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ABSTRACT 
 

 

A detailed morphological, behavioural, and genetic characterization of 

the larval phase of the Red Sea clownfish, Amphiprion bicinctus 

Micaela Justo 

 

Coral reef fish are known to have a bipartite life cycle: a dispersive pelagic larval 

phase (DPL), where larvae ‘travel’ away from their parents to occupy new habitats, 

and a sedentary reef phase characterized by juveniles and adults. Study of the DPL is 

an essential prerequisite to understand how persistence, connectivity, and gene flow 

operate between populations. Clownfish have been the subject of considerably varied 

fields of research in recent decades, not only due to their economic value, but also 

because of their ease of maintenance in laboratory settings, regular spawning, and 

short DPL. Their life cycle is also defined as bipartite, with a DPL lasting around 15 

days until settlement, and the fish exhibit a symbiotic relationship with sea anemones. 

The transitions between phases are associated with a series of morphological, 

behavioural, genetic, cellular and molecular changes. However, these changes are 

poorly characterized in some species of clownfish. Therefore, the Red Sea clownfish, 

Amphiprion bicinctus, was reared to fill the gap in the literature by investigating their 

i) morphology, ii) swimming abilities, and iii) differential gene expression (DGE) 

throughout ontogeny. The DPL was characterized in the preflexion, flexion and 

postflexion stages, according to flexion of the notochord, on 0, 2 and 10 days post 

hatch (dph), respectively. Metamorphosis was defined by a morphological transition 

between the DPL and juvenile phases, associated with the appearance of white stripes, 

on day 10 and until the end of the experiment, on day 14. Additionally, 
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metamorphosis is followed by a behavioural change at 14 dph, called settlement, 

where larvae transition from free swimming in the water column to associating with 

the substrate. We also demonstrate that the larvae present active swimming from the 

moment they hatch, and the swimming speed increases throughout DPL. Overall, the 

development of A. bicinctus is similar to other clownfish species. This work provides 

a strong baseline on the development of A. bicinctus, which may open the door to a 

deeper understanding of the role of dispersal behaviours and enhance our ability to 

design effective marine reserve networks in the Red Sea. 
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1. INTRODUCTION 

 

The delineation of spatial scale population connectivity is mainly determined 

by a movement called larval dispersal, and is a substantial challenge in the field of 

Marine Ecology (Leis and McCormick, 2002). This movement is where the coral reef 

fish larvae ‘travel’ away from their parents and settle in a new habitat. Since juveniles 

and adults are demersal fish, the study of the larval phase is an important prerequisite 

to understand how persistence, connectivity, and gene flow operate between 

populations. Additionally, larval dispersal is recognised to be a fundamental tool for 

the design and management of marine protected areas and sustainable fisheries 

(Armsworth, 2002; Cowen and Sponaugle, 2009; D’Aloia et al., 2015; Krueck et al., 

2016).  

The majority of coral reef fish are known to have a bipartite life cycle, 

consisting of a dispersive pelagic larval phase (DPL), which can last days, weeks or 

even months, depending on the species, and a settlement phase, where the juveniles 

and adults are sedentary and reef-associated (Leis and McCormick, 2002; Cowen and 

Sponaugle, 2009).  

The DPL phase represents a “change of form” associated with several 

developmental stages (preflexion, flexion, and postflexion stages), during which a 

series of morphological, behavioural, and genetic changes occur (Mazurais et al., 

2011; Waqalevu et al., 2020). Some species also have a specific morphological trait 

that defines metamorphosis, which marks the transition between the larval and 

juvenile phases, where the larvae change their behaviour and acquire sensory abilities 

to locate and settle into a reef (Barth et al., 2015; Dixson et al., 2011).   

Morphological measurements have been used as a first step to distinguish and 

compare individuals among species and groups (Daud et al., 2005). For instance, Ara 
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et al., 2013 investigated the degree of similarity among families by observing eight 

morphometric features (e.g., total length, standard length, and snout length). The 

authors found six dominant families live in the seagrass-mangrove ecosystem, and 

within the order Perciformes, all of the traits were significantly different. 

Additionally, Froukh, 2001 also used several morphometric traits (e.g., body length, 

head length and body depth) to distinguish a total of 687 larvae collected in the Gulf 

of Aqaba, Red Sea. Overall, 80% of the specimens were classified into three families 

and nine genera. Moreover, the study of these morphological features can also be used 

to predict behavioural performance (Fisher and Hogan, 2007).  

Swimming speed is considered the main performance test to determine how 

well a larva can overcome daily challenges (e.g., avoiding predators, acquiring food, 

and dispersing into different habitats) during the pelagic larval phase (Drucker, 1996). 

Fisher et al., 2000 and Fisher, 2005 used in situ swimming chambers to characterize 

and correlate the critical swimming speed (Ucri) with the morphological traits of 

various reef fish species throughout their ontogeny. These studies provided evidence 

of a positive correlation between the swimming speed and age, size, propulsive area, 

and developmental stage. Differences in swimming speed and morphological features 

affect the ontogeny of reef fish, and consequently, their connectivity between reefs.  

Furthermore, molecular changes also seem to be an important element in 

regulation of the life cycle. In most teleosts, this developmental transition is driven by 

thyroid hormones (THs). An increase in THs is associated, for example, with the 

development of muscle fibres, and also associated with the formation of bone (Power 

et al., 2001; Mazurais et al., 2011; Campinho, 2019). The role of THs has been 

extensively studied in flatfish, due to their massive change from a symmetric pelagic 

larva to an asymmetric benthic juvenile (Power et al., 2008; Alves et al., 2016). 
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Nevertheless, more recently, interest in studying the ontogeny of coral reef fish in 

terms of molecular changes has increased. For example, an increase in THs and their 

receptors during the pelagic phase and a decrease in the settlement stage were 

observed in the reef fish Acanthurus triostegus by Holzer et al., 2017.  

Clownfish, nowadays known worldwide as “Nemo” thanks to the Pixar movie 

“Finding Nemo”, have an outstanding and complex life history, and a lifespan of 

around 30 years (Buston and García, 2007). They are a reef fish characterized by a 

bipartite life cycle, with a DPL lasting between 10-15 days, depending on the species. 

