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ABSTRACT

Elysia pusilla (Bergh, 1872) is a sacoglossan sea slug that feeds on
calcified green algae, Halimeda spp. It can incorporate and maintain chloroplasts from
its algal food in its digestive glands, exhibiting kleptoplasty. The slug distributes in
tropical Indo-Pacific. Evolution, symbiotic relationship, and kleptoplastic ability of sea
slug have been well documented. However, less is known about their temporal variation
in natural populations including the relationship between abundance of slugs and its
algal hosts. Therefore, in this study, population dynamics of E. pusilla, the relationship
between abundance of E. pusilla and its algal hosts, Halimeda macroloba, and
behavioral ecology of E. pusilla were investigated at Lidee Island, Satun province. The
results show that there was temporal variation in density of H. macroloba and E. pusilla
egg masses but there was no variation in density of E. pusilla individuals because the
number of the slugs was low. The analysis suggested that density and total surface area
of H. macroloba which is the habitat availability might determine the occurrence of the
slugs and the egg masses. There was a higher occasion to find the slugs in dense patches
of the algae in which it related to surface area of the algal host.

In this study, the age of algae was categorized into 4 stages, stage 1 is
the new recruitment and stage 4 is mature plant. The highest number of slugs, egg
masses and grazing marks were found on stage 4 which has the largest surface area
comparing to the other stages. The highest number of egg masses and segments with
grazing marks were found on the terminal segments. This part of the thalli has high
concentration of secondary metabolites. These secondary metabolites reported to be
utilized by slugs to deter their predators. In addition, terminal segments have thin
calcification which helped the slugs graze easier. Moreover, the upper segments
including terminal segments have larger surface area than the basal segments, reflecting

the larger area of habitat use for the slugs. It might be another reason of a high
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occurrence of egg masses and grazing marks. Therefore, the amount of surface area
which is related to the availability of habitat might be the important factor of habitat
selection in E. pusilla.

Keywords : symbiosis, Elysia, Halimeda
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INTRODUCTION

Background and rationale

Elysia pusilla (Bergh, 1872) or Halimeda slug is a non-shelled sea slug
in the order Sacoglossa (Subclass Heterobranchia) which is known as a marine suctorial
herbivore (Jensen, 1997; Trowbridge & Todd, 2001; Baumgartner & Toth, 2014). This
species was found throughout the tropical Indo-Pacific (Vendetti et al., 2012; Jensen,
2015; Krug et al., 2016). The radula of this slug group was specifically modified to feed
on their algal host and E. pusilla only consumes the calcified green algae in the genus
Halimeda. (Jensen, 1993; Handeler & Wagele, 2007; Ponder et al., 2020). They also
use the algae as habitat and nursery ground where they lay eggs. E. pusilla has
symbiotic relationship with its algal food called kleptoplasty similar to other species in
this genus. Elysia can retain chloroplasts from algae and obtain sugars from
photosynthesis when the food is lacking (Pierce et al., 1999; Vendetti et al., 2012;
Middlebrooks et al., 2019; Ponder et al., 2020). Moreover, the slug’s body color reflects
the color of chloroplasts from algal food which help them camouflage (Brandley, 1984;
Jensen 1997; Handeler et al., 2009; Krug et al., 2016; Ponder et al., 2020). Moreover,
some non-shelled marine slug ingests the noxious chemicals for antipredator defense
including E. pusilla. It ingests the diterpenoids from its algal host and the chemical is
used to protect itself from the predators (Paul & Van Alstyne, 1988b; Ponder et al.,
2020).

One of the largest Halimeda meadows in Thailand is on a mudflat
located between Lidee Lek and Lidee Yai Island, Satun province which comprises only
one species of Halimeda, Halimeda macroloba Decaisne, 1841 (Pongparadon, 2009;
Mayakun & Pratep, 2019). In this algal species, amount of calcium carbonate
accumulation and chemical composition vary with age (Paul & Van Alstyne, 1988a;
Mayakun & Pratep, 2019). Chemical compositions (secondary metabolites) also vary
between different layers of segment. Younger plants and new segments have more
secondary metabolites than mature plants and older parts (Paul & Van Alstyne, 1988a).

Calcium carbonate and secondary metabolites are used as feeding deterrents to



herbivores (Paul & Van Alstyne, 1988a). As Halimeda is the only food source for E.
pusilla, variation in characteristics of the algal host might affect habitat selection,
feeding and spawning behavior of E. pusilla.

Because the slug in this group is cryptic, the biology of sacoglossans are
poorly known (Jensen, 1997). There are studies on the relationship between other Elysia
and algal hosts. E. cf. furvacuada and E. papillosa fed on different algal species in
different seasons to maximize the benefit from photosynthesis by algal chloroplasts
(Brandley, 1984; Gowacki, 2017; Middlebrooks et. al., 2019). E. tricinuata of different
ages chose different species of Codium (Trowbridge et. al., 2008). Although E. pusilla
distributes widely in the tropical Indo-Pacific region, population dynamics, habitat
selection and feeding ecology of the species are not well understood including the data
of the relationship between the slug and its algal host. Even though E. pusilla was
extremely specific to Halimeda, the data of the relationship still lacking. Abundance of
algal host might be a key determinant of the abundance of slugs. Thus, the objectives
in this study are 1.) to investigate the population dynamic of E. pusilla 2.) to investigate
the relationship between H. macroloba and E. pusilla in terms of habitat use 3.) to
investigate whether the number of slugs, egg masses and grazing mark differ between
different life-history stages of H. macroloba and 4.) to investigate whether different
positions of H. macroloba segment influence number of E. pusilla’s egg masses and

grazing marks found on the thalli.



Review of literature
1. Characteristics of sacoglossan

Order Sacoglossa are well-known marine herbivores (Trowbridge &
Todd, 200 1; Baumgartner & Toth, 2014). All of the slugs in this order are suctorial
feeders (Jensen, 1997). The sacoglossan is separated into shelled and non-shelled
groups. Both of them consume different genus of green algae (Class Ulvophyceae).
Most sacoglossan are stenophagous, consuming one or two genera of green algae
(Jensen, 1983, 1997; Trowbridge & Todd, 2001) and some are euryphagy, consuming
more than two genera of green algae (Jensen, 1994; Curtis et al., 2006; Curtis et al.,
2010). Most of non-shelled sacoglossa mainly consume siphonalean or septate green
algae (Clark & Busacca, 1978; Clark et al., 1990; Clark, 1992; Jensen, 1993). The non-
shelled sacoglossan genus Elysia can eat several species of algae. Some of them feed

on seagrasses, diatoms and opisthobranch eggs (Jensen, 1997).

Life history of most sacoglossans was different between different
climatic zones (temperate and tropical zones). Species in tropical zone such as Elysia
australis spawn and recruit throughout the year while the reproduction of temperate
species is seasonal. For example, the temperate species E. furvacauda and E. papillosa

reproduce in spring and early summer (Clark & Defreese, 1987; Brandley, 1984).

F 458

. A

Fig. 1 a External morphology of Elysia pusilla b Halimeda macroloba was grazed by
E. pusilla. An egg mass is also present.



2. General characteristics of Elysia pusilla (Bergh, 1872)
2.1 Classification

Kingdom Animalia

Phylum Mollusca

Class Gastropoda

Subclass Heterobranchia

Order Sacoglossa

Family Plakobranchidae

Genus Elysia Risso, 1818

Species Elysia pusilla (Bergh, 1872)

Elysia pusilla (Bergh, 1872) (Halimeda sea slug) was firstly described
as Elysiella pusilla Bergh, 1872, and eventually relocated to genus Elysia as Elysia
pusilla (Bergh, 1872) (Jensen, 1996; Bass & Karl, 2006; Handeler & Wagele, 2007).
The synonym of this species is Elysia halimedae Macnhae, 1954. E. pusilla is a species
in the subclass Heterobranchia (=Opisthobranch) (Krug et al., 2016), order Sacoglossa
(=Ascoglossan) and family Plakobranchidae which has approximately 350 species
(MolluscaBase eds., 2021). In the case of E. pusilla, it only consumes Halimeda spp.
(Jensen, 1993; Handeler & Wagele, 2007).

