diagram drawn not to scale.
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6.2.2 Vegetation planting

Three grass species with different root and stem characteristics were selected for
the experiment. These were Chrysopogon zizanioides (L.) Roberty, Cynodon dactylon (L.)
Pers. and Paspalum distichium (L.). Chrysopogon zizanioides commonly know as Vetiver
grass is an introduced grass species that forms deep growing roots and commonly used in
highway slope protection. Cynodon dactylon and P. distichium are naturally-occurring

grass species on the bund which form horizontal and thick ramifying stolons.

A single row of Vetiver (Ch. zizanioides) grass were planted at the edge of the
water side zone (TW) on top of the dyke with distances of 25 cm apart for the Ch.
zizanioides alone, Ch. Zizanioides + Cy. dactylon and Ch. zizanioides + P. distichium
treatment plot. Slope or BB zone plants were planted “staggered” from bottom to top, with
distances of 60 cm between plants (up to approximately 3 meters) on the dyke slope. Cy.
dactylon and P. distichium grass were planted among the Ch. zizanioides grass clumps (see
Figure 6.1). Every week, the control plots were removed of all vegetation that grew on the

plot.

The percentage coverage of the growing grass was recorded using quadrats (plots
with grid of 1m?) and eye estimation method (Cox, 1990) once every month, from
September 2006 to December 2007. Each month, new mounds of mud lobster were
enumerated and recorded. The position of each new mound was located using GPS before

the mound was marked with a wooden peg driven into the ground.
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Table 6.1. The random assignment of vegetation species and control plots on the dyke.

Plot Treatment

Plot1  Chrysopogon zizanioides (L.) Roberty + Paspalum distichium (L.)
Plot2  Chrysopogon zizanioides (L.) Roberty + Paspalum distichium (L.)
Plot3  Chrysopogon zizanioides (L.) Roberty + Cynodon dactylon (L.)
Plot4  Control

Plot5  Chrysopogon zizanioides (L.) Roberty + Paspalum distichium (L.)
Plot6  Cynodon dactylon (L.)

Plot 7  Chrysopogon zizanioides (L.) Roberty

Plot8  Chrysopogon zizanioides (L.) Roberty + Cynodon dactylon (L.)
Plot9  Cynodon dactylon (L.)

Plot 10 Chrysopogon zizanioides (L.) Roberty

Plot 11  Paspalum distichium (L.)

Plot 12  Paspalum distichium (L.)

Plot 13  Chrysopogon zizanioides (L.) Roberty + Cynodon dactylon (L.)
Plot 14  Control

Plot 15 Chrysopogon zizanioides (L.) Roberty

Plot 16 Control

Plot 17 Cynodon dactylon (L.)

Plot 18 Paspalum distichium (L.)

6.2.3 Statistical analysis

One-way ANOVA of cumulated no. of new mounds was used to determine any significant

differences among the five different treatments (and control) at the 8™ and 16™ month from

the start of the experiment. If the ANOVA data showed significant results, significant

difference among means was further post-tested by Tukey test. Dunnett test was further

used to investigate if there was any significant difference in the grass treatments against the

control group. All statistical analyses were performed using the software Statistica VVersion

10.
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6.3 Results

6.3.1 Effectiveness of vegetation covers study to control the mud lobster population on
the dyke.

The treatment with Ch. zizanioides alone gave the lowest mean cumulated new
mound of 1.00+ 1.00 and 2.67+ 0.58 new mound per plot at the 8" month and 16" month of
experiment, respectively. Treatment with Ch. zizanioides alone also showed the slowest
growth in mean vegetation cover after 8 month period (66.7%) and reached 100% cover
after 9 month period (Table 6.2). Mean cumulative new mounds in plots of Ch. zizanioides
alone showed significant difference with plots planted with Cy. dactylon, Ch. zizanioides +
Cy. dactylon and control treatment at end of 16 months (Table 6.2). With Ch. zizanioides
alone treatment, no new mud lobster mounds were built after 12 months of the experiment

(Figure 6.2).