Clownfish belong to the Pomacentridae family and represent a group of 30 species, 

recognized under two genera, Amphiprion with 29 species and Premnas with only one 

species (Allen et al., 2008, 2010). Anemonefish are widely distributed from the Indian 

Ocean to the western Pacific, including tropical environments such as the Red Sea 

(Elliott and Mariscal, 2001). A distinctive characteristic of this species is the 

correlation between its socially controlled gender and body size (Buston, 2003; Reed 

et al., 2019). The fish form a small social group, which consists of one dominant 

monogamous pair, where the largest individual is the female and the second largest 

the male, followed by up to five non-breeder males. These non-breeders are 

protandrous hermaphrodites, which means that once the dominant female dies, one of 

the immature males changes sex to become the new female, typically over a period of 

one to three months (Avise and Mank, 2009; Casas et al., 2016). Consequently, when 

this male undergoes the change to become the new female, the largest non-breeder 

replaces the male. Clownfish are also especially known for their mutualistic 

relationships with up to 10 different sea anemone species (Marcionetti et al., 2019; 

Titus et al., 2019).  
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Over the past years, clownfish have been the subject of considerably different 

fields of scientific research—not only because of their extreme value in the 

ornamental fish industry—but also because they are considered a model species, 

thanks to characteristics such as the ease of maintaining the fish in the laboratory, 

regular spawning, and short pelagic larval phase (Avella et al., 2010; Rhyne et al., 

2012, 2017; Vargas-Abúndez et al., 2019; Roux et al., 2020). The life cycle of a 

clownfish, like other reef fish, can also be defined by three major transitions: the 

dispersal pelagic phase, where the larvae ‘travel’ away from their parents to inhabit a 

new reef; settlement, the transition from free-swimming larvae to a reef associated 

environment; and finally, sex maturation and change (Roux et al., 2019).  

Every transition is equally characterized by morphological, behavioural, 

cellular and molecular changes. For example, Roux et al., 2019 described the 

development of morphological traits throughout the ontogeny of Ampribrion 

ocellaris. Despite the increase in size parameters throughout time (e.g., standard 

length, total length), the authors also observed a positive correlation between body 

depth, head depth, eye diameter, snout length, and head length with standard length. 

They also described the DPL in three stages: preflexion, flexion, and postflexion, 

which corresponded to notochord flexion at 1 dph, 3 dph, and 11 dph, respectively. 

Furthermore, the acquisition of three white stripes and a change in swimming 

behaviour indicated the end of metamorphosis and, consequently, the beginning of 

settlement. Allen et al., 2008, 2010, conducted descriptive studies of the 

morphological traits of Amphiprion barberi and Amphiprion pacificus, respectively.   

The critical swimming speed of two species of clownfish, Amphiprion 

melanopus and Ampriprion percula, was measured by Fisher and Bellwood, 2001, 

2002 and Majoris et al., 2019, respectively. Both species exhibited similar sizes and 
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swimming abilities: 6.6 ± 0.5 mm - 6.3 ± 2.3 cm s-1, 8.14 ± 0.11 mm -14.59 ± 0.54 

cm/s, and 7.7 ± 0.13 mm - 15.8 ± 0.81 cm/s, respectively. These results suggest that 

species belonging to the same family have similar swimming speeds and, 

consequently, similar capacities to influence their dispersal. 

In the Red Sea, there is only one endemic species of clownfish or two-band 

clownfish, called Amphiprion bicinctus (Rüppel, 1830) (Figure 1.1). This species 

inhabits shallow coastal reef areas, in depths between 0.5 and 40 m, and lives in 

symbiosis with six species of anemones (Bennet-Smith 2020). Before A. bicinctus 

larvae settle into a host anemone, they have a dispersal phase of around 14 days.  

 

 

Figure 1.1  Amphiprion bicinctus. Credit: Victoria Golding. 

 

To date, this specific species has only been studied in terms of phylogeny 

(McCord et al., 2021), reproduction in captivity (Maroz and Fishelson, 1997; Shabana 

and Helal, 2006), population genetic patterns (Nanninga et al., 2013), transcriptomic 

analyses, regarding sex changes (Casas et al., 2016), and its spatial distribution with 
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sea anemones (Chadwick and Arvedlund, 2005; Porat and Chadwick-Furman, 2005; 

Howell et al., 2016; Marcionetti et al., 2019). However, compared with other 

Amphiprion species, the morphology, behaviour, and characterization of the 

transcriptome throughout the ontogeny of A. bicinctus are not well described in the 

literature.  

Thus, the purpose of this thesis was to quantify, for the first time, the 

morphological traits, swimming speed, and the differential gene expression of A. 

bicinctus larvae throughout their ontogeny. The main research questions are: 1) How 

do morphological traits change throughout ontogeny?; 2) How does swimming speed 

change throughout ontogeny?; 3) Does swimming speed correlate with morphological 

traits?; 4) What are the main molecular changes that occur throughout ontogeny?. 

This work was designed to establish a powerful dataset on multiple larval traits 

throughout ontogeny, at a scale that we expect to be sufficient to consider A. bicinctus 

as a model species. Additionally, this work could open the door to deepen our 

understanding of the role of dispersal behaviours in shaping the patterns of 

connectivity, enhance our ability to design effective marine reserve networks, and 

help us understand if environmental changes or other factors can influence these 

distributions.  
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2. MATERIAL AND METHODS 

 

2.1. Broodstock maintenance 

 

Three broodstock pairs of Amphiprion bicinctus and three Entacmaea 

quadricolor anemones were collected by divers from reef habitats near King Abdullah 

University of Science and Technology (KAUST), and transferred to 300 L aquaria 

connected to an open system at the Coastal and Marine Resources Core Lab, KAUST, 

Saudi Arabia. All tanks were supplied with an air stone, powerhead, and clay pots as a 

suitable substrate for egg laying. During the study, water temperature was maintained 

between 27-28 °C, salinity 40-41 ‰, and pH 8.15-8.25. Ammonia (NH3), nitrite 

(NO2
-) and nitrate (NO3

-) levels were measured by following the kit manufacturer’s 

instructions (Saltwater Master Test kit, API, USA) and maintained at 0 ppm. Feeding 

occurred twice a day (8:00-9:00 am and 3:00-4:00 pm, GMT +3) following a home-

made diet, consisting of a mix of blended fresh fish, frozen/fresh shrimp, squid, and 

dried sheets of seaweed. The tanks were checked every day to look for new clutches, 

and the tanks were siphoned and scrubbed to remove algae and detritus weekly.  

 

2.2. Rotifers, Brachionus plicatilis and Artemia, Artemia salina cultures  

 

Amphiprion bicinctus larvae were cultured using rotifers (Brachionus 

plicatilis) and newly hatched brine shrimp nauplii (Artemia salina, INVE 

technologies, Thailand). Two cultures of rotifers were kept in two 80 L rectangular 

tanks and fed with 2 mL of Nannochloropsis sp. paste (Nanno 3600 Instant Algae, 

Reed Mariculture Inc, California, USA) every 20 min, by an automatic system 

(Neptune, California, USA). Before each feeding, around 30 mL of rotifers were 

taken from each culture to calculate their density. This calculation was done by 

estimating the average of three replicates from a diluted sample using a lamella under 



20 
 

a microscope (Leica M80, Germany). The rotifers required to achieve 10 rotifers/mL 

in the rearing bin were subsequently harvested by sieving through a 55 µm mesh, 

followed by quick rinse with clean, filtered seawater and further concentration in a 

beaker. To ensure the nutritional quality and increase the feeding ability of the larvae, 

the condensed rotifers were enriched using 10 mL of a commercial enrichment 

product, Rotigrow plus (Reed Mariculture, USA), for approximately 30 min. A 

second passage through the 55 µm mesh was performed, to remove excess lipids, 

followed by a second rinse with filtered seawater, before the rotifers were fed to the 

larvae. The water was also tinted by adding 25 mL of Nannochloropsis algae paste 

(Rotigreen Nanno, Reed Mariculture, USA).  