2.2 Biology

Elysia can sequester chloroplasts from algae and utilize sugars from
photosynthesis (Pierce et al., 1999; Vendetti et al., 2012; Middlebrooks et al., 2019;
Ponder et al., 2020). Thus, it could live without food for a long time (Middlebrooks et
al., 2019). This phenomenon was described for the first time by Clark et.al. (1990) and
is called kleptoplasty (Jensen, 1997). E. pusilla can retain plastids for a few weeks
(Vendetti et al., 2012). It was reported that E. chlorotica can live normally without food
for 9 months (Middlebrooks et al., 2019). Elysia pusilla has been found throughout the
tropical Indo-Pacific such as Guam USA, Queensland Australia, Okinawa Japan and
north of Singapore (Vendetti et al., 2012; Jensen, 2015; Krug et al., 2016).



Most heterobranchs are hermaphrodite (Schmitt et al., 2007; Ponder et
al., 2020) including Elysia (Jensen, 1992; Schmitt et al., 2007). Reproduction of Elysia
pusilla is unique because it can produce two distinct larval morphs, both planktotrophic
and lecithotrophic larva, which is uncommon in invertebrates. The slug is the only
example from tropical Indo-Pacific which was found by Vendetti et al. (2012) that has
larval dimorphism. The character of sacoglossa slug’s egg mass is a coiled cord
(LaForge, 2006). One side of the egg mass was attached to the substrate. Its eggs were
in membranous capsules enveloped by gelatinous matrix. Its extra-capsular yolk (ECY)

is yellow-orange or orange ribbon inside transparent jelly matrix (\Vendetti et al., 2012).

3. Characteristics of Halimeda J.V.Lamouroux, 1812
Classification

Kingdom Plantae

Division Chlorophyta

Class Ulvophyceae

Order Bryopsidales

Family Halimedaceae

Genus Halimeda J.VV.Lamouroux, 1812

Halimeda J.V. Lamouroux, 1812 is a green calcified alga distributed in

warm-temperate and tropical zone (Paul & Van Alstyne, 1988a; Sinutok, 2008;
Pongparadon, 2009; Mayakun et al., 2012). Its thallus consists of several segments
containing a multinucleate tubular cell with deposited calcium carbonate (Pongparadon,
2009). The algae developed the new segment at the terminal segment. Calcification
starts after 12 to 36 hours (Paul & Van Alstyne, 1988a; Sinutok, 2008; Pongparadon,
2009). Calcium carbonate inside Halimeda thallus was deposited in form of aragonite

crystal in the interfilament space (Borowitzka & Larkum, 1976).

Morphological characteristics, shape of thallus and segment, and type of
holdfast are used for identification in the field (Pongparadon, 2009). Halimeda is

dioecious having male and female gamete on different thalli (Pongparadon, 2009).



There are two types of reproduction in this genus, sexual and asexual reproduction.
Asexual reproduction happens when a new thallus grows from fragmented thallus or
segments or a new thallus is formed at the end of uncorticated siphons growing out
either from segments or from filaments of the holdfast. Life span of Halimeda is
different between species. There are 8 species of Halimeda reported in Thailand by
Pongparadon (2009) which are Halimeda discoidea, H. opuntia, H. heteromorpha, H.
tuna, H. borneensis, H. gigas, H. macroloba and one unknown species. In Thailand, H.
macroloba is the most dominant and only species which was found in both Andaman
Sea and Gulf of Thailand (Pongparadon, 2009; Mayakun & Pratep, 2019).

4. General characteristics of Halimeda macroloba Decaisne 1841

Halimeda macroloba Decaisne 1841 processes erect thallus with a
bulbous holdfast. Most of them have fan-shape. The shape of segments is cuneate,
rounded or ovate. Moreover, its irregular circle surface view of utricle is the differential
diagnostic character of this species (Pongparadon, 2009). Its life span was around 8 to
12 months (Sinutok, 2008; Mayakun & Pratep, 2019). One to two segments were
growing every day but this rate was varied and influenced by environmental factors
(Sinutok, 2008; Mayakun et al., 2012). This species was found in Africa, Islands in
Indian Ocean, Middle East South-east Asia, Asia, Australia, New Zealand and Islands
in Pacific (Guiry & Guiry, 2021). The extensive meadows in Thailand located in Lidee
Island, Satun; Libong Island, Trang; Similan Island, Phang Nga; Tang Khen Bay,
Phuket; Pun Wa Promontory, Phuket in Andaman Sea ( Pongparadon, 2009) and Ko
Rab, Suratthani in Gulf of Thailand (Mayakun, Unpublished). At Lidee Island, Satun
province, only one species H. macroloba Decaisne was reported. The highest
abundance of the green alga in Thailand has been reported in intertidal zone at the Lidee
Island (Mayakun & Pratep, 2019).

Life-history stage of H. macroloba was categorized into 6 stages by
Sinutok (2008). New recruitment was defined as first stage. The second stage was
young and non-calcified plant. The stage that accumulation of calcium carbonate is
found in some segments is called 3" stage. The 4™ stage is mature plants which



accumulation of calcium carbonate is found in every segment. A fertile plant is defined
as 5" stage. In this stage, the plant produces gametangia clusters which are small green

dots at the tips on upper segment. Dead plant was without chloroplast is called 6" stage.

Different amounts of calcium carbonate accumulation are found among
different life- history stages. This accumulation of calcium carbonate is well-known as
a morphological defense against herbivores (Paul & Van Alstyne, 1988a). There is
more calcium carbonate accumulated in older stages (4-6) than young stages (1-3)
(Mayakun & Prathep, 2019). In addition, the older alga has a longer and roundish needle
than a younger alga (Mayakun & Prathep, 2019). The other variation of this species is
a chemical composition. There are two major metabolites: halimedatrial and
halimedatetraacetate. The character of these metabolites is feeding deterrents to
herbivores (Paul & Van Alstyne, 1988a). The difference of chemical compositions
occurs at the different ages of algae and layers of segment. The highest layer of segment
is terminal segments and the youngest segments as well. There are more secondary
metabolites in younger plant and newly segment. The effect of higher concentration
from the youngest segments were influenced by lower accumulation of calcium
carbonate (Paul & Van Alstyne, 1988a).



Fig. 2 Life-history stage of Halimeda macroloba (Sinutok, 2008; Mayakun & Prathep,
2019)

a stage 1: newly recruited plant

b stage 2: young plant

c stage 3: partially-calcified plant

d stage 4: mature plant

e stage 5: fertile plant

f stage 6: dead plant

5. Relationship between Sacoglossa and macroalgae

Relationship between sacoglossan and their algal host was recognized as
the predator and prey interaction (Jensen, 1997). Radula teeth of sacoglossans were
designed for different types of algae (Jensen, 1993). So, there are a number of research
focused on the specificity of algal group and the slugs (Jensen, 1993, 1997; Krug et al.,
2016). Even though the habitat and food of the slugs were known, it was hard to see
the slug in the field because the color of them is similar to their host. Some sacoglossa

species has low density. Moreover, most of this sacoglossa group has a small size



(Jensen, 1997). Elysia uses the algal host as a habitat and food. The clumps of the algal
host are used as the shelter (Jensen, 1993; Handeler & Wagele, 2007; Krug et al., 2016).
Normally, the body of this slug is flat and it well griped the flattened surface of algal
host (Krug et al., 2016). Moreover, the co-adaptation of slug color and the host might
help them to disguise themselves from predators (Handeler et al., 2009; Krug et al.,
2016). Because of these reasons, the sacoglossans are difficult to study in terms of
ecology (Jensen, 1997). There are reports about the relationship between the slugs and
algal host on many scales: part of algal preference for different parts of algae (Paul &
Van Alstyne, 1988b; Trowbridge, 1993), different species of the algae in the same
genus that the slugs prefer (Trowbridge et. al., 2008), preference for different algal
genera (Trowbridge et. al., 2008) and the fluctuation in population of slug and its host
(Brandley, 1984; Gowacki, 2017; Middlebrooks et. al., 2019).



10

Objectives

1. To investigate population dynamics of Elysia pusilla in a Halimeda macroloba

(62}

meadow at Lidee Island, Satun province by examining temporal variation in
abundance of slugs with different age classes. The presence of egg masses was
monitored.

To investigate whether abundance of the slug E. pusilla is a host-density-
dependent. The abundance of the slug might be regulated by density of H.
macroloba.