Cynodon dactylon alone treatment gave a mean cumulative new mound of 4.33+
2.08 and 6.00+ 1.00 mounds per plot after 8 month and 16 month, respectively. Cynodon
dactylon alone had a grass cover of 78.33 % after 8 months and over 100% after 9 months.
Cynodon dactylon alone treatment showed there were new mounds enumerated even after
the grass cover achieved 100 % (Figure 6.3). Mean cumulative new mound of Cy. dactylon
alone showed significant difference with Ch. zizanioides, Ch. zizanioides + Cy. dactylon

and control treatment after 16 months (Table 6.2).
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Paspalum distichium alone treatment showed mean cumulative new mounds of
3.33£ 0.58 and 5.67% 1.53 mounds per plot for 8 months and 16 months of the experiment.
Paspalum distichium alone treatment showed there were new mud lobster mounds
enumerated in the plot even with a mean cover of 100% after 9 months (Figure 6.4). Mean
cumulative new mounds for P. distichium alone only showed significant difference with

control treatment after 16 months (Table 6.2).

The plots given Chrysopogon zizanioides + Paspalum distichium treatment gave a
mean cumulative new mound of 4.00+ 0.00 and 6.67+ 2.08 mound per plot at the 8" and
16™ month, respectively. Chrysopogon zizanioides + Paspalum distichium treatment also
showed there were new mud lobster mounds that emerged from the plot even with a cover
of 100% at month 10 (Figure 6.5). Mean cumulative new mound of Ch. zizanioides + P.
distichium treatment showed significant difference with Ch. zizanioides, Ch. zizanioides +

Cy. dactylon and control treatment at 16™ month (Table 6.2).

Chrysopogon zizanioides + Cynodon dactylon treatment gave 2.67+ 0.58 mound
per plot at the 16™ month. The Chrysopogon zizanioides + Cynodon dactylon treatment had
the fastest vegetation growth reaching 100 % grass cover on the plot the 8" month and
there was no more new mud lobster entry after 9 months (Figure 6.6). Mean cumulative
new mound of Ch. zizanioides + Cy. dactylon showed significant difference with Cy.

dactylon, Ch. zizanioides + P. distichium and control treatment the 16™ month (Table 6.2).

The control group showed gave the highest infestation rate at 11.33+ 0.58 mounds
per plot at the 16™ month.  Figure 6.7 showed that the number of the new mounds

increased at the control plot after 7" months (when all other treatment plots reached 100%
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of grass cover). The number of new mounds deceased reaching a peak at 13" month.
Mean cumulative new mound of control showed significant difference with all other
treatment at 16™ month (Table 6.2). However, mean cumulative new mounds for all the
treatments including control showed no significant difference among each other at month 8

(Table 6.2).
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Table 6.2: Comparison total number of accumulative mounds per 3 plots, mean no. accumulative mounds per plot (90m?) and
mean percentage cover (%) for five different treatments of grass and control plot over 8 months and last month (16 months).

No. of cumulative | Mean no. of cumulative | Mean % total cover of
Plots Treatments mounds after mounds per plot after vegetation after
Cover >
8 months | 16 months | 8 months 16 months 8 months 100%
7,10and 15 | Chrysopogon zizanioides | 3 8 1.00+ 1.00° |2.67+0.58° | 66.67+5.78 | 9 months
6,9 and 17 Cynodon dactylon 13 18 4.33+2.08% | 6.00+ 1.00° 78.33+ 10.4 | 9 months
11, 12 and 18 | Paspalum distichium 10 17 3.33+0.58° |5.67+1.53*" | 77.66+6.43 | 9 months
Chrysopogon zizanioides
1,2and5 + Paspalum distichium 12 20 4.00+ 0.00° |6.67+2.08° |73.00+5.00 | 9 months
Chrysopogon zizanioides
3,8and 13 + Cynodon dactylon 6 8 2.00+ 1.00* | 2.67+0.58° 86.67+ 7.64 | 8 months
4,14 and 16 | Control 8 34 2.67+1.15% | 11.33+0.58° |/ /