Additionally, 10 grams of Artemia cysts (Artemia salina, INVE technologies, 

Thailand) were hatched daily in a cone to feed the larvae. Air and a light source were 

provided to enhance hatching. Approximately 30 min before each feeding, the air was 

removed to let the artemia settle at the bottom of the cone, and 10% were harvested 

by sieving through a 250-µm mesh and rinsed with 25 ppt micron-filtered seawater 

until a volume of 1 L was reached. The density of Artemia was also calculated by 

estimating the average of three replicates from a diluted sample under the microscope. 

 

2.3. Larval rearing 

 

Three clutches of Amphiprion bicinctus (A1.1, B2.2, A2.3) were reared from 

newly hatched larvae to the settlement stage. The larvae generally hatched 9 ‒ 10 days 

after being laid, between 08:00 - 09:00 pm (GMT +3). On the day that they were 

expected to hatch, a rearing aquarium was prepared with approximately 80 L of water 

from the respective breeding pair’s aquarium, HUFA enriched-rotifers Brachionus 

plicatilis (10 rotifers /mL) and 50 mL Nannochloropsis algae. A heater and gentle 
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aeration were also provided. The powerhead and water flow of the breeding pair’s 

tank were turned off at around 6:30 pm (GMT + 3).  

Once larvae were observed, the relocation was started, yielding a total of 650 

larvae transferred to the larval rearing bin. The larvae were collected by submerging a 

50 mL beaker fully in the water and then gently inclining it. The beaker was slowly 

removed to avoid potential swirling. During the experiments, larvae were fed twice a 

day (9:30 am and 03:30 pm, GMT +3) with enriched rotifers from hatching through to 

settlement, and with 2 Artemia nauplii/mL from 5 dph until the end of the experiment.  

The water quality was checked daily and maintained at a salinity of 40 – 41 

ppt, temperature of 25 – 26 °C and pH of 7.8 – 8.2. NH3, NO2
- and NO3

- were 

measured every second day, with the same kit used for the breeding pairs, and 

maintained at levels of 0 – 1.00 ppm, 0 ppm and 0 ppm, respectively. The photoperiod 

was set as a light/dark cycle of 14:10 h, in accordance with the full moon cycle in 

their natural habitat. Water renewal started at 3 dph with a drip, and from day 5 with a 

trickle. A daily count of dead larvae and a report of the different larvae stages (e.g., 

metamorphosis, settlement) was conducted in the morning before feeding, when 

larvae were easier to see. During preliminary rearing trials, A. bicinctus larvae began 

settling to the bottom of the rearing bin at day 14 dph; thus, we evaluated the 

morphology, critical swimming speed (Ucrit) and differential gene expression (DGE) 

at eight ages, namely 0, 2, 4, 6, 8, 10, 12, and 14 dph. 

 

2.4.  Ontogeny description  

 

We originally planned to assess ten and five larvae to determine the swimming 

speed and DGE throughout ontogeny, respectively. However, for some life stages, we 

were not able to reach the previously mentioned larvae threshold, due to the mortality 
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rate. Thus, both the swimming trials and differential gene expression analysis were 

affected, and the number of individuals assessed are represented in Table 2.4.1. 

Furthermore, to optimize the number of animals used for this study, the larvae in both 

analyses were photographed to describe their larval development.  

 

Table 2.4.1 Sample size for critical swimming speed (Ucri) and differential gene 

expression (DGE) analysis, by age and pair ID (A1.1, A1.3, B2.2). In the Ucri analysis 

all the larvae (10) from the pairs ID A1.1 and A1.3 were used for clearing and 

staining analysis (C&S); and, from pair B2.2, despite 10 swimming larvae, only six 

were used for DGE and the remaining larvae for C&S. 

 

 Larval development 

To describe larval development throughout ontogeny, quantitative (Figure 

2.4.1 and Table 2.4.2) and qualitative traits (Figure 2.4.2 and Table 2.4.3) were 

measured for all individuals. Larvae were photographed with a stereomicroscope 

(Leica M80, Germany) equipped with an Integrated Standalone Digital Camera (Leica 

IC80 HD, Germany), and viewed under brightfield-transmitted and incident 

illumination Zeiss KL 2500 LCD at 3 kV. The quantitative traits were measured using 

ImageJ (NIH, USA); qualitative traits were classified as absent or present.  

Pair ID Analysis 

Age (dph) 

0 2 4 6 8 10 12 14 

A1.1 

DGE 5 5 5 5 5 5 5 0 

Ucrit(C&S) 10 10 10 10 6 3 3 0 

A1.3 

DGE 5 5 5 5 5 5 5 3 

Ucrit(C&S) 10 10 10 10 6 6 6 0 

B2.2 

DGE 5 5 5 5 5 5 5 5 

Ucrit (DGE) 10(6) 10(6) 10(6) 10(6) 10(6) 10(6) 10(6) 10(6) 
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Table 2.4.2 List of quantitative traits used to describe the ontogeny of Amphiprion bicinctus larvae. 

 Traits Description  

Quantitative Total Length (TL) Distance from the tip of the snout to the tip of the longer lobe of the caudal fin 

Standard length (SL) Distance from the tip of the snout to the extremity of the notochord  

Head length (HL) Distance from the snout to the extremity of the branchial opercular 

Snout length (SnL) Distance from the snout to the first border of the eye 

Eye length (EL) Length of the eye 

Body depth (BD) Distance perpendicular to HL directly from the top of the head to the bottom of the body  

Caudal peduncle depth 

(CPD) 

Height at the narrowest point between the caudal fin and the fish’s body 

Caudal fin height (CFH) Height of the caudal fin 

Caudal fin length (CFL) Widest section when fully extended 

Propulsive area (PA) Area including the fins, but excluding the head and gut region  

Muscle area (MA) Area, excluding the fins and the head and gut region 

Caudal fin area (CFA) Area with the caudal fins naturally fully extended 

Body area (BA) Area in lateral view, excluding the fins 
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Figure 2.4.1 Quantitative traits used to describe the larval development of 

Amphiprion bicinctus larvae throughout ontogeny. (A) indicates total length (TL); 

standard length (SL); head length (HL); snout length (SnL); eye length (EL); body 

depth (BD); caudal peduncle length (CPL); caudal fin height; (CFH) caudal fin length 

(CFL). (B) indicates the propulsive area (PA), (C) the muscle area (MA), (D) the 

caudal fin area and (E) the body area.  

 

The qualitative traits were characterized into two, three or four categories (Table 

2.4.1.2 and Figure 2.4.2). The yolk sac, dorsal soft rays, dorsal spines, anal soft rays, 

anal spines and caudal soft rays were defined into two categories, such as absent or 

present; the notochord and fin fold in three categories: preflexion, flexion and 

postflexion; and no, yes but no complete, and complete, respectively; while the pelvic 

fin and pigmentation were classified into four distinct categories: absent, pelvic bud, 

pelvic fin, and finally, pelvic spines; and xanthophores, iridophores, melanophores, 

respectively. Additionally, to evaluate the development of mineralized bone and 

cartilage, a preliminary assessment using double acid-free double staining was 

conducted (Appendix 1). 
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Table 2.4.3 List of qualitative traits used to describe the ontogeny of Amphiprion 

bicinctus larvae. 