To test whether abundance of the slug E. pusilla varies according to the life-
history stages of H. macroloba. In this study, the different ages of algae are
divided into number of life-history stages. The abundance of the slugs might be
regulated by the life-history stage of H. macroloba.

To test whether life-history stage of H. macroloba and position of segments
influence number of the egg masses. The abundance of egg masses might be

regulated by life-history stage and position of segments of algae.

. Toinvestigate whether the grazing marks of the slug were influenced by different

positions of segments of H. macroloba and life-history stage of the algae. The
different positions of segment and each life-history stage might influence

number of grazing marks.

Research goal

The goal of this study is to investigate population dynamics of Elysia

pusilla in a Halimeda macroloba meadow at Lidee Island, Satun province. Relationship

between E. pusilla and H. macroloba in terms of habitat use was studied. In addition,

there are variations in characteristics of H. macroloba thalli between life-history stages

and characteristics of segments at different positions along thalli. These variations may

affect the slug’s feeding behavior and selection of place to lay egg masses. Therefore,

the algal life-history stage influencing the presence of slugs, their egg masses and

grazing marks were investigated. Position of egg masses and grazing marks on thalli of

H. macroloba were also examined.
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MATERIALS AND METHODS

1. Study site and field collection

The study site was located in Halimeda macroloba meadow between
Lidee Lek and Lidee Yai Island (6° 46°58” N, 99° 46°10” E), Satun province, southern
Thailand (Fig. 3a). The meadow was an intertidal sandy-mud flat where H. macroloba
was the dominant species (Fig. 3b-e). Moreover, five species of seagrasses were
observed including Halophila ovalis (R. Brown) J. D. Hooker, Thalassia hemprichii
(Ehrenberg) Ascherson, Cymodocea rotundata Ascherson & Schweinfurth,
Syringodium isoetifolium (Ascherson) Dandy, and Enhalus acoroides (L. f.) Royle
(Mayakun & Prathep, 2019). Elysia pusilla was the only sacoglossa slug that was found
on this H. macroloba meadow (personal observations). The E. pusilla and H.
macroloba were collected monthly by random sampling from September 2019 to
October 2020 except in February and September 2020 when field work was canceled
because of rough sea, and from April to July 2020 because logistic difficulties during
the COVID-19 pandemic in Thailand.

Eighteen of 0.04 m? (20 x 20 cm) quadrats were randomly placed in the
H. macroloba meadow. The size and number of quadrats were determined as the
sampling was practical in a limited time period of low tide. All H. macroloba thalli
inside the quadrats were carefully collected. The holdfasts of each thallus were cut off
to reduce the interference in searching for the slugs due to sediment and debris. Each
thallus of the algae inside the quadrat was kept in a plastic bag and brought back to
laboratory for counting the number of slugs. The samples were brought back because
the slug was very small (1-19 mm) and the color of slugs was similar to their algal host.
Accordingly, the slug cannot easily be seen in the field. The plastic bags with samples
were placed in the undisturbed area for 1-2 hours to let the slug crawl out so the slug
can be observed easier. After the number of the slugs was counted, the algae in the
plastic bags were used to calculate the algal surface area.

The grazing mark on segment of H. macroloba was observed in the field

before collection of the algal thalli. A grazing mark was bleached, white continuous
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area on H. macroloba thallus where E. pusilla was seen nearby. Several photos of
segments/thalli which were grazed were taken immediately (Fig. 5a) because the marks
faded away rapidly (personal observation). In the field, the boundary of grazing marks
was not usually clear, so the number of grazing marks sometimes could not be counted.
The number of segments of different positions along a thallus and the number of thalli

of different life-history stages with grazed marks were counted instead.
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Fig. 3 a Location of sampling area (*) which is occupied by Halimeda macroloba
meadow between Lidee Lek and Lidee Yai, Satun province in Andaman Sea, Thailand

b-e H. macroloba meadow at low tide.
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2. Data collection
2.1 Population dynamics and abundance of egg masses

Mean density of Halimeda macroloba, Elysia pusilla and egg masses of
slug were examined monthly as described in (1.). Moreover, all slug specimens were
measured for their body length (mm) in the laboratory to examine temporal variation in
abundance of slugs with different age classes. The length was defined as the longest

length of the body when the slug was crawling.

2.2 Relationship between abundance of slugs, egg masses and their habitat

Relationship between abundance of E. pusilla, its egg masses and their
algal host, H. macroloba, was investigated. Density and surface area of algae were used
as proxies of availability of habitat. Density of slugs, density of egg masses and density
of algae (number of individuals per 400 cm?) were assessed in each quadrat and the
surface area of each thallus in each quadrat was combined to obtain a total surface area

of algae per 400 cm?.

To estimate the surface area of each algal thallus, the thallus was
flattened on a tray (Fig. 4) and the photos of each thallus were taken. The photos were

used to calculate and analyze the surface area using ImageJ© program.

2.3 Occurrence of slugs, egg masses and grazing marks on Halimeda macroloba of

different life-history stages

In this study, life-history of Halimeda macroloba was categorized into 6
stages which were referred from Sinutok (2008) and Mayakun and Prathep (2019).
Newly recruit plant with only one segment was classified into stage 1 (Fig. 4a). Stage
2 was young plant that has one or two layers of segment with three or four segments
(Fig. 4b). Partially calcified plant which has three or four layers of segment was
grouped into stage 3 (Fig.4c) and stage 4 was mature calcified plant (Fig. 4d). Fertile
plant which produced gametophores along the outer rim of segments was stage 5 and
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dead plant which have all segments bleached and brittle was stage 6. In this work, data
from the thalli of stage 5 and stage 6 were not collected. Thalli of stage 5 were barely
found on the date of collection and the slug has never been observed on this stage.
Stage 6 was a dead plant and there was no slug was found (personal observation). The
thallus where slugs, egg masses and grazing marks were found was categorized into the

above mentioned stages and counted for numbers.

There was a report about E. pusilla laid jelly-like egg masses on
Halimeda (Vendetti et al., 2012). In this study, the egg mass of E. pusilla on the
segments of H. macroloba was found. There are three types of ECY (extra-capsular
yolk) which were found in this research (Fig. 5b,c,d,e,f). There is a variation of egg
mass found in one species. The 1% type is a thin light green ribbons ECY between some
capsules (Fig. 5d). The 2" type is a spiral orange ribbon of ECY in the jelly matrix
(Fig. 5e) which was the same type as Vendetti et al. (2012) reported and these two types
of egg mass were found in the container which has only E. pusilla inside (personal
observation). The 3 in this study is a transparent jelly matrix with white blobs of ECY
on the upper face of the egg mass (Fig. 5f). The last type of egg mass might possibly
be E. pusilla egg mass. The personal observation found that its fertilized ova were
deposited within a string of membranous capsules containing alboumen (Vendetti et al.,
2012). Although egg masses appeared to have various morphs, they were not

categorized in the present study.

In addition, the surface areas of H. macroloba thallus at different life-
history stages were compared to evaluate potential differences in the availability of the
space that can be used by E. pusilla.
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Fig. 4 Halimeda macroloba thalli with different life-history stages; a-d = stage 1-4,

respectively.



17

Fig. 5 a Two Elysia pusilla can be seen on a mature Halimeda macroloba (stage 4)
thallus. Grazing marks are visible as white areas on the terminal and second segments.
Photograph b-f The egg masses with -d thin light green ribbons ECY (extra-capsular
yolk) between some capsules -e spiral orange ribbon of ECY in the jelly matrix -f

transparent jelly matrix with white blobs of ECY on the upper face of the egg mass.
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2.4 Occurrence of egg masses and grazing marks on different positions along

Halimeda macroloba thalli

Position of Halimeda macroloba segments in each thallus was
determined by referring from the longest branch of algae. Terminal segment of the
longest branch was sorted as 1% segment. The lower segments in the same branch were
respectively categorized as 2", 3", 4" segments. The position of segments on other
branches was referred to the longest branch which is used as the reference (Fig. 6). The

number of egg masses occurrence and the number of segments with grazing marks on

the different positions of segment were recorded.