Homogenous groups indicating no significant difference (P>0.05) by Tukey’s test are shown by similar superscript alphabets.
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Figure 6.2. Total number of the new mud lobster mounds and percentage cover (%) of
Chrysopogon zizanioides on experiment plots.
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Figure 6.3. Total number of the new mud lobster mounds and percentage cover (%) of
Cynodon dactylon on experiment plots.
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Figure 6.4. Total number of the new mud lobster mounds and percentage cover (%) of
Paspalum distichium on experiment plots.
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Figure 6.5. Total number of the new mud lobster mounds and percentage cover (%) of
Chrysopogon zizanioides + Paspalum distichium on experiment plots.
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Figure 6.6. Total number of the new mud lobster mounds and percentage cover (%) of
Chrysopogon zizanioides + Cynodon dactylon on experiment plots.
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Figure 6.7. Total number of the new mud lobster mounds of control on experiment plots
(no vegetation).
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Vertical bars denote 0.95 confidence intervals
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Figure 6.8. Combination treatments on cumulative mounds at month 16, where all
vegetation growth achieved 100%.cover.

One way ANOVA on cumulative mounds showed Ch. zizanioides alone and Ch.
zizanioides + Cy. dactylon treatment was the most significant different (P < 0.05)
compare with control treatment than Cy. dactylon, P. distichium, Ch. zizanioides + P.
distichium. This result showed that both Ch. zizanioides alone and Ch. zizanioides +
Cy. dactylon treatments are the best preventive measures against mud lobster infestation
at lowest rate on cumulative new mounds at 16 month (Fig. 6.8). Although both Cy.
dactylon and P. distichium treatments was significantly (P < 0.05) different than control
treatments, however, both treatments are not the best protection to lower the infestation

rates of the mud lobster (Figure 6.8 and Table 6.3).
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Table 6.3. Dunnett test for Post Hoc Tests for new cumulative mounds for five different
treatments for the last month (16 months).
*Red value indicate significant different at P<0.05

Dunnett test; variable NewCum (LastMonth in vegcontro2fi
Probabilities for Post Hoc Tests (M<Control)
Error: Between MS = 1.4444, df = 12.000
Include condition: Ref =16

Grass {1}
Cell No. 11.333
1 Con
2 Cyn| 0.00034.
3 Pas| 0.000211
4 Vet|| 0.00002
5
6

Vet + Cyn|{0.00002.
Vet + Pas)|0.00099

From the result the grass treatment against control showed planting of vegetation

method can reduce the mud lobster mound on the dyke (Figure 6.3).

6.4 Discussion

Cynodon dactylon grows by forming extensive ramifying horizontal stolons that
form a closely-knit cover. This grass appears to discourage mound building by mud
lobsters by preventing them from emerging (horizontal obstruction). The burrowing
ability of fiddler crab to create burrows and the distribution and abundance Uca pugnax
correlated with root mats density (Ringold, 1979). On the hand, the deep growing roots
of Chrysopogon zizanioides form an effective subterranean net curtain against landward
invasions (vertical obstruction) of the mud lobster. The fibrous roots of Ch. zizanioides
grass could reach down to 3 meter depth (Erskine, 1992; Truong, 1999; Hellin and
Haigh, 2002), to obstruct the tunneling movement of the mud lobster through the dyke
as it migrates from the mangrove to the plantation. Wang et. al, 2015, reported old
Spartina alterniflora stands have higher root biomass peaked at soil depth of 10-30 cm

and prevent crabs burrow through the thick root layer. Wang et. al, 2015 also indicated
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that fine roots impacted on crab burrow dimensions and depth, while rhizomes
influenced burrow branch number and curved degree. The root system of Ch.
zizanioides forms a thick underground curtain of tightly bound soil particles and roots
that penetrate deeply and expand radially to at least 3 meter (Grimshow, 1994,
Chomchalow, 1998). Bertness and Miller (1984) suggest that medium root density
provides structural support for crab burrow and heavy root density accumulation limits
crab burrowing. Highly dense fine roots of S. alterniflora limited crab burrow
dimension (Ringold, 1979; Bertness and Miller, 1984). High pneumatophore density
limit burrow construction, crab movement, and food harvesting, particulary in the case
of large sesarmid crabs; high root density also limits crab density (Van Nedervelde et
al., 2015). In salt marshes, vegetation cover influences the morphology and complexity
of the burrows of grapsid crabs since roots and other plant matter in the sediment can

interfere with burrow construction (Katrak et. al., 2008; Brook et al., 2009).