 

 

 

 

2.5.  Ontogeny of critical swimming speed 

To determine the swimming speed throughout ontogeny, we used the same 

model of a single-channel swimming flume described in Majoris et al., 2019 (Figure 

Traits Categories 

Yolk sac Absent or present 

Fin fold regression No, yes but not complete, or complete 

Head shape Rounded or triangular 

Notochord flexion Preflexion, flexion or postflexion 

Anal soft rays (ASR) Absent or present 

Anal spines (AS) Absent or present 

Dorsal soft rays (DSR) Absent or present 

Dorsal spines (DS) Absent or present 

Pelvic fin development Absent, bud, soft rays, pelvic spines 

Pigmentation Xanthophores, iridophores, melanophores 

Figure 2.4.2 Qualitative traits used to describe the larval development of Amphiprion 

bicinctus larvae throughout ontogeny. 
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2.5.1), which was originally modified from the design of Stobutzki and Bellwood 

(1997).  

 

 

Figure 2.5.1 Lateral view of the single channel swimming flume system used in 

Majoris et al., 2019 to test the swimming speed of Amphiprion bicinctus larvae 

throughout ontogeny.  

 

The flume was partially submerged in saltwater, which had the same water 

parameters as the rearing bin from which the larvae were sampled. The water velocity 

within the flume could be adjusted to 0.8 – 40 cm/s using a submersible pump 

connected to a volumetrically calibrated flow meter (King Instruments, USA). 

On each sampling day, larvae were fed 30 min before the trial. Then, single 

larva were introduced into the flume using a large bore pipette and allowed to 

acclimate for 2 min, with water flowing at a velocity of < 1 cm/s. If the larva 

displayed a normal orientation and swimming behaviour during this period, the 

velocity was increased 2 cm/s every 2 min. The trial stopped until the larva could no 

longer maintain its position and was either expelled from the flume or collected on the 
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downstream mesh for > 5 s. Critical swimming speed (Ucrit) was then calculated 

following the equation from Brett (1964): 

𝑈𝑐𝑟𝑖𝑡 =  𝑈 + (
𝑡

𝑡𝑖
 ×  𝑈𝑖) 

Where U is equal to the penultimate speed, t is the time spent swimming at the 

final speed, ti is the time increment (2 min), and Ui is the final speed of failure. 

 

2.6. Differential gene expression during ontogeny 

Before the first feeding, the respective number of larvae described in Table 1 

was randomly collected at each sampling day, photographed, stored in RNA later 

(Sigma, USA) for 24 h at 4 °C, and then stored at -20 °C until gene expression 

analysis.  

Before starting the RNA extraction, all materials and benches were cleaned 

with 10% bleach, followed by 70% ethanol and RNAzap (Sigma, USA). Total RNA 

was extracted from whole single larva using TRI reagent (Sigma-Aldrich, T9424, 

USA) according to the manufacturer’s instructions, with some modifications based on 

preliminary tests. Briefly, each larva was homogenized in 1 mL of TRI reagent in 

tubes pre-filled with 2.8-mm ceramic beads (Thermo Fisher, 15-340-154, USA) on a 

TissueLyzer II (Qiagen, USA) for two cycles of 2 min at 30 Hz. After incubation for 5 

min at room temperature (RT), 200 µL of chloroform was added to separate the 

aqueous phase containing RNA from the interphase/organic phase containing 

DNA/proteins. Total RNA was extracted using RNeasy Mini Kits (Qiagen, 74106, 

Germany), according to the manufacturer’s instructions. Briefly, 500 µL of 70% 

ethanol (diluted in DEPC-treated water) was added to the lysate, washed and then 

resuspended in DEPC-treated water. The quantity and purity of the RNA samples 
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were checked using a NanoDrop 2000c spectrophotometer (Thermo Scientific, USA). 

All the samples showed a 280/260 ratio ≥ 1.8 and 260/230 ratio ≥ 2.0 and were 

considered suitable to proceed with the DNase treatment. To avoid contamination 

with genomic DNA, total RNA was treated with DNase using the Turbo DNA-free kit 

(Invitrogen, US). A second step of QC was performed using a Nanodrop 2000c, Qubit 

4 Fluorometer (Thermo Fisher, USA) and Bioanalyzer (Agilent, USA). Once again, 

samples with a 280/260 ratio ≥ 1.8 and 260/230 ratio ≥ 2.0 and a RIN ≥ 9 were 

considered suitable to generate libraries. Unfortunately, laboratory work was delayed 

due to the COVID-19 pandemic, making it impossible for us to generate the libraries 

at KAUST. Therefore, the total RNA samples were shipped on dry ice to the 

NOVOGENE facility for library preparation and sequencing. 

 

2.7. Data analysis 

 Before analysis, data were tested for normality and homogeneity of variances 

using the Shapiro-Wilk and Levene’s test, respectively. To investigate the differences 

among breeding pairs in the ontogeny of quantitative traits, analysis of covariance 

(ANCOVA) was used to determine whether the relationship between the traits and 

standard length varied among pairs, with the quantitative traits as the response 

variable, and breeding pairs and SL as covariates. Tukey’s post hoc test was used for 

pairwise multiple comparisons. For all statistical analyses, P < 0.05 was taken as 

significant. All analyses were conducted in R version 3.5.2 (R Core Team 2013). 
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3. RESULTS 

 

The life cycle of Amphiprion bicinctus was characterized by DPL occurring 

between 0 to 12 dph, and by settlement at 14 dph. While the DPL was associated with 

a sequence of morphological changes (Figure 3.1.1, and described in detail through 

this section), settlement was related to a behavioural change, where a transition from a 

dispersal pelagic larva in the water column to a sedentary juvenile was observed. The 

transition between these two phases, called metamorphosis, was associated with the 

acquisition of two white stripes. 

Four days after the beginning of the sampling, we noticed that some larvae 

presented jaw deformities, and for that reason, “deformities” was added as an 

additional qualitative trait, together with a new question: “will the swimming speed be 

affected by the deformities?”. 

 

3.1. Ontogeny description 

Besides characterizing the two distinct phases, eleven other qualitative traits 

were assessed for a total of 307 larvae to study the development of this endemic 

species from Red Sea over time. The eleven qualitative traits were the yolk sac, head 

development, fin fold regression, notochord flexion, caudal soft rays (CSR), dorsal 

soft rays (DSR), dorsal spines (DS), anal soft rays (ASR), anal spines (AS), pelvic fin 

development, and pigmentation, and the thirteen quantitative traits were the total 

length (TL), standard length (SL), head length (HL), snout length (SnL), eye diameter 

(ED), body depth (BD), body area (BA), propulsive area (PA), muscle area (MA), 

caudal peduncle depth (CPD), caudal fin height (CFH), caudal fin length (CFL), 

caudal fin area (CFA).  



