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ABSTRACT 

CHAPTER I GENERAL INTRODUCTION 

One of the major biological evolution of vertebrates during land invasion was the 

transition of feeding mechanisms from suction in aquatic animals to prehension in terrestrial 

ones. Due to large differences in physicochemical characteristics of air and water, suction 

feeding is impractical on land, and thus terrestrial vertebrates usually employ teeth on jaws for 

obtaining food. How feeding mechanisms modified in the Devonian transitional vertebrates is 

little known. Recent investigations of fossils and extant amphibious fishes have partly revealed 

how early terrestrial vertebrates might have obtained food in terrestrial environment, and 

suggested all of them being carnivorous. However, understanding of the feeding transition is 

incomplete due to only based on hard structures (fossils) or macrophagous carnivorous fishes. 

There is a fraction number of amphibious fishes, i.e., oxudercine gobies, showing a full 

spectrum of habitat transition from water to land and varying feeding habits; and surprisingly, 

their transition of feeding habit may be from herbivory/omnivory to carnivory. Comparison of 

feeding apparatus among this group of fish could not only shed light on their feeding transition, 

but also gain our understanding of the feeding transition in early land vertebrates due to their 

feeding faced analogous constraints. In this study, oxudercine gobies were used as model 

species to elucidate i) how feeding system of aquatic fish has transitioned as they invaded land, 

and ii) is there any possibility of early emergence of oxudercine gobies being herbivorous or 

omnivorous? 

CHAPTER II MORPHOLOGY OF THE FEEDING APPARATUS IN THE 

HERBIVOROUS MUDSKIPPER, Boleophthalmus pectinitrostris (Linnaeus, 1758) 

Among the mudskippers, Boleophthalmus pectinirostris is herbivorous and grazes on 

diatoms on exposed mudflats. In this study, we investigated the morphology of the feeding 

apparatus of this species to understand how feeding apparatus is modified for grazing on land. 
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Dentition, and the skeletal and muscular systems of the branchial basket were examined through 

macroscopic and microscopic dissection, scanning electron microscopy, and micro-computed 

tomography scanning. The results show that the feeding apparatus of the fish has been modified 

presumably to transport diatom cells from the mudflats surface to the digestive tract with 

minimum admixture of mud particles. The modifications include horizontal orientation of the 

lower jaw teeth, horizontally aligned, high-density gill rakers on the third (only on the posterior 

row) and fourth (both rows) gill arches, large pharyngeal plates bearing numerous fine teeth, 

and the musculoskeletal system related to the fourth epibranchial. 

CHAPTER III MORPHOLOGICAL COMPARISON OF THE FEEDING APPARATUS IN 

THE MUDSKIPPERS: Boleophthalmus boddarti (Pallas, 1770), Oxuderces nexipinnis 

(Cantor, 1849), Scartelaos histophorus (Valenciennes, 1837), Periophthalmus chrysospilos 

Bleeker, 1852, AND Periophthalmodon schlosseri (Pallas, 1770) 

In this study, the anatomy of the feeding apparatus of five oxudercine gobies, 

Boleophthalmus boddarti (moderately terrestrial, herbivorous), Oxuderces nexipinnis (nearly 

aquatic, herbivorous), Scartelaos histophorus (moderately terrestrial, omnivorous), 

Periophthalmus chrysospilos (highly terrestrial, carnivorous), and Periophthalmodon 

schlosseri (highly terrestrial, carnivorous) collected from a mudflat in Vietnam, was compared. 