Fig. 6 Schematic diagram of Halimeda macroloba segments defined in this study.
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3. Data analysis

One-way Analyses of variance (ANOVA) and Student Newman Keuls
(SNK) test were used to examine temporal variation in abundance of Halimeda
macroloba between eight months (fixed factor, 8 levels). Homogeneity of variance was
tested by Cochran’s C test. These analyses were done using the GMAV5 program.
Temporal variation in abundance Elysia pusilla and its egg mass were analyzed by
Kruskal-Wallis test due to high variance among months. Kruskal-Wallis test was done
using RStudio program. Size frequency data of the slug in each month were presented
as histograms.

Pearson correlation coefficient was used to test relationship between
animals, egg masses and the algae. The relationship investigated was 1) density of E.
pusilla and density of H. macroloba; 2) density of E. pusilla and total surface area of
H. macroloba in a quadrat; 3) density of egg masses and density of H. macroloba and,;
4) density of egg masses and total surface area of H. macroloba in a quadrat. Moreover,
Analysis for relationships was divided into two parts; 1) all the data were pooled across
months and; 2) the data were separated in each month and averaged to analyze for
monthly relationship studying. Pearson correlation coefficient was performed using
Analysis ToolPax in Excel, Microsoft office 365. Cohen’s (1988) conventions were
used to categorize the effect size. A correlation coefficient of 0.1,0.3 and 0.5 was
classified as a small, moderate and strong correlation respectively.

One-way PERMANOVA which based on Euclidean similarity was used
for the difference in surface area of H. macroloba between life-history stages. Stage of
algal thalli was a fixed factor. One-way PERMANOVA was analyzed by Past4
(Hammer, Harper, & Ryan, 2001).
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RESULTS

Population dynamics and abundance of egg masses

In this study, there was a temporal variation in abundance of Halimeda
macroloba. The lowest density of H. macroloba was found from September to
November 2019 and in March 2020 while the highest density of algae was found in
December 2019, August and October 2020 (F = 6.52, p < 0.001; SNK; Fig. 7a). The
density of Elysia pusilla was not different between months (H = 10.18, p = 0.17; Fig.
7b). There was a difference between density of egg masses in each month (H = 33.25,
p < 0.001; Fig. 7b). The highest density of the slugs and egg masses was in August
2020. There was no slug in March 2020 and no egg mass in September, October 2019
and January 2020.

Mean length of the slug was 8.51+0.81 mm (n=39). The smallest was 1
mm which was found in September 2019 (Fig. 8a) and the largest was 19 mm recorded
in December 2019 (Fig. 8d).
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Fig. 7 a Density (Mean + SE) of Halimeda macroloba and b Elysia pusilla and its egg
masses in September 2019 to October 2020. In February and September 2020 field
work was cancelled due to rough sea and in April to July 2020 because prevention of

COVID-19 pandemic. Letters above bars: different letters = significant difference

between months.
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Relationship between abundance of slugs, egg masses and their habitat

When data were pooled across months, there were a small to medium
positive correlations between density of E. pusilla, its egg masses and density, total
surface area of H. macroloba (r = 0.12 to 0.36; Fig. 9a-d). When monthly averaged data
were analyzed, the results show that there was a medium positive correlation between
mean density of the slugs, egg masses and mean density of the algae (r = 0.43,0.32; Fig
9e,q) as the relationship between mean density of the egg masses and mean total surface
area of algae (r =0.12; Fig. 9f). There was a strong positive correlation between mean
density of the slugs and mean total surface area of the algae (r = 0.56; Fig. 9f).
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Fig. 9 Relationships between Elysia pusilla, its egg masses and Halimeda macroloba,;
a-d relationships between slug, its egg mass and algal host were analyzed from data
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October 2020); e-h relationships were analyzed from monthly averages of all variables.
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Occurrence of slugs, egg masses and grazing marks on Halimeda macroloba of

different life-history stages

A total of 39 Elysia pusilla specimens were found in this study. Analysis
shows that the slug was significantly found on stage 4 Halimeda macroloba more than
the other stages (¥2 = 12.35; p< 0.01; Fig. 10a). The number of egg mass and the number
of grazed H. macroloba were not influenced by the different life-history stages (x2 =
1.51, 2.56; p = 0.68, 0.46; Fig. 10b,c). However, the highest number of egg masses and
grazing marks were observed on stage 4 thalli (Figure 10b,c). The average surface area
of a thallus in each life-history stage was different (F = 143.69, p = 0.001). The thallus
which has the largest surface area was stage 4 and the smallest surface area was stage
1 (Fig. 11).
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Fig. 10 a Numbers of Elysia pusilla (n=39), b numbers of egg masses (n=39) found on
thalli of Halimeda macroloba at each different life-history stage; and ¢ numbers of H.

macroloba thalli at each stage that grazing marks were present (n=13).
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Occurrence of egg masses and grazing marks on different positions along
Halimeda macroloba thalli

Numbers of egg masses and the segments with grazing marks were
found only on the 1% to 3" segments. The number of egg mass and the segments with

grazing marks respectively decreased from the 1% to 3" segments. (Fig. 16a, b).
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DISCUSSION

Population dynamics and abundance of egg masses

In this study, there was a variation in abundance of Halimeda macroloba
between months. In September to November 2019 and March 2020, density of the algae
was low. The high density of the algae was found in December 2019, August and
October 2020. This result was different from Mayakun and Prathep (2019) reported that
the lowest density of H. macroloba in the same site was found in September and the
highest was found in March and the peak density of H. macroloba occurred in the dry
season from February to April. The monsoon seasons appeared to have no effect on the
population of H. macroloba in this study, and the fluctuation of algal density might be
driven by other factors such as occasional high sedimentation or sudden increase in
number of seagrasses (Sinutok, 2008).

The variation in abundance of Elysia pusilla between months was not
found. There was no slug found in March 2020. The highest number of slugs was only
four individuals per quadrat. There was a variation in abundance of slug’s egg masses.
The egg masses were found in November 2019, March, August and October 2020.
Unfortunately, there was a logistic difficulty during the COVID-19 pandemic, thus the
samples data were not collected continuously. In March 2020, there was a high density
of the egg masses, but the slug was not found. The slugs might die after egg laying
because of high energy expenditure during reproduction, However, the hypothesis was
not investigated. The highest abundance of E. pusilla and its egg mass was found in
August 2020 and October 2020. Moreover, the density of H. macroloba was also
highest in August and October 2020. The higher abundance of algal hosts provides
more habitat availability and more food sources. It might affect the number of E. pusilla
in this population because egg production of the female in hermaphrodite species was
limited by resources (Schmitt et al., 2007). Moreover, the higher density of algae can
decrease water velocity within the patch more than the lower density (Panyawai et al.,
2019). The decreased water velocity might reduce the risk of detachment of the slugs

from their habitat due to wave action.
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There were a few works that reported the size of slug in this species. In
Japan, the range of slug length was 2-8 mm (Vendetti et al., 2012). In Singapore, the
range size of the living samples was 5-7 mm, and the preserved animal size was 3 mm.
(Jensen, 2009; Jensen, 2015). In this study, the biggest slug was 19 mm ever the biggest
size which was recorded. The different sizes of animals in the same species might be
from geographic variation. In the investigation of population dynamics which was
examined by temporal variation in abundance of slugs with different age classes, the
small size of E. pusilla was found every month except March 2020. This result

suggested that there are recruitments throughout the year.

Relationship between abundance of slugs, egg masses and their habitat

The results show that there were small to moderate correlations between
habitat availability (density and surface area of the algae) and abundance of slugs and
their egg masses when data of the population were pooled across the months. The
coefficient values were not strong, and it was similar to a work by Middlebrook et al.
(2014). They show that spatial associations were not significant between Elysia clarki
and its algal diets in macroalgal mixed patches because there was occurrence of E.
clarki on other algae which were not its diets. In this study area, there was the only algal
host, H. macroloba, with five species of seagrasses. The slugs might appear on the
seagrasses which were not the slug’s food. However, there was no report that this slug
was found on the seagrasses. On the other hand, there were medium to strong
correlations when data analyzed were the monthly averages. These results demonstrate
that there was a higher chance to find E. pusilla and its egg mass when there were higher
density and higher total surface area of H. macroloba. At this temporal scale, the density
and total surface area of H. macroloba which represented the habitat availability might
be the factor that limits the number of slugs in the populations. This suggestion was
similar to the result from Middlebrook et al. (2019) who reported that the main host,

Penicillus capitatus, affected the numbers of E. papillosa on the date of data collection.
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Occurrence of slugs, egg masses and grazing marks on Halimeda macroloba of

different life-history stages and different positions along thalli

The highest number of slugs, number of egg masses and number of
grazed H. macroloba were found on the mature plant, stage 4, which represented the
largest surface area of thallus. This indicated that the mature algae may be used as
shelter nursery and feeding ground. It also implied that the amount of surface area of
H. macroloba might determine habitat use of slug.