31 
 

 

The larvae displayed a curved head during the first days, which gradually 

became steeper and deeper with the elongation of the snout (Figure 3.1.1). A 

completely functional mouth allowed them to exogenously feed on rotifers to acquire 

energy, since the yolk sac reserves depleted by12 hours post hatch (hph).  

 

Figure 3.1.1 Amphiprion bicinctus ontogeny from hatching (0 dph) to settlement (14 

dph). Multiple individuals are shown. White scale bars = 1 mm. The dph 

corresponding to each larva is indicated in the right top corner. (A) 0 dph, preflexion 

larva with a functional mouth, and an absent yolk sac. The trunk and tail are covered 

by a transparent embryonic fin fold (EFF, represented with a grey star); the hypural 

bones and notochord are linear. (B) 2 dph, flexion larva with an initial bend of the 

notochord, the anal and dorsal soft rays appear. A pelvic bud is also present, and the 

EFF starts to condense. (C) 4 dph, resorption of the EFF continues, and the pelvic fin 

begins to form. (D) 6 dph, larva still in flexion, with the EFF complete, the snout 

begins to elongate, the spines of the dorsal and anal fins, and the soft rays of the 

pelvic fin appear. (E) 8 dph, the spines of the pelvic fin develop. (F) 10 dph, larvae in 

postflexion, with the notochord and hypural bones in a completely vertical position. 

Two white strips are also present. (G) 12 dph pre-settlement larvae. (H) 14 dph, 

settler larvae with all structures present.  
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The larval body and tail were surrounded by an embryonic fin fold (EFF) 

(indicated with a grey star in Figure 3.1.1, A), which was sequentially absorbed 

between day 2 and day 6 (Figure 3.1.1, B-D) to form the fins. The caudal fin was 

composed of soft rays and hypural bones (HB). Development of the caudal fin was 

classified into three stages: preflexion, flexion, and postflexion, at 0 dph, between 2 – 

10 dph, and 10 – 14 dph, respectively. Preflexion was then associated with the 

notochord and the hypural bones being linear at 0 dph (Figure 3.1.1, A), and the 

absence of soft rays (Figure 6, A, E). The flexion stage from 2 dph to 8 dph (Figure 

3.1.1, B - F) was accompanied by bending of the notochord and the appearance of 

caudal soft rays by day 2 (indicated with an orange arrow in Figure 3.1.2, B, F). 

Finally, postflexion was reached by 10 dph to 14 days (Figure 3.1.1, G, H), with the 

hypural bones completely vertical and elongated soft rays forming the final shape of 

the caudal fin (Figure 3.1.2, C-D, G-H). The dorsal and anal fins exhibited similar 

patterns of development. The principal components observed were soft rays and 

spines. However, it was also possible to observe a soft tissue called mesenchyme 

condensation (MC), which was present since hatching. MC was found between the 

soft rays or spines and the body of the individuals. At 0 dph, the trunk was surrounded 

by the EFF, and the soft rays and spines were absent (Figure 3.1.3 – 3.1.4, A, E). By 

day 2, the soft rays started to grow (indicated by an orange row in Figure 3.1.3 – 

3.1.4, B, F), and the spines only emerged on day 6 (indicated by blue arrows, in 

Figure 3.1.3 – 3.1.4, C, D, G, H). The development of the pelvic fin was more 

complex than the other fins. At day 0, the larvae did not contain any pelvic fin 

structure (Figure 3.1.5, A, F). However, between day 2 and day 4, a small bud 

appeared (indicated by a grey arrow in figure 3.1.5, B, G), followed by the 



33 
 

 

development of the actual fin with soft rays until day 6, and finishing with 

development of the complete structure, the spines, from day 8 until day 12.  
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Figure 3.1.2 Timescale showing the caudal fin development of Amphiprion bicinctus. Multiple individuals are shown. White 

scale bars = 1 mm. A-D, larvae at 0, 2, 10, and 12 days post hatch and respective close-ups of the caudal fin. Preflexion (0 dph, 

A and E) with a notochord and hypural bones in a linear position, flexion (2 dph, B and F) with initial bending of the 

notochord and HB, and postflexion (10-12 dph, C-D, G-H) with the notochord in a vertical position. NT, notochord; HB, 

hypural bones; dph, days post hatch. 
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Figure 3.1.3 Timescale showing the dorsal fin development of Amphiprion bicinctus. Multiple individuals are shown. White scale 

bars = 1 mm. A-D, larvae at 0, 2, 6, and 12 days post hatch (dph) and respective close-ups of the anal fin. At 0 dph (A and E), the 

embryonic fin fold (EFF) covers the trunk, and only the mesenchyme condensation (MC) was detected. At 2 dph (B and F), the soft 

rays, represented by the colour orange, start to grow and were present throughout the time of the study, while the spines, represented 

by the colour blue, were only present from day 6 onwards (C and G). By day 12, both structures were completely formed. DSR, dorsal 

soft rays; DS, dorsal spines.  
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Figure 3.1.4 Timescale showing the anal fin development of Amphiprion bicinctus. Multiple individuals are shown. White scale bars 

= 1 mm. A-D, larvae at 0, 2, 6, and 12 days post hatch (dph) and respective close-ups of the anal fin. At 0 dph (A and E), the 

embryonic fin fold (EFF) covers the trunk, and only the mesenchyme condensation (MC) can be detected. At 2 dph (B and F), the soft 

rays, represented by the colour orange, start to grow and were present throughout the time of the study, while the spines, represented 

by the colour blue, were only present from day 6 onwards (C and G). By day 12, both structures were completely formed. DSR, dorsal 

soft rays; DS, dorsal spines.  
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Figure 3.1.5 Timescale showing the pelvic fin development of Amphiprion bicinctus. Multiple individuals are shown. White scale bars = 

1 mm. A-D, larvae at 0, 2, 4, 6, and 12 days post hatch (dph) and respective close-ups of the pelvic fin. At 0 dph (A and F), no pelvic fin 

structures were present. At 2 dph (B and G), a small bud, represented by a grey arrow, formed. At 4 dph, (C and H) the soft rays, 

represented by the colour orange, started to grow, while the spines, represented by the colour blue, were only present from day 8 (D and 

I). By day 12, both structures were completely formed. PSR, pelvic soft rays; PS, pelvic spines. 

dph 
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Three major chromatophores are present during the ontogeny of A. bicinctus: 

melanophores (black cells), xanthophores (orange cells), and iridophores (iridescent 

cells). During the first two days (Figure 3.1.6, A), the larvae were lightly pigmented, 

with the melanophores more concentrated in the trunk, xanthophores found from the 

snout to almost the caudal peduncle, and iridophores in the gut area. The pigmentation 

increased throughout the body during larval development (Figure 3.1.6, B). The 

melanophores completely covered the trunk and part of the head at day 12. Before the 

xanthophores spread along the head, body, and fins, the two white stripes formed at 

day 10, changing from a transparent colour to a white colour, with significant 

concentration of black pigmentation in their border.  