B. boddarti and O. nexipinnis are characterized by a horizontal disposition of the dentary teeth, 

more densely spaced gill rakers on the posterior row of the third arch and both rows of the 

fourth arch, and large, ventrally curved pharyngeal plates bearing numerous fine teeth. Ps. 

chrysospilos and Pn. schlosseri have oral jaw bones with jaw-levers producing a greater biting 

force, rudimentary gill rakers, and pharyngeal plates studded with robust canine teeth. On the 

underside of the ventral plates, prominent ridges occur, onto which strong muscles attach. The 

jaw adductors are larger in these carnivorous mudskippers. S. histophorus shows an anatomical 

architecture which may be considered intermediate between these herbivorous and carnivorous 

species. On the basis of currently accepted relationships of oxudercine genera, their feeding 
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habits, and the morphology of the feeding apparatus, we hypothesize that the oxudercine gobies 

had been adapted to feeding microalgae in shallow water before expanding their niche onto 

land, and subsequently diverged to more specialized herbivorous (Boleophthalmus) and 

carnivorous groups (Periophthalmus and Periophthalmodon) feeding in higher intertidal 

habitats. 

CHAPTER IV MORPHOLOGY OF THE FEEDING APPARATUS IN TWO 

OXUDERCINE GOBIES, Parapocryptes serperaster (Richardson 1846) and 

Pseudapocryptes elongatus (Cuvier 1816)  

Oxudercine gobies are exceptional among fish, comprising of fully aquatic to highly 

terrestrial species. The previous study hypothesized gradual transition from herbivory to 

carnivory during their niche expansion onto land. In this study, the anatomy of the feeding 

apparatus of two oxudercine gobies, Parapocryptes serperaster and Pseudapocryptes elongatus, 

was investigated, both of which show low degrees of terrestriality and are therefore important 

for understanding initial stages of the alteration of feeding apparatus in these fishes. The feeding 

system of the two species is similar in having heterogeneous development of gill rakers among 

gill arches; strongly curved, large pharyngeal plates studded with numerous papilliform teeth; 

and configuration of both musculature and skeleton of the branchial basket. On the other hand, 

the number of teeth in Pa. serperaster is more than double than in Pd. elongatus for both 

premaxilla and dentary, while the size of the teeth in Pa. serperaster is only half that of Pd. 

elongatus for both length and width. Pharyngeal plates and associated muscular and skeletal 

elements are more posteriorly located in Pd. elongatus. These similarities and differences may 

be explained by different feeding habits of the two species, and might represent transition from 

herbivory to omnivory during early stages of niche expansion onto land by oxudercine gobies. 
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CHAPTER V MORPHOLOGY OF THE FEEDING APPARATUS IN TWO 

OXUDERCINE GOBIES, Periophthalmus modestus Cantor, 1842 and Periophthalmodon 

septemradiatus (Hamilton, 1822) 

In order to gain understanding of the terrestrial feeding in mudskippers, morphology 

of feeding apparatus in the two carnivorous mudskipper species, Periophthalmus modestus and 

Periophthalmodon septemradiatus, was examined and compared to these of B. boddarti, B. 

pectinirostris, Ps. chrysospilos, and Pn. schlosseri achieved in preceding studies. Feeding 

morphological features of B. boddarti and B. pectinirostris are similar but show some 

differences in dentition morphometrics and tooth density on the pharyngeal plates, which could 

be because they graze on different terrestrial zones. Among the four carnivorous mudskippers, 

feeding apparatus of Ps. modestus is different by having no frontal fang-like teeth, smaller 

values of replacement teeth, standardized tooth length, and standardized tooth width on the oral 

jaws; the pharyngeal plates being studded with higher density of teeth and overlapping of the 

third and fourth pharyngobranchials, which could facilitate feeding soft and non-invasive prey. 

In conclusion, modifications of the feeding apparatus could aid feeding different types of prey. 

CHAPTER VI GENERAL DISCUSSION AND FUTURE DIRECTION 

Evolution of feeding apparatus during land invasion of vertebrates: The suction-to-

biting transition coincides with flexible-to-firm modifications of the cranial structure, which is 

thought to have happened around the time that vertebrates invaded land. The prominent changes 

include loss of the operculogular series, reduction and modification of the branchial system, 

and rigidity of the lower jaws and skull roof, which facilitate biting. These modifications 

presumably occurred when vertebrates were still in aquatic environment, and all of early 

vertebrates were carnivorous. Although the feeding system of mudskippers mainly shares the 

morphology of typical fish, they show some modifications, i.e., horizontal disposition of 

dentary teeth, posterior development of gill rakers, large and curved pharyngeal plates bearing 

with numerous fine teeth in the herbivorous and omnivorous species; the musculoskeletal 
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system of the oral jaw produce strong biting and of the pharyngeal plates being well developed 

in the carnivorous species, presumably facilitating feeding on land. The present study also 

proposed that early emerged oxudercine gobies could be herbivorous or omnivorous species.  