The combination of the two different grass covers of Ch. zizanioides and Cy.
dactylon appear to best control the mud lobster infestation on the dyke. The Ch.
zizanioides and Cy. dactylon combination retarded new invasions by mud lobsters after
8 months of grass planting which achieved a total grass cover growth of 100%. The
grass planting programme of Cy. dactylon and Ch. zizanioides achieved 100% coverage
in 8 months which was also the shortest period among the five treatments (Table 6.2).
The combination of Cy. dactylon and Ch. zizanioides showed no new mud lobster
mound entry to the dyke after the cover of the grass reached 100 % after 9 month
period. The Ch. zizanioides and Cy. dactylon combination showing no new mud lobster
mound emerged after 9 month. While, Ch. zizanioides alone does not stop the new
entry of the new mud lobster mound after the cover of the grass reached 100% (9

month) and it only stop the new entry of mud lobster after 12 month period. The
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combination of Chrysopogon zizanioides + Paspalum distichium do not showed the
stop of the new entry of the mud lobster mound until the end of the experiment. This
could due to the Paspalum distichium has shallow rhizomes compared to Cy. dactylon
which forming a dense mat and deep root system. Cynodon dactylon or called Bermuda
grass is a creeping grass and root where ever a node touched the ground. It has a deep
root system and in the drought or dry condition the root system can grow up to 120-150
cm deep. Most of the root mass of Cy. dactylon lies 60 cm under the surface. Cynodon
dactylon rhizomes are strong, stout, branched and spread rapidly. Paspalum distichium
or commonly known as knotgrass are the dense mat of stolons grass that has shallow
rhizomes and creeping, extensively branched stolons with adventitious roots at nodes

(Holm et al., 1997).

The field experiment showed that Ch. zizanioides alone is just as suitable for
controlling the mud lobster dyke infestation in the long-term (12 month) (Figure 6.2).
This result is interesting because at 8 months of grass growth, the Ch. zizanioides grass
alone was not as effective as the grass combined with Cy. dactylon, suggesting that
although total grass cover appears to be an important factor in mud lobster control, the
‘vertical element’ as provided by Ch. zizanioides is the vital key factor in the control of
the animal. This is because full vegetation cover achieved in 9 months by the short-
rooted Cy. dactylon and P. distichium grasses were not as effective as Ch. zizanioides
alone. Capehart & Hackney (1989) reporting that dense roots of S. alterniflora
effectively limit P. carolzniana burrowing activities. The overall results clearly show
that grass vegetation cover provides good control on mound construction by mud

lobsters.
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Chrysopogon zizanioides grass is thus the best of all treatment grasses. It is a
natural, low cost, and eco-friendly control method to reduce mud lobster invasion of
coastal mud dykes. The grass is tolerant to extreme climatic variations, highly
adaptable to a wide range of soil types (pH 3.0-10.5) as well as tolerant to acidic and
saline conditions (Truong & Baker 1998; Truong 1994; Truong et al., 2003), giving it
an advantage over other grasses against mud lobster invasions in coastal dykes
including aquaculture pond dykes that are often plagued by mud lobster damage.
However, in the case of Carey Island, there is the problem slow-subsidence of mud
dykes which requires topping of mud dykes to maintain their height so as to prevent

tidal ingressions.
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7.1

Latreille, 1806, of decapod crustaceans commonly called mud lobsters.

Chapter 7

General Discussion and Conclusion

Taxonomic status of Thalassina: an update of extant species

The family Thalassinidae Latreille, 1831, contains one genus Thalassina

They are

widely distributed across the Indo-West Pacific region. Recently, the taxonomic status

of the Thalassina species has undergone much changes and review. From a status that

is first considered monotypic (Glaessner, 1969), the recent discoveries and review

suggest a total of nine extant species based on morphology (Table 7.1).

Table 7.1. The current extant species of Thalassina based on morphology with or
without molecular validation.