 

Figure 3.1.6 Representative larva showing the three types of chromatophores present 

during the ontogeny of Amphiprion bicinctus. Multiple individuals are shown. White 

scale bars = 1 mm. Higher magnification image showing the respective 

chromatophore in the two different larval stages. (A) Lightly pigmented larva. (B) 

Larva with the adult pigmentation. 
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Jaw deformities occurred in some A. bicinctus larvae from 4 dph until the end 

of the sampling period and were distinguished by comparing the larvae with normally 

developed individuals. In total, 30 out of 307 larvae (9.8%) showed deformities, with 

27 larvae exhibiting the features shown in A2.3 and three, in B2.2. A break in 

fibrocartilage between the two bones in the lower jaw, called the symphysial joint 

(Figure 3.1.7, B), was the most frequent type of malformation, with 37% of the larvae 

across the two clutches being affected. Other lower jaw deformities, including 

shortness in the lower jaws (Figure 3.1.7, C) and severe bending of Meckel’s cartilage 

(Figure 3.1.7, D), were also detected in clutch A2.3. 

 

Figure 3.1.7 Head view of a representative Amphiprion bicinctus larvae. (A) view of 

a larva with a normal jaw; (B) a break in the symphysial joint; (C) a shortened lower 

jaw; (D) and severe bending of Meckel’s cartilage.  

 

As expected, all quantitative traits increased in size over time. At hatching, the 

SL ranged from 4.13 to 4.15 mm, and increased at a growth rate between 0.20 and 

0.33 mm/day, reaching between 6.95 and 8.62 mm, at settlement (Figure 3.1.8). 
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Figure 3.1.8 Relationship between standard length (SL) and age (dph) among 

clutches from hatching to settlement.  

 

The ANCOVA analysis of the SL and age showed a good correlation 

coefficient (R2 = 0.92). Therefore, SL was used as a proxy in all models to describe 

the quantitative development in A. bicinctus larvae.  

ANCOVA analyses also revealed that SL, pair ID and their interaction (SL * 

Pair ID) had significant effects on ED, CFL, CPD, and CFA (Figure 3.1.9). The 

interaction also indicated that the slope of the relationship between these traits and the 

standard length varied among clutches for some traits (Table 3.1.1). Post hoc tests 

indicated there was no significant difference in the slope of the relationship between 

the SL and ED between A1.1 and B22 (P-value = 0.57), but A2.3 was significantly 

different between A1.1 (P-value < 0.0015) and B2.2 (P-value < 0.0079). The CFL 

was significantly different between B2.2 and that of A2.3 and A1.1 (P-value < 0.05), 

though A1.1 was not different to A2.3 (P-value = 0.73). The CPD was significantly 

different between all breeding pairs (P-value < 0.05). Finally, the slope for CPA was 

not significantly different between A2.3 and A1.1, and A2.3 and B2.2 (P-value > 

0.05), but was significantly different between A1.1 and B2.2 (P-value = 0.039).  



41 
 

 

 

 

 



42 
 

 

 

Figure 3.1.9 Relationship between eye diameter (ED), caudal fin length (CFL), 

caudal peduncle depth (CPD) and caudal fin area (CFA) size among clutches and 

standard length (SL) from hatching through settlement.  

 

Table 3.1.1 Results of the ANCOVA model for the effect of Pair ID (grouping 

variable) and standard length (SL) (covariate) on eye diameter (ED), caudal fin length 

(CFL), caudal peduncle depth (CPD), and caudal fin area (CFA) (dependent 

variables) throughout ontogeny. Values in bold represent significant differences. 

  df SS MS F P 

Eye diameter (ED)      
SL 1 7.24 7.24 8077.38 P < 0.001 

PairID 2 0.053 0.026 29.29 P < 0.001 

SL*Pair ID 2 0.022 0.011 12.36 P < 0.001 

Residuals 296 0.27 0.0009   
      
Caudal fin length (CFL)      
SL 1 142.60 142.60 7318.57 P < 0.001 

PairID 2 0.36 0.18 9.24 P < 0.001 

SL*Pair ID 2 0.41 0.205 10.50 P < 0.001 

Residuals 296 5.77 0.019   
      
Caudal peduncle depth 

(CPD)      
SL 1 10.47 10.47 3166.71 P < 0.001 

PairID 2 0.079 0.039 11.90 P < 0.001 

SL*Pair ID 2 0.15 0.074 22.35 P < 0.001 

Residuals 296 0.98 0.0033   
      
Caudal fin area (CFA)      
SL 1 0.092 0.092 8906.99 P < 0.001 

PairID 2 0.00011 5.6E-05 5.40 P < 0.05 

SL*Pair ID 2 7.2E-05 3.6E-05 3.50 P < 0.05 

Residuals 296 0.0031 0.00001     
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On the other hand, SL and the interaction (SL * Pair ID) had a significant 

effect on MA, HL and SnL, while clutch did not have any impact on the respective 

variables (Figure 3.1.10, Table 3.1.2). Similarly to ED, post hoc tests indicated there 

were no significant differences in the relationships of SL and MA, HL and SnL slopes 

between A1.1 and B22 (P-value > 0.05), though A2.3 was significantly different to 

A1.1 and B2.2 (P-value < 0.05).  
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Table 3.1.2 Results of the ANCOVA model for the effect of Pair ID (grouping 

variable) and standard length (SL) (covariate) on muscle area (MA), head length 

(HL), and snout length (SnL) (dependent variables) throughout ontogeny. Values in 

bold represent significant differences.  

  df SS MS F P 

Muscle area      

SL 1 0.20182 0.20182 14081.9 P < 0.001 

PairID 2 5.5E-05 2.7E-05 1.9095 P > 0.05 

SL*Pair ID 2 0.00026 0.00013 8.9003 P < 0.001 

Residuals 296 0.00424 1.4E-05   

      

Head length      

SL 1 83.147 83.147 9990.41 P < 0.001 

PairID 2 0.043 0.021 2.5629 P > 0.05 

SL*Pair ID 2 0.108 0.054 6.5102 P < 0.01 

Residuals 296 2.464 0.008   

      

Snout length      

SL 1 8.0327 8.0327 2464.86 P < 0.001 

PairID 2 0.0052 0.0026 0.7916 P > 0.05 

SL*Pair ID 2 0.0298 0.0149 4.5762 P < 0.01 

Residuals 296 0.9646 0.0033     

 

 

Figure 3.1.10 Relationship between muscle area (MA), head length (HL), and snout 

length (SnL) size among clutches and standard length (SL) of larvae from hatching 

through settlement. 
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Only SL had a significant effect on BA and CFH (Figure 3.1.11, Table 3.1.3), 

and the post hoc test indicated there were no significant differences in the slopes of 

the relationships of size with BA and CFH between the pair IDs (P-values > 0.05).  