The different characteristics between younger plants and mature plants
were not only by means of surface area of thallus but also by the accumulation of
calcium carbonate (Mayakun & Prathep, 2019) and chemical composition (Paul & Van
Alstyne, 1988a). The younger plants contained less calcium carbonate accumulation
than the older plants (Mayakun & Prathep, 2019). Calcium carbonate inside the plant
was a physical defense that can deter the herbivore (Paul & Van Alstyne, 1988a). The
softer thalli may be easier to graze. The slug rasped the surface of the plant by its
specific radula which consisted of triangular cusps and lateral denticles (Jensen, 1993).
The surface of plant is exposed then the sap was sucked. Moreover, the younger plant
which had lightly calcified contained a higher concentration of diterpenoids,
halimedatetraactate and halimidatrial, which was an algal toxin (Paul & Van Alstyne,
1988a). The higher amount of toxin might be modified more converted toxin of slug
and slug’s egg mass because the mucus of E. pusilla and its egg mass was modified
from one of major secondary metabolites of H. macroloba which was
halimedatetraactate (Paul & Van Alstyne, 1988Db). The chemical compound of the
mucus can deter the slug and its egg mass from the predator like other heterobranch
(Roesener & Scheuer, 1986; Paul & Van Alstyne, 1988Db) as the algal toxin deterred
itself from herbivores (Paul & Van Alstyne, 1988a).

Even though there were advantages from younger plants, the slug chose
the mature plant. Therefore, the amount of toxins or soft segments might not be
important as availability of habitat. There was no report noted about the different
quality of food or net energy between young and old plants which might be habitat

selection factors.
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The position of segments was one of the determinants which influenced
the variation of some characters within a thallus such as chemical composition and
accumulation of calcium carbonate (Paul & Van Alstyne, 198 8a). The terminal
segments contained more diterpenoids and more halimidatrial which was one of major
metabolites than the lower segments (Paul & Van Alstyne, 1988a,b). Paul & Van
Alstyne (1988a) reported about the efficacy of defended compound between two major
secondary metabolites, halimedatrial and halimedatetraacetate, that halimedatrial can
deter the herbivore feeding better. The higher toxin and more effective toxin from algal
host may influence the selection of egg mass laying. Most egg masses that were laid on
the terminal segments in this study. The egg mass may be protected by the higher
amount of toxin from algae and more halimedatrial which was more effective toxin
from the predator (Paul & Van Alstyne, 1988a,b). Furthermore, the terminal segments
which were new segments were lightly calcified. So, the terminal segments were softer
and easier to graze than the lower segments. Combination with higher quantity of
toxins, the slug can sequester the terminal segments easier and can utilize the defensive
compounds more than the lower segments. These reasons might influence feeding
behavior. Therefore, the grazing marks appeared on terminal segments in this study.
Avoidance of sediment disturbance at lower segments might be the one reason that
affected the egg-laying behavior on terminal segments also. Because there was more
chance that the egg mass was covered up by sediment at lower part of thalli. Another
reason was the greater proportion area of terminal segments which means the area of
terminal segments had a greater total surface area. The larger availability habitat might
get more occurrence of egg masses. According to the results from the relationship
between algal and slug, a higher number of egg masses may be found on larger surface

areas of algal also.
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CONCLUSION

In this study, there was a variation in abundance of Halimeda macroloba
between months. The density of H. macroloba was variable. The monsoon seasons
appeared to have had no effect on the population of H. macroloba and the fluctuation
of algal density might drive by the other unknown factors. The variation in abundance
of Elysia pusilla between months was not found but the variation between months was
high. There is no slug found in March 2020. The highest number of slugs was only four
individuals per quadrat same as the most sea slug species which are rare. There is a
variation in abundance of slug’s egg masses. The highest abundance of H. macroloba,
E. pusilla and egg masses was found in August and October 2020. More habitat
availability and more food sources might influence the production of eggs which
affected reproduction success. Moreover, the higher density of H. macroloba can
decrease the water velocity within the patch which might reduce the expulsion of slugs
from its habitat. The range of slug’s size in this study is 1 to 19 mm. The small size of
slugs was found every month except March 2020. Thus, the suggestion was E. pusilla

in this area might recruit thought out the year

The results of the relationship between abundance of slugs, egg masses
and their habitat show that the coefficient values were not strong when the data of
population were pooled across the month. The analysis was similar to Middlebrook et
al. (2014). The report demonstrates that spatial associations were not significant
between slug and its algal diets. Conversely, there were medium to strong correlations
when data were averaged which means that there was a higher chance to find E. pusilla
and its egg mass in the area which has a higher density and higher total surface area of
H. macroloba. Moreover, habitat availability might be the factor that limits the number

of slugs in the populations at this temporal scale.

There were different surface areas in different ages of alga. In this study,
the age of alga was separated into 4 stages. Stage 1 to stage 4 determined the age of
alga respectively, stage 1 was newly recruited plant and stage 4 was mature plant which

was the oldest plant in this study. The largest area was found on stage 4 which was
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mature plant, and the smallest area was investigated on stage 1 which was the youngest
plant. Moreover, different stages of alga have different calcium carbonate accumulation
and chemical composition. The higher age of alga accumulated more calcium carbonate
which was harder to consume. In addition, the higher stage of alga had fewer secondary
metabolites which reduced the deterrent feeding from predators. These factors
demonstrated the inappropriate habitat availability of slugs. On the other hand, the
results show that there was more opportunity to find the slug on stage 4 which displayed
the largest surface area. Therefore, the larger area was an important factor that

determined the number of slugs.

The different positions of segments of H. macroloba thalli had different
calcium carbonate accumulation and chemical composition also. The slug chose the
terminal segments which accumulated less calcium carbonate and had higher
concentrations of secondary metabolites. These factors were appropriate for feeding
and egg-laying. Moreover, the egg mass on terminal segments had a higher chance to
avoid the sediment than the basal segments. Furthermore, the proportion area of upper
segments was larger than the lower segments. Thus, there was a larger availability
habitat for the slug.

These discussions can be concluded that the availability of habitat might
determine the number of slugs and their egg masses. There was a higher chance to find
the slug and its egg mass on the upper position of segments in the higher density of
mature H. macroloba which shows the behavior of habitat selection in E. pusilla.
Hence, the population density of H. macroloba might regulate the population density
of E. pusilla. In this study, there were unknown factors that influenced the fluctuation

of H. macroloba. These factors might affect the density of slugs indirectly.
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Relationship between sea slug and macroalga

Abstract

Relationship between abundance of specialist marine herbivores and their food sources is poorly
known because these herbivores are relatively rare in marine systems. The relationship between the
cryptic sea slug Elysia pusilla (Bergh, 1872) and its host alga, Halimeda macroloba Decaisne, was
evaluated in terms of spatial association and habitat utilization in a tropical algal meadow in southern
Thailand that exclusively comprised of H. macroloba. The density of H. macroloba and of E. pusilla egg
masses varied temporally throughout the sampling period, but temporal variation was not detected in the
density of E. pusilla individuals, which was generally low with a maximum of 4 individuals per 400 cm?.,
Analysis suggests that the occurrence of the slug and its egg masses might be determined by the
availability of the algal host. The slug was more likely to be observed in dense patches of algae that
which offered a large total algal surface area. Occurrence of the slug was also higher when the algae were
abundant. The numbers of slugs, egg masses and grazing marks were higher on mature thalli, which have
larger surface areas than younger thalli. Egg masses and grazing marks were observed more often on

segments at terminal positions on thalli. According to previous works, these segments contain low levels
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of accumulated calcium carbonate and high levels of secondary metabolites, which are sequestered by
the slug and used to deter predators. The findings provide an insight into the life history of E. pusilla and

variations in a natural population which that were previously little known.