No. | Species name Species status
Morphology | Validated
by
molecular
data
1. Thalassina anomala (Herbst, 1804) Yes Yes
2. Thalassina squamifera De Man, 1915 Yes Yes
3. Thalassina gracilis Dana, 1852 [sensu Ngoc-Ho | Yes Yes
& de Saint Laurent, 2009]
4. Thalassina kelanang Moh & Chong, 2009 Yes Yes
5. Thalassina krempfi Ngoc-Ho & de Saint Yes No
Laurent, 2009
6. *Thalassina spinirostris Ngoc-Ho & de Saint Yes No
Laurent, 2009
7. Thalassina spinosa Ngoc-Ho & de Saint Yes No
Laurent, 2009
8. Thalassina australensis Sakai & Turkay, 2012 | Yes No
9. Thalassina saetichelis Sakai & Turkay, 2012 Yes No

* Molecular data show this as species inquirenda, likely a morphotype of T. gracilis
(Moh, unpublished)
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The present study has revalidated four species of Thalassina using both
molecular and morphological characters; these are T. anomala, T. gracilis, T.
squamifera and T. kelanang (see Moh & Chong, 2013). The molecular approach is
considered a useful tool to validate species distinctness and to verify the phylogenetic
relationships between the species of the Thalassina. From the collections of the
samples of Thalassina from the Malaysian mangrove area, we found a new species of
Thalassina from Malaysia; T. kelanang and one new record, T. gracilis. We also
collected ‘another species’ of Thalassina (Thalassina spinirostris) from the same area
as T. gracilis on Carey Island (Site 3) (see Chapter 4). Thalassina spinirostris samples
was considered a new species by Ngoc-Ho & de Saint Laurent, (2009) based on two
paratypes; 1 female (MNHN Th 1521) and 1 male (NHML 2008.3111), both of which
were specimens from Malaysia. They further contended that the species is found only
in Singapore and Malaysia. However, molecular analysis of the T. spinirostris showed
that it is very likely to be T. gracilis (Moh, unpublished). This species has also been
reported to be very similar to T. gracilis in many morphological features by Ngoc-Ho &
de Saint Laurent (2009). Thus, based on morphology, T. gracilis is likely to possess
two morphotypes; one that possess 1-2 spines at lateral border while the other has 5-6
tubercles at lateral border (as in T. gracilis). The presence of morphotypes in
Thalassina makes it imperative that molecular analysis must be carried for the
remaining species of Thalassina (T. spinosa, T. australensis and T. saetichelis) in order
to verify their validity as species (Table 7.1). Hence, we contend that there are currently
eight species of Thalassina but four species need to be confirmed by molecular

evidence.
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7.2 Colonization strategies and adaptation of T. anomala on the dyke

This study shows that only T. anomala was found on the man-made dyke and is
the sole cause of dyke damage in Malaysia. This is due to the higher tolerance of T.
anomala to dry condition where they are found on the high shore of the mangrove area.
T. anomala occurs on the high intertidal shore close to the landward side of the
mangrove shore where tides inundate the ground for 111-184 days of the time in a year.
Thus, it is also possible T. anomala is less tolerant of immersion in water. This is
supported by observations made on T. anomala which are not common in the mangrove
area that is subjected to daily tidal inundation. From the study, T. anomala prefers
sediment with high organic content and constructs deeper but less complex burrows to
obtain enough nutrients from dyke sediment (Chapter 4) which comprised of mainly
clayey-fine silt and medium sand substrate of high organic and moisture content. Here,
the interstitial water also recorded the highest salinity, pH and temperature as compared
to other sites lower down the shore. The digging frequency of the T. anomala on the
dyke is dependent on rainfall, tidal fluctuation, and frequency of tidal wettings. When
spring tidal frequency of wetting increases and the top soil becomes soft, animal activity
increases. The active mound which indicates tunneling activity below is capped with
wet or soft soil. Basically, all these factors (rainfall, tidal wetting) have the effect of
softening the mud or soil in the dyke which make it much easier for the T. anomala to

dig deeper into the dyke or high shore area.