 

 

Figure 3.1.11 Relationship between body area (BA) and caudal fin height (CFH) size 

among clutches and standard length (SL) from hatching through settlement. 
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Table 3.1.3 Results of the ANCOVA model for the effect of Pair ID (grouping 

variable) and standard length (SL) (covariate) on body area (BA), and caudal fin 

height (CFH) (dependent variables) throughout ontogeny. Values in bold represent 

significant differences. 

  df SS MS F P 

Body area      

SL 1 0.35988 0.35988 12113.7 P < 0.001 

PairID 2 1.4E-05 0.00007 2.29 P > 0.05 

SL*Pair ID 2 0.00017 0.00009 2.94 P > 0.05 

Residuals 296 0.00879 0.00003   

      

Caudal fin height      

SL 1 49.109 49.109 3721.18 P < 0.001 

PairID 2 0.033 0.017 1.25 P > 0.05 

SL*Pair ID 2 0.053 0.027 2.01 P > 0.05 

Residuals 296 3.906 0.013   
 

Finally, the SL and the Pair ID had a significant effect on the PA and BD, 

while the interaction (SL * Pair ID) did not affect the respective variables (Figure 

3.1.12, Table 3.1.4). Post hoc tests indicated no significant differences in the slopes of 

the relationship of size with BA and CFH between the pair IDs (P-values > 0.05).



47 
 

 

 

Figure 3.1.12 Relationship between propulsive area (PA) and body depth (BD) size 

among clutches and standard length (SL) from hatching through settlement. 

 

Table 3.1.4 Results of the ANCOVA model for the effect of Pair ID (grouping 

variable) and standard length (SL) (covariate) on propulsive area (PA), and body 

depth (BD) (dependent variables) throughout ontogeny. Values in bold represent 

significant differences. 

  df SS MS F P 

Propulsive area      
SL 1 0.65572 0.65572 11417.9 P < 0.001 

PairID 2 0.00084 0.00042 7.3093 P < 0.001 

SL*Pair ID 2 0.00021 0.00011 1.8408 P > 0.05 

Residuals 296 0.017 0.00006   
      
Body depth      
SL 1 199.387 199.387 25515.2 P < 0.001 

PairID 2 0.139 0.069 8.8784 P < 0.001 

SL*Pair ID 2 0.004 0.002 0.2472 P > 0.05 

Residuals 296 2.313 0.008     
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3.2. Ontogeny of critical swimming speed  

At hatching, the mean swimming speed ranged from 3.71 cm/s to 3.99 cm/s, 

reaching a maximum of 42 cm/s at the settlement stage (Figure 3.2.1). To determine 

the effect of ontogeny on the performance (variable dependent) of the clownfish 

larvae, we predicted the effect of SL (covariate) on the swimming speed. ANCOVA 

revealed that SL and the interaction (SL * Pair ID) influenced the Ucrit, while the pair 

ID was not significant (Table 3.2.1). Post hoc tests indicated there were no significant 

differences in the slopes between the swimming speed and the SL among the breeding 

pairs (P-values > 0.05). The larvae with jaw deformities showed a normal functional 

mouth (being able to capture live prey) and similar swimming performance as larvae 

without deformities (Figure 3.2.2).  

 

Figure 3.2.1 Relationship between the swimming speed (Ucrit) and standard length 

(SL) of A. bicinctus larvae from hatching through settlement. 

Table 3.2.1 Results of the ANCOVA model for the effect of Pair ID (grouping 

variable) and standard length (SL) (covariate) on the swimming speed (Ucrit) 

(dependent variables) throughout ontogeny. Values in bold represent significant 

differences. 

  df SS MS F P 

Ucrit      

SL 1 4854.9 4854.9 176.918 P < 0.001 

PairID 2 14.6 7.3 0.2659 P > 0.05 

SL*Pair ID 2 190.1 95 3.431 P < 0.05 

Residuals 179 4912.1 27.4   
 



49 
 

 

 

Figure 3.2.2 Relationship between the swimming speed (Ucrit) of deformed (cream) 

and normal (light blue) larvae and standard length (SL) from hatching through 

settlement. 

 

3.3. Differential gene expression during ontogeny 

Unfortunately, laboratory work was delayed by the COVID-19 pandemic, and 

consequently, it was impossible to obtain the DGE results in time. However, total 

RNA was extracted from a total of 195 larvae. The quality and quantity of the samples 

obtained after DNase treatment matched the standards established in the materials and 

methods section.  
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4. DISCUSSION 

In this study, we investigated the ontogeny of the clownfish Amphiprion 

bicinctus by providing a detailed description of morphological development and 

swimming speed performance from the moment of hatching to the settlement phase. 

4.1. Larval development 

As expected, the sequence of events observed during the development of A. 

bicinctus is similar to other species of the same genus. Development of the caudal fin, 

associated with the preflexion, flexion and postflexion stages, occurred on day 0, 2 

and 10, respectively, while flexion and postflexion are detected in A. ocellaris on day 

3 and 11 (Roux et al., 2019). Likewise, absorption of the yolk sac and formation of 

the dorsal/anal soft rays and spines, at 2 dph and 4 dph, occurred on the same days 

post hatch as in other studies of A. perideraion and A. frenatus (Parichy et al., 2009; 

Putra et al., 2012). The formation of the white stripes and development of the adult 

pigmentation started at an earlier stage in A. bicinctus (10 dph) compared to A. 

ocellaris, in which these changes only start to occur on 15 dph. At hatching, A. 

bicinctus was slightly bigger than A. ocellaris, with respective SL of 4.1 mm and 3.2 

mm. However, the other quantitative traits for A. bicinctus exhibited similar trends 

compared to A. ocellaris (Roux et al., 2019). For instance, the increasing growth rates 

of the eye, head, snout, and body of both species were the same, with values of 0.1, 

0.4, 0.1, 0.6 mm/day, respectively (Roux et al., 2019). 

These morphological results suggest that—even though we are comparing 

different species of clownfish that have a quite different evolution (McCord et al., 

2021), but are reared under similar environmental conditions—their post embryonic 

development, at the genus level, is similar. This could also be the result of similar 
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molecular and cellular development. For example, thyroid-responsive genes are 

involved in regulation of the expression of specific genes during metamorphosis 

(Holzer et al., 2017; Campinho, 2019). For example, growth hormones play an 

important role in the larval development of the Nile tilapia Oreochromis niloticus 

(Khalil and Mousa, 2013), and also in the Siberian sturgeon Acipenser baerii 

(Abdolahnejad et al., 2015). Genes related to muscle development were found to be 

important during the larval development of gilthead seabream Sparus aurata 

(Sarropoulou et al., 2005), and also in zebrafish Danio rerio (Ton et al., 2003). 

Unfortunately, we are still unable to confirm these findings for our species, making 

this a merely plausible hypothesis, given the similarity of the morphological results.  