Keywords: Plant-animal interactions, Sacoglossa, algal host, symbiosis, Elysia, Halimeda

Introduction

Generally, the abundance of specialist herbivores is positively related to the abundance of their
food sources [1]. However, this relationship is understudied in marine systems because specialist marine
herbivores are relatively rare compared to their terrestrial counterparts. One group of almost exclusively
herbivorous sea slugs comprises the organisms known as sacoglossans (Subclass Heterobrachia:
Superorder Sacoglossa). Sacoglossans consume algae with the aid of highly modified radulae [2] and
find refuge from predators and physical disturbance among the algal meadows in which they graze [3].
Moreover, many species of sacoglossans exhibit a kleptoplastic relationship with their algal host in which
the slug eats the alga, retains functional chloroplasts undigested and then utilizes the photosynthetic
products of the sequestered chloroplasts [3-7].

The sea slug Elysia pusilla (Bergh, 1872) is a sacoglossan that feeds exclusively on a few species
of the calcified green alga genus Halimeda J.V. Lamouroux, 1812 [8-10]. The slug probably spends its
whole benthic life stage on Halimeda thalli. It utilizes the thalli as a feeding ground and a nursery where
jelly-like egg masses are laid. When the slug feeds on the algae, it strips off cell walls with its triangular
radular teeth and sucks out the cytoplasm [8]. Even though E. pusilla is widely distributed throughout
the tropical Indo-Pacific [10], little is known about the life history and populations of the species in its
natural habitats or the relationship between the slug and host species.

Along the Andaman coast of Thailand, extensive meadows of Halimeda macroloba Decaisne
can be found at several locations, including the Lidee Islands, Libong Island, Similan Island, and Tang
Khen Bay [11]. At the Lidee Islands, an algal meadow, comprised solely of H. macroloba, occupies
around 500 m? of an intertidal area of sandy mud flat. E. pusilla has occasionally been observed on H.

macroloba thalli at this location. Given that there are known spatial and temporal variations in the
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abundance of H. macroloba at this location [12], the abundance of E. pusilla might vary in correlation to
its algal host abundance.

The thallus of H. macroloba forms fronds of flat segments that consist of multinucleate
coenocytic filaments that retain deposits of calcium carbonate crystals [11,13,14]. As well as
accumulating calcium carbonate, Halimeda produces secondary metabolites, two of which,
halimediatrial and halimedatetracetate, are recognized as deterrents to herbivores. Since calcium
carbonate accumulation and secondary metabolite content vary between life history stages and the
position of segments along the thallus [12,15], the occurrence of E. pusilla and utilization of the host by
the slug might vary between the life history stages of H. macroloba and the location of segments on the
thallus.

This study focuses on four main investigations. Firstly, we investigate temporal variation in the
population abundance of E. pusilla and its algal host, H. macroloba, at Lidee Islands. Secondly, we
establish whether the distribution of E. pusilla is determined by the available habitat provided by H.
macroloba, using the density and total surface area of H. macroloba as indicators of habitat availability
in a given area. Thirdly, we determine the influence of algal life history stages on the abundance of slugs,
their egg masses and grazing frequency. Lastly, we determine the influence of the position of thallus
segments on the occurrence of egg masses and grazing marks. Information obtained from this work
helped us gain more insight into the population dynamics of this cryptic sea slug and its life history,

especially with regard to its relationships with the host alga.

Materials and methods
Field collection

Elysia pusilla and Halimeda macroloba were collected at an H. macroloba meadow located on
an intertidal mudflat between Lidee Lek and Lidee Yai Islands (6°47'01.3"N 99°45'59.5"E) in Satun
Province, southern Thailand (Figure 1). Two dominant seasons, a rainy season dominated by the
southwest monsoon (May to October) and a dry season dominated by the northeast monsoon (November
to April), influence the climate of this study site. The maximum tidal range is approximately 2.5 m. This

algal meadow is composed only of H. macroloba; there are no other dominant macroalgal species in the
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area. Five species of seagrass were also present at this site: Halophila ovalis (R. Brown) J. D. Hooker,
Thalassia hemprichii (Ehrenberg) Ascherson, Cymodocea rotundata Ascherson & Schweinfurth,
Syringodium isoetifolium (Ascherson) Dandy, and Enhalusa coroides (L. f.) Royle [12], but mixed
patches of H. macroloba and seagrasses were rare as they usually occupy different areas of the mudflat.
Sampling was carried out monthly from September 2019 to January 2020, then in March, August and
October 2020. Although monthly sampling was planned for the entire year, field work sometimes had to
be cancelled due to rough sea sand logistical difficulties encountered during a local COVID-19 pandemic
lockdown.

The fieldwork proved problematic in other ways. Because samples could only be collected when
the tide was low and we needed to remove all thalli from every quadrate in the few hours available, the
size of quadrates and number of samples collected were largely determined by practical considerations.
On one occasion, we were able to collect samples from 18 quadrats of 0.04 m? (20 x 20 cm) that we
randomly set out in the H. macroloba meadow. As many as 75 thalli were found in one quadrate. In
addition, grazing marks had to be examined in the field because the marks faded away rapidly (personal
observation). All the H. macroloba thalli in a quadrate were carefully pulled out of the substrate and each
thallus was placed in a plastic bag. Holdfasts were cut off because sediment and debris from this part of
the thallus could interfere with the search for slugs. The recorded observations of each collected thallus
included the life history stage of the plant and the position on the thallus of segments where grazing
marks were present. Photographs of grazing marks were taken in the field. A grazing mark was defined
as a bleached, white continuous area on the thallus. Since boundaries between grazing marks were not
usually clear, we did not count the number of grazing marks. Instead, we counted the numbers of thalli
and segments that presented grazing marks. To count slugs, collected thalli were brought back to the

laboratory and left undisturbed for 1-2 hours to let the slugs emerge.

Data collection
In this study, the life history stages of H. macroloba were categorized in to six stages, following
Sinutok [13] and Mayakun and Prathep [12]. Stage 1 consisted of newly recruited plants with only one

segment (Figure 2a); stage 2 of young plants with three or four segments and one or two layers of
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segments (Figure 2b); stage 3 of partially calcified plants with three or four layers of segments (Figure
2¢); stage 4 of mature calcified plants (Figure 2d); and stage 6 of dead plants with bleached segments
only. Thalli of plants at stages 5 and 6 were not included in this study. Thalli of plants at stages 5 and 6
were not included in this study. Only one thallus of stage 5 was found in our samples and there was no
slug, no egg mass and no grazing mark on this thallus. No dead plants were observed among our samples.

The slugs, egg masses and H. macroloba thalli collected from each quadrat were counted in the
laboratory and the densities of slugs, egg masses and H. macroloba were calculated. Slug specimens
were identified according to Jensen [16]. To evaluate the surface area of a thallus, photographs were
taken of the thallus flattened on a tray and the area was calculated from the image, using the ImageJ ©
program. E. pusilla lays jelly-like egg masses on the segments of H. macroloba. Although larval
dimorphism has been reported in this species [11] and egg masses have various morphs (Figure 3b-c;
unpublished data), egg masses were not categorized in the present study.

The surface areas of H. macroloba individuals at different life history stages were compared to
evaluate potential differences in the habitat space available to E. pusilla. To determine the position of
segments along the H. macroloba thalli, the longest branch of a thallus was used as the reference. The
terminal segment on this branch was classified as the first segment and the preceding segments were
classified as 2", 3", 4" and so on. The positions of segments on other branches were determined outward
from the basal segment of the reference thallus (Figure 3d). When counting egg masses, the segment
number was noted where each egg mass was found. The numbers of segments that showed grazing marks
and the positions of these segments on the thallus were recorded. Sampling was conducted in accordance
with a permit issued by the Institutional Animal Care and Use Committee, Prince of Songkla University

(MHESI 68014/361).
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Figure 1. The sampling area (*) was located between Lidee Lek and Lidee Yai Islands in the Andaman

Sea, Satun Province, Thailand

Figure 2. (a)-(d) Life history stages 1-4, respectively, of Halimeda macroloba.
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Figure 3. (a) Two E. pusilla individuals can be seen on a mature H. macroloba (stage 4) thallus. The
two white areas visible on the terminal and second segments are grazing marks. (b)-(c) Egg masses of E.
pusilla. (d) The photograph of a complete H. macroloba thallus shows how the positions of thallus

segments were determined in this study.