The present study shows that the first invasion of mud lobsters begins at the
bund top nearest to the river bank at the high spring tide, and proceeded diagonally
downwards to the opposite side of the bund on the plantation side near the bund ditch

(Chapter 5), and then spread further landwards. It is to be assumed that mounds are
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constructed near to the water table since water moisture is important to the animal.
However on the bund top, mounds are constructed on the river side (TW) since
incoming tides continually wet the bund slope. Indeed, the bund top on the river side
(TW) harbours the most number of mounds, albeit generally smaller ones. This
indicates the smaller individuals of mud lobsters occurred at the bund, while the larger
individuals occurred more landwards. It appears that the smaller individuals of mud
lobster enter the bund during spring tide only, and the reason is to avoid the flooding of
the dug tunnel. It is unlikely that the invasion began below the bund top on the river
side, i.e. during neap tide, since the tunnels will be filled with seawater during spring
tides. The number of active mounds was relatively higher during spring tides compared
to neap tides, suggesting more active feeding during the spring tide.  This is the
important strategy shown by T. anomala living at the man-made bund. The ontogenetic
shift or spatial distribution of T. anomala population in the man-made environment

likely mirrors what happens in its natural habitat (mangrove).

7.3 Control of Thalassina anomala on the dyke

Based on our findings of the entrance and passage route of the mud lobster
tunnel on the coastal dyke, we were able to suggest an effective control measure for
mud lobster infestations without the use of toxic chemicals. Overall, the study has
shown that the combination of Chrysopogon zizanioides (Vetiver) and Cynodon
dactylon was the most effective way to reduce the mud lobster mounds on the man-
made earthern dyke. This control method uses both the technique of vertical barrier
(long plant roots) and horizontal obstruction (closely set horizontal stolons),
respectively. The physical structures of vegetation have been shown to be important
hindrances to animals that inhabit burrows. For instance, the dense root mat of

Australian mangroves is particularly impenetrable to crabs (Hutchings & Saenger,

148



1987). Based on the success of the present study, we have proposed a grass planting
programme at minimal cost. It is recommended that this grass planting procedure be
implemented at the same time the dykes are repaired and maintained. In this way, the
entire dyke perimeter will eventually be protected by selected grass cover against mud

lobster invasions.

7.3.1 Planting method of the vegetation on the dyke

Vetiver grass should be planted in rows, one row on the top of the bund, and
several rows (3-5) on the side facing the plantation up to the mid-height (approximately
0.3m) of the bund (Chapter 5, Fig. 5.2). The top bund plants should be planted 25cm
apart along the edge of the bund. The slope rows should be planted “staggered” with
distances of 60 cm between plants. Cynodon grass should be planted among the Vetiver
grass clumps at the slope bund. When planted in single row, Vetiver grass will form a
hedge which can form extremely deep (3-4m) and massively thick root system
underground (Truong et al., 2008). Studies have showed that it is very difficult for
crabs to cut dense and flexible roots belowground when burrowing (Ringlod, 1979;
Bertness & Miller, 1984). Burrow dimension and crab burrowing performance are
acutely reduced by dense roots (Lim & Heng, 2007; Wang et al., 2015). From the
planting experiment, the combination of Cy. dactylon and Ch. zizanioides showed that
the cover of the grass on the surface reached 100 % just after 9 months from planting.
From the survey of the rooting depth after one year of the experiment, the root length of
Ch. zizanioides could reach 1.0 meter while roots mat of single plant Cy. dactylon could

reached to four square feet on the dyke of Carey Island.
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7.4 Limitations and future work

In this study, the behavior of the mud lobster in making inter- connected
burrows that give rise to several mounds on the surface, gives rise to the problem of
making a good estimate of the mud lobster population. The abundance of the mud
lobster population on the dyke was estimated from the number of active mound i.e.
those covered by wet mud which was assumed to indicate recent occupancy by the mud
lobster. It was also assumed that one wet mound is equivalent to a single occupant.
Trial diggings of the mound and underground tunnels showed this to be true most of the
time, except when the mud lobsters paired during the breeding season. However, it is
not known whether one individual could dump wet soil onto two mounds on the same
night. Future work should attempt to accurately estimate the population by using
digging out mud lobsters from adjacent wet mounds. Such information would enhance
the accuracy of the density and population estimation of adult mud lobster on the dyke

and plantation.