The process of rearing larvae is commonly impacted by skeletal deformities 

(Cobcroft and Battaglene, 2013; Noble et al., 2012). The bent Meckel’s cartilage 

deformation is one of the most common jaw deformities, and has been described in 

species such as golden pompano Trachinotus ovatus larvae, yellowtail kingfish 

Seriola lalandi larvae, and Atlantic halibut Hippoglossus hippoglossus (Morrison and 

MacDonald, 1995; Cobcroft et al., 2004; Ma et al., 2016). As far as we are aware, the 

reasons why the bent Meckel’s cartilage deformation happens are still unknown. 

Various hypotheses such as inappropriate parental care (e.g., egg oxygenation), 

genetic problems, fish nutrition, and poor rearing conditions (e.g., temperature) have 

been proposed.  

Even though we eliminated nutrition as a possible factor that influences these 

deformities, it has been shown that improving the live feed with probiotics, HUFAs or 

vitamins can positively impact the larvae of other species, since they presented better 

growth performance (Olivotto et al., 2011), better calcification (Maradonna et al., 

2013), and even a decrease in the number of deformities (Fernández et al., 2008). 
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Therefore, enhancing the nutritional value of our live feed with such supplements 

could be a good start for future experiments with clownfish. 

Until now, the only types of anomalies that we detected were the deformities 

mentioned in this study, however, by performing clearing and staining in the next 

months, we will be able to confirm or reject the previous hypotheses and further 

investigate and discuss new questions. It will also be interesting to see, in the DGE 

results, if the deformed individuals exhibit genes related to skeletogenesis, as 

previously reported during gilthead sea bream larval development (Fernández et al., 

2011). 

4.2.  Swimming speed ontogeny 

The critical swimming speed (Ucrit) is the most valuable parameter for 

assessing the performance of fish larvae throughout their ontogeny (Leis and Fisher, 

2006). Additionally, swimming speed also provides a realistic method to measure and 

compare the swimming abilities of the same species, family or genus across different 

studies, as long as the experimental design is similar (Rossi et al., 2019). In the few 

studies of the critical swimming speed of reef fish larvae from hatching to settlement, 

newly hatched larvae were found to be able to swim at a speed of 4.8 cm/s, reaching a 

maximum speed of 48 cm/s, respectively (Fisher et al., 2000). In the current study, 

newly hatched larvae swam at a mean speed of 3.8 cm/s, reaching 19 cm/s at the 

settlement phase, with the best performers reaching 42 cm/s. Similar results were 

obtained for A. percula by Leis 2010 and Majoris et al., 2019, who reported late-stage 

larvae swam at 4–19 cm/s. However, clownfish swam twice as fast as Elacantinus 

lori, another coral reef species (2.4 cm/s at hatching and 6.3 cm/s at settlement), 
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suggesting that swimming performance differs between species, and, consequently, 

their capacities to disperse to new habitats will also vary.  

Scientific efforts have been conducted in order to potentially explain the larval 

dispersal phenomenon, using important factors such as swimming performance and 

morphological traits. In the current study, we demonstrate that size was a good 

predictor of critical swimming speed. However, assessment of the correlations with 

other traits measured in this study (e.g., life stages, body depth, caudal fin peduncle) 

could also be interesting, since some of these traits may potentially have a stronger 

effect on swimming speed. For instance, Fisher and Hogan, 2007, concluded that in 

addition to size, both the caudal peduncle depth and aspect ratio (relationship between 

caudal fin depth and caudal fin area) have a strong relationship with the swimming 

speed. Moreover, Fisher and Bellwood, 2001, showed that even though the swimming 

performance increased throughout ontogeny, a small drop in the swimming speed 

occurred in the late-stages. This could happen due to the fact that the fish change their 

morphology and behaviour from free-swimming larvae to juvenile settlers. There is 

also evidence to suggest that different types of fins and body shapes have varied 

impacts on the swimming speed (Webb, 1994). Studies of zebrafish showed wild-type 

fish obtained the best Ucrit, while long-finned fish and no-tail fish were 22% and 65% 

slower than the wild-type, respectively. This suggests that the shape of the fins and 

the morphological characteristics of the individuals have a strong relationship with 

swimming performance.  

When we think about deformities, we initially think that any type of deformity 

will affect swimming performance. However, (Powell et al., 2009) showed the 

opposite occurred for Atlantic salmon. The Ucrit of Atlantic salmon was only affected 

by one type of deformity, namely scoliosis, and not by vertical compression of the 



54 
 

 

notochord. In this study, despite working with a different species and life stage, the 

jaw deformities had no effect on the critical swimming speed. This could suggest that 

only certain types of anomalies affect swimming performance. If we extrapolate this 

hypothesis to the environment, larvae with deformities could disperse as far away 

from their natal reef as ‘normal’ larvae.  

Overall, the findings of this thesis establish powerful baseline information on 

the ontogeny A. bicinctus that may help to inform future experiments. 
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5. CONCLUSION 

5.1. General conclusion 

This work combines morphological analysis with assessment of behavioural 

performance to establish a detailed description of the Red Sea clownfish, Amphiprion 

bicinctus, throughout its ontogeny. Our results demonstrate that this endemic species 

has a similar dispersive pelagic larval phase as other species of the same genus. Due 

to the delay caused by the COVID-19 pandemic, the last question of our study 

remains unanswered, and will therefore be addressed in the “future perspectives” 

below. Nevertheless, this study represents an excellent start to establishing baseline 

morphological and swimming speed information, which may help to create a marine 

protected area in the Red Sea and inform future research. 

5.2. Future perspectives 

Future research efforts should be directed to the unanswered question 

related to gene expression mentioned above and conclusion of all unfinished tasks, 

such as: 

1. Since our samples were only recently submitted for sequencing, analysis 

of differential gene expression throughout ontogeny was not possible in 

this study.   

2. Confirming the role of THs in the metamorphosis of A. bicinctus by 

measuring the levels of THs (e.g., T3 and T4) using ELISAs or RIAs or by 

the evaluating the expression of TH-related genes (e.g., deiodinases, TH 

receptors, TH transporters, TSH) could also be an interesting, 

complementary assay to this work.  
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3. Performing the C&S protocol will probably improve visualization of jaw 

deformities and enable us to detect new deformities (e.g., notochord 

fusion).  
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6. APPENDICES 

6.1. Clearing and staining (C&S) protocol  

To evaluate the development of mineralized bone and cartilage, a first trial of 

double acid-free double staining was performed using Alcian blue 8GX (Sigma-

Aldrich, A5288) and Alizarin red S (Sigma-Aldrich, A5533) to stain cartilage and 

bone, respectively. Briefly, samples were stained in Alcian blue 8 GX for 

approximately 1 h and passed through a decreasing series of ethanol concentrations 

(95%, 50%, 10%) for 10 min each. Then, the samples were hydrated with distilled 

water for 30 min, before being stained for 2 min with Alizarin red S in 0.5% 

potassium hydroxide (KOH) solution (Sigma-Aldrich, P1767). Samples were then 

incubated with two series of 0.5% KOH solution for 10 min. The samples were passed 

through an increasing series of glycerol concentrations (Sigma-Aldrich, G9012) in 

0.5% KOH solution (1:3, 1:1, 3:1) until the individual sank, after which the samples 

were stored in 100% glycerol.  
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