Statistical Analysis

Temporal variations in the abundance of H. macroloba over eight months (fixed factor, 8 levels)
were identified by ANOVA and the results were analyzed by the Student Newman Keuls (SNK) test for
post hoc pair wise comparisons. The homogeneity of variance was tested by the Cochran’s C test. Due
to high variances among months, temporal variations in abundance of E. pusilla and its egg masses were
analyzed by the Kruskal-Wallis test. Pearson correlation coefficients were calculated to evaluate
relationships between the population density and total surface area of H. macroloba and the population
density of E. pusilla and between the population density and total surface area of H. macroloba and the
density of egg masses. Data from all quadrates was pooled across months for each variable in this
analysis. After that, values of these four variables both for the slug and the algae from each month when
sampling occurred were averaged to obtain monthly averages. The correlation coefficients were then
calculated from these data. Differences in the surface area of H. macroloba between the four life-history
stages taken into account were analyzed by one-way PERMANOVA based on Euclidean similarity. A
chi-squared test was used in order to determine whether the numbers of E. pusilla, egg masses and

grazing marks displayed any association with a particular life history stage of H. macroloba.
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Results and discussion

Symbiotic relationships between sacoglossans and their macroalgal hosts have been studied
mostly from the perspective of plant-animal co-evolution at the physiological level [2,7,8,9,17]. This
study sought to quantify whether the abundance of an algal host H. macroloba is a determinant of the
abundance of the sacoglossan sea slug, E. pusilla. How the slug utilizes the biogenic structure of H.
macroloba thalli as feeding and nursery grounds was also examined.

In this study, variations in H. macroloba abundance within and between seasons were evident.
The density of H. macroloba was found to be highest in December 2019, August, and October 2020, and
lowest in September to November 2019 and March 2020 (F = 6.52, p < 0.001; SNK; Figure 4a). In
contrast to our findings, Mayakun and Prathep [12] reported the highest density of H. macroloba at this
site in March and the lowest in September. It seemed that the monsoon seasons did not have an effect on
the population of H. macroloba and that some other unknown factors may have driven the fluctuations
in algal density. E. pusilla was found on thalli collected on every sampling occasion except March 2020.
The population density of the slug was not different between months (H = 10.18, p = 0.17; Figure 4b).
However, it is worth noting that the variation between months was high. The highest density was four
slugs per quadrate and in numerous quadrates no slugs were observed. Most sea slug species have been
reported to be rare [18]; therefore, the pattern of variation observed in our samples can be seen as a
typical pattern of sea slug occurrence. The density of egg masses varied significantly between months
(H =33.25, p = 0.001; Figure 4b). Egg masses were found in November 2019, and in March, August and

October 2020 (Figure 4b). In March 2020 egg masses were found, but no slugs were observed.
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Figure 4. (a) Monthly density (Mean + SE) of H. macroloba and (b) E. pusilla and its egg masses from
September 2019 to October 2020. Field work was cancelled due to rough seas and pandemic lockdown
in some months (Data was not shown in the graphs). Different letters above bars = significant differences

between months.

When data from different months were combined, the population density of E. pusilla and its
egg masses showed small to moderate positive correlations with the population density and total surface
areas of H. macroloba (r = 0.12 to 0.36; Figure 5a). Analysis of the pooled data suggested that the slugs
inhabit areas of dense algal growth with high total surface areas of H. macroloba, but it is worth noting
that the correlation suggested by the coefficient values was not strong. Middlebrooks et al. [19] found
that spatial associations were not significant between the sea slug Elysia clarki and its food source in
mixed patches of macroalgae. A number of E. clarki were found on other algal species that were not in
its diet. For E. pusilla at this locality, though, H. macroloba is the only macroalgae substrate that the slug
can utilize. They have also never been observed on seagrass previously.

For E. pusilla, there are several advantages to living in dense patches of H. macroloba thalli.
Water velocity is generally reduced by algal patches [20], which reduce the dislodgement of slugs, and
a high density of thalli provides a greater food supply. We observed that E. pusilla in captivity moves
between thalli from time to time and this behavior might be triggered by the depletion of a food source.
Moreover, inhabiting a dense algal patch may increase reproductive success. There was no evidence of
territoriality in this slug species, but from observation of captive E. pusilla, we noted that many mating
occasions happened just after slugs were placed together in confined spaces.

When data were averaged and mean values were analyzed, the density of E. pusilla was found
to be strongly correlated with the total surface area of H. macroloba (r = 0.56). Degrees of correlation
were moderate for relationships between the density of E. pusilla and the density of H. macroloba (r =
0.43), as well as the density of egg masses and the density (r = 0.32) and total surface area of H.
macroloba (r = 0.37). Results suggest that when the abundance and total surface area of the algae in a
given area were high, there was a higher chance to finding E. pusilla in the samples. The availability of

the habitat provided by H. macroloba might be a limiting factor for populations of the slug at this
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temporal scale. Middlebrooks et al. [12] also found that the numbers of Elysia papillosa were affected

by the biomass of its main food source, Penicillus capitatus.
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Figure 5. Relationships between the density of Elysia pusilla, its egg masses and Halimeda macroloba
density and surface area (a)-(d) and between mean densities of E. pusilla, its egg masses and H.
macroloba mean density and surface area (e)-(h). Analyzed data were pooled across months. For (e)-(h),

relationships were analyzed from monthly averages of all variables.
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A total of 39 slugs were found in this study (Figure 6). Analysis suggested that slugs were
significantly more likely to be found on stage 4 of H. macroloba thalli than on other stages (32 = 12.35;
p<0.01; Figure 6a). The influence of algal life history stage on the occurrence of egg masses (y2 = 1.51;
p = 0.68) and grazing marks (x2 = 2.56; p = 0.46) was not significant. However, the highest numbers of
egg masses and grazing marks were observed on stage 4 thalli (Figure 6b,c). The surface area of H.
macroloba individuals at different life history stages varied (F = 143.69; p = 0.001; Figure 6d). Individual
thalli of stage 4 showed the largest average surface area and individual thalli of stage 1 showed the
smallest average surface area. This finding suggests that larger, mature thalli were preferred as shelter,
nursery, and feeding grounds. The amount of space (surface area of H. macroloba) might be important

in determining habitat use by the slug.
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Figure 6. (a) Numbers of E. pusilla, (b) and numbers of egg masses found on thalli of H. macroloba at
each different life-history stage. (¢) Numbers of H. macroloba thalli at each stage that presented grazing
marks and (d) surface area (mean + SE) of H. macroloba thalli at each life-history stage (stage 1, n = 85;

stage 2, n = 172; stage 3, n=500; stage 4, n = 1169).
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Figure 7. (a) Numbers of thallus segments at different positions along H. macroloba thalli that present

egg masses: (b) Numbers of segments at different positions that presented grazing marks.

The chemical characteristics of Halimeda vary by age and by location on the thalli. These
variations may also influence the behavior of slugs toward their hosts [15,17]. In our study, egg masses
and grazing marks were present only on the 1%, 2", and 3" segments of H. macroloba. The numbers of
both variables decreased from the 1t segment to the 3™ (Figure 7a,b). The terminal segment of H.
macroloba contains a higher concentration of secondary metabolites [15] that the slugs can utilize and
has little accumulated calcium carbonate, which makes grazing easier [15]. Paul and Van Alstyne [17]
also reported that E. pusilla (as E. halimedae) and its egg masses were found primarily on the terminal
segments of H. macroloba. They suggested that the slug sequestered secondary metabolites from the
algae and stored modified compounds for its own defense against predators. Not only the slug tissue but
also the egg masses contained the compounds.

The prevalence of egg masses on terminal segments might result from selective behavior by
the slugs. By depositing their eggs on terminal segments, they might reduce the disturbance of their eggs,
as lower segments have a greater chance of being covered up by sediment. However, the higher
occurrence of eggs on terminal segments might simply be due to the greater proportion of terminal
segments, compared to other segments, in the total surface area of thalli. Moreover, it is important to
note that the growth rate of H. macroloba is high, at 1-2 segments per day [12], and the position where
an egg mass was found might not always indicate the position where it was laid. Egg masses on the 2™

and 3 segments might have been laid on what were previously terminal segments.
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This study increases our understanding of the relationship between the sacoglossan sea
slug E. pusilla and its algal host, H. macroloba. It also reports the population dynamics of a slug species
in a natural habitat. The descriptive ecological information and knowledge provided were gained from
testing hypotheses proposed for the habitat use of E. pusilla. The obtained descriptive ecological
information concerning the life history of the slug and its relationship with the algal host can serve as a
basis for future research on this species. Additional studies should be conducted to determine the effects
of environmental factors on the population dynamics of the slug. Investigations of the life cycle and
behavior of E. pusilla will also be required. Future research may also include more study sites where the

examination of seasonal covariation between slug and algal abundance is more feasible.