Sankolli (1963) reported that mud lobsters emerge outside their burrows only
during moonlit night, to unload mud and presumably also to search for mates.
According to Pillai (1982), the mud lobster probably comes to the surface during
nocturnal high tides to disperse the freshly hatched larvae. Based on these reports and on
the results of the present study, it is hypothesized that the adult T. anomala mud lobster
is less tolerant of immersion, preferring the drier conditions as found on the upper
intertidal shore, while the larval stages are wholly marine and gradually move landwards
with ontogenetic development. Future work should be planned to explain some of the
interesting observations made in the present study, for instance, are the two peaks of
abundance (Figure 5.15 related to the peak recruitment of juveniles from the adjacent

mangrove — thus suggesting two spawning peaks? Also, how do adult mud lobsters in
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the plantation close their life cycle, and do they migrate back to the river via their entry
burrows? We can speculate that T. anomala that stays near the bund migrates back to
river via their entry burrow since sea water was observed to flow in and out of their
burrows during extreme high spring tides. While, mud lobsters that inside further in the
plantation could access the river via the plantation canals and through the tidal gates that
control the discharge of freshwater from the plantation. Reproduction and larval studies
of the mud lobster could provide further evidence to answer and support the current
results and observations. For instance, it would be informative to find out how the mud

lobsters living inside the plantation breed and disperse their larvae.

The food habits of T. anomala in the mangrove habitat had been studied by
Johnson (1961) who found that they feed on organic matter in the mud. However, it is
not known whether the food source for plantation-dwelling mud lobsters is derived from
the plantation soil itself although it is rich in organic matter (Chapter 5), or they depend
on flood tide entry of seawater into the tunnels that bring in plankton and detritus. If
indeed they depend on the latter, it appears that mud lobsters may feed only
intermittently since food is only replenished during spring tide which floods the initial
tunnel entrance at the dyke. There are still many unanswered questions which need

further studies on this enigmatic creature.

75 Conclusions

The present study is the first detailed taxonomic and ecological study of the mud
lobster Thalassina on Malaysian mangrove shores. A total of three species of
Thalassina are found on the mangrove shore of Kelanang and Carey Island, namely, T.

anomala, T. gracilis and T. kelanang. The present study has not only contributed to the
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existing taxonomic knowledge on the three Thalassina species including the Australian
species, T. squamifera based on morphological traits, but also to the molecular genetics
and phylogenetic relationships of the four species of Thalassina. On the mangrove
shore, spatial distribution and partition of the three Thalassina species is strongly driven
by environmental factors such as tidal inundation, salinity and substrate characteristics.
T. anomala occurs at the high intertidal near to landward side of the mangrove shore; T.
kelanang inhabits the middle to lower mangrove shore and is more tolerant to tidal
inundation; and T. gracilis also occurs at the mid-tidal zone sharing a similar
microhabitat as T. kelanang in term of tidal inundation and frequency. However, T.
gracilis is observed at the upper estuary and never found together with T. kelanang at
the lower estuary or at the sea shore. The greater tolerance of T. anomala to the harsher
and drier conditions in the upper intertidal shore, explains why it is the only species
found inside coastal dykes where they caused dyke damage and seawater intrusion into
coastal plantations. T. anomala invasion into dyke began at the dyke top on the
mangrove side before settling down at the dyke bottom on the plantation side where
there is a dyke ditch. Most of the mounds (73%) were found on either side of the dyke
ditch, but mounds could be found as far as 10m into the plantation area from the dyke.
Fresh mounds occur throughout the year but appear to occur in two larger peaks
(January- February and August- November). The elucidated mud lobster’s tunneling
route across the dyke and its habit of discarding dug soil to the surface make it possible
to experimentally obstruct its movements by planting suitable vegetation. The
combination of Chrysopogon zizanioides (Vetiver) and Cynodon dactylon grasses is the
most effective method to control and reduce the invasion of mud lobster (T. anomala);
the first grass with its long vertical roots and the second grass with its dense mat of
surface stolons. This study thus contributes to new knowledge and an ecologically-

friendly method to reduce mud lobster invasions through the man-made dyke.
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