Conclusions

Despite the wide distribution range of E. pusilla in the Indo-Pacific region, the study of this
marine herbivore has been neglected and only a few published works have focused on the species. Here,
with one exception in March 2020, E. pusilla was collected from the study site throughout the study
period and temporal variation in its abundance was not detected. E. pusilla exhibits a habitat selection.
The slug largely feeds and lays eggs on terminal segments of mature thalli of H. macroloba. An
association between the abundance of E. pusilla and H. macroloba suggests that the population density
of the slug is subject to change according to the availability of the algal host. Environmental stressors

that influence the abundance of H. macroloba influence the abundance of the slug population indirectly.
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The study of embryonic development of Elysia pusilla
Reproduction and embryonic development method

In this study, twelve egg masses were observed (Fig. 13a). There are two
egg masses from the temporary aquarium in laboratory (Fig. 13a,b) and nine egg masses
from Lidee Island (Fig. c-m). The temporary aquarium which was filled with seawater
was used for resting the samples before released to nature. The air pump was used in
the temporary aquarium for keeping the concentration of oxygen. The egg masses which
were laid in the temporary aquarium were observed for larval development. After
mating (Fig. 14) and oviposition of Elysia pusilla in temporary aquarium, two egg
masses were moved to another aerated plastic container which was filled with seawater
from Lidee Island as the aquarium. The reproductive characteristics of these egg
masses; diameter of egg mass (mm), number of eggs in clutch, larval shell length (um),
time hatching (day) and pattern and color of extra-capsular yolk (ECY) deposition were
observed and noted. Number of eggs was evaluated the number by counting the egg
from some part of egg mass. In each egg mass, the shell length of ten larvae were
measured by ocular micrometer. Shell length was the length of shell across the aperture
after the hatching. Pattern and color ECY, Number of egg mass in each clutch and

diameter of egg mass were observed and measured under the stereomicroscope.



Fig.

13 Twelve egg masses were used for observation.

58



59

Fig. 14 Mating of Elysia pusilla.

Reproduction and embryonic development results

In this study, diameter of Elysia pusilla’s egg mass was 5.12 £ 0.41 mm.
Mean number of eggs in clutch was 1369.92 + 214.85. In each egg mass, mean larval
shell length was 155.218 + 3.25 um, 151.202 + 4.35 pum and 146 + 3.46 um,
respectively (Table 2). Egg masses number 1 and 2 which were used for larval
development studying developed in 8 days before hatch (Table 2). There were three
types of ECY which are thin light green ribbon between capsules, orange ribbon
between capsules and white blobs in the upper face of the egg mass (Table 2; Fig. 15a-
c). The egg masses with light green ribbon hatched in 8 days (Table 2). There is no
reduction of light green ECY while the embryos grow (Fig. 16a-b). But after hatching,
some larva that stuck in the jelly matrix fed light green ECY granules (Fig. 16c).
Whereas the orange ribbon disappeared while the developing embryos (Fig. 17a,b).
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Table 1 Reproductive characters of Elysia pusilla egg masses.

Number diameter of  Number Larval shell time
ofegg  eggmass ofeggsin length (um) hatching ECY
mass (mm) clutch (n=10) (day)
1 7 934 1552184325 8 light green
ribbon
2 6 953 1512024435 8 light green
ribbon
3 6 520 146 + 3.46 - orange ribbon
4 4.5 3,250 - - white blobs
5 4 1,350 - - orange ribbon
6 8 2,500 - - orange ribbon
7 5 815 - - white blobs
8 6 1,850 - - orange ribbon
9 5 1,430 - - orange ribbon
10 3 728 - - orange ribbon
11 4 844 - - white blobs
12 5 1,500 - - orange ribbon
13 3 1,135 - - white blobs

The two egg masses used for larval development observation have light
green ECY. They are coil and attached to the substrate along one side.

The observation of egg masses was started on day 3 to day 8. On the 3™
day, in each capsule contained one green embryo. Most of embryos rotated. The
embryos were observed by stereomicroscope and there are no cilia. By day 4, embryos
were observed by microscope. Thin cilia appeared and moved. Larval shell
(protoconch) became visible (Fig. 18a). During 5" day the perceptible cilia on velum
beat in metachronal rhythm. Internal organs could distinguish. Larval shell clearly
appeared. The intestine was visible. Operculum and statocyst were visible on day 6
(Fig. 18b). On the 8" day, the veliger hatched (Fig. 18c) from the outer terminal of the
egg mass coil to the inner of the egg mass cord.

Another egg mass contained orange ECY. Laying day of the egg mass
was not noted but there is the observation since the day which was found until the
hatching day. The larva hatched in 4 days after the egg mass was found and the ECY

of this egg mass decreased every day.
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Fig. 15 Variation of Elysia pusilla egg mass in this study a the thin light green ribbon
ECY between capsules b the orange ribbon ECY between capsules and ¢ the white
blobs ECY on the upper face of the egg mass.

Fig. 16 Quantity of light green ECY in 4 days a ECY on 22 August 2020 b ECY on 25
August 2020 c larva which stuck in jelly matrix fed light green ECY granules.



Fig. 17 Reduction of orange ribbon ECY in 4 daysa ECY on 28 August 2020 b ECY
on 31 August 2020.
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Fig. 18 Observable characters and internal organs of embryos of Elysia pusilla a
embryos on day 4 after oviposition showing moving cilia and larval shell (s)
(protoconch) b embryos on day 6 after oviposition showing perceptible cilia on velum
lopes (vl), intestine (i), stomach (st) and liver (I) ¢ newly hatch showing foot (f),

operculum (o) and statocyst (sc) d larvae after hatching 2 days.

Discussion on reproduction and embryonic development

All the egg masses of Elysia pusilla, which were observed for larval

development, had light green ECY. The larvae in the observed egg masses were
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assumed as planktotrophic larva type because the size of the larval shell length are
155.218 + 3.25 um, 151.202 + 4.35 pum and 146 + 3.46 um which were similar to the
larval shell size of planktotrophic larva from Vendetti et al. (2012) report. There was
no report noted about hatching time of planktotrophic larva, but there is a report
mentioned to hatching time of lecithotrophic larva that they developed in 15-16 days
before hatched (Vendetti et al., 2012). In this study, the larvae which were assumed as
planktotrophic larva type hatched in 8 days. There was a paper from Vendetti et al.
(2012) that noted about E. pusilla ECY that there were two characters which were a
winding ribbon of orange ECY and a yellow-orange ribbon ECY. In this work, there
were three types of ECY, thin light green ribbon between capsules, orange ribbon
between capsules and embed white blobs on the upper inside face of egg masses found
in this area. Similar to the other slugs in this genus, there is a variation of ECY in the
same species in the same place such as E. mercusi from Jamaica and E. conigera from
Florida (Krug et al., 2016).

In this study, three egg masses were followed up for larval development
study. The egg mass with orange ECY was not observed since the first day that it was
laid. Within three days, ECY inside the egg mass was vanished, similar to the
lecithotrophic larva from Queensland, Australia (Vendetti et al., 2012). Vendetti et al.
(2012) suggested that the larvae absorbed the orange ECY because the ECY was
gradually disappeared, and its digestive gland turned orange. Therefore, this egg mass
was suggested as lecithotrophic larva. Two egg masses which contained light green
ECY were observed. ECY was not disappeared until the larva hatched. After hatching,
the light green ECY was beaten to be light green granules by the larva. Moreover, the
hatched larva which stuck inside the jelly matrix was found that they fed the light green
granules. Thus, the larvae from egg mass number 1 and 2 were suggested that they may
be planktotrophic larva. The range of egg mass diameter in this work was 3-8 mm.
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