Adaptions of terrestrial grazing in herbivorous and omnivorous mudskippers: The 

primary challenge of the herbivorous and omnivorous mudskippers is to obtain food particles 

with less admixture of mud particles. The modifications of feeding apparatus in the herbivorous 

and omnivorous mudskippers being distinct from typical filter-feeding fishes are presumably 

adaptations of effective exploitation of food resources on land, but conformation of filtering 

mechanics should be further investigated by employing electromyography or detail analysis of 

feeding behavior. 

Adaptations of terrestrial feeding in carnivorous mudskippers: Capability of 

terrestrial capturing and swallowing prey without relying on water (using teeth on jaws and the 

tongue) is the key factor allowing early vertebrates to expand their life on land. Most of extant 

amphibious fishes are able to capture prey on land but they must return into water for 

swallowing, except Ps. kalolo feeding without using water (Sponder and Lauder 1981). 

Findings in the present study partly revealed how mudskippers could handle prey on land. In 

order to gain more understanding of terrestrial feeding in this group of fish, detail investigations 

of their feeding mechanics, especially in high terrestrial species (Periophthalmus or 

Periophthalmodon), using electromyography, cinematography, or feeding behavior analysis 

could be fruitful.
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Chapter I 

GENERAL INTRODUCTION 

One of the major biological evolution of vertebrates during land invasion was the 

transition of feeding mode from foraging for food in aquatic environment to preying on 

terrestrial environment. Based on relative movement of prey and water to the mouth, feeding in 

aquatic environment can be classified into three modes, i.e., ram feeding, suction feeding, and 

biting (Ferry et al. 2015). Ram feeding mainly relies on forward swimming of aquatic animals 

with mouth opened in order to engulf prey (Fig. I-1a). In this mode of feeding, the relative 

closing movement of the prey and predator is mainly contributed by the movement of the 

predator, and massive volumes of water flows through the mouth. Feeding of herring, basking 

shark, or blue whales is typical examples of ram feeding (Sanderson and Wassersug 1990; 

Carey and Goldbogen 2017). Suction feeding, widely employed by aquatic animals 

(Wainwright et al. 2015), is dependent on rapid expansion of the oropharyngeal cavity 

generating negative pressure drawing water and prey into the mouth. In this type of feeding, the 

movement of prey mainly contributes to the relative closing movement of the prey and predator 

(Fig. I-1b). Biting refers to grip and tear prey with teeth on the oral jaws. In this type of feeding, 

the movement of predator mainly contributes to the relative closing movement of the prey and 

predator, but volume of water flowing through the mouth is much less than in the ram feeding 

(Fig. I-1c). Whichever feeding mode is used, water plays an essential role as a medium of prey 

ingestion and/or intraoral transport. Due to air is much less density and viscosity compared to 

water, feeding modes employed by aquatic animals are impractical on land (Liem 1990; Norton 

and Brainerd 1993). Instead, terrestrial vertebrates capture prey using teeth on the oral jaws and 

the tongue to transport it into the esophagus (Schwenk and Rubega 2005). During land invasion 

by vertebrates which is though had occurred in the late Devonian Period (approximately 390 to 

360 million years ago) (Clack 2012), feeding mechanism had to be evolved from suction to 
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biting. The questions of what form of feeding mode early terrestrial vertebrates could be 

employed and how morphological feeding apparatus could be modified from typical fish are 

still mysterious. 

 

Fig. I- 1  Ram feeding in Rastrelliger kanagurta (a); suction feeding of  Megalops atlanticus at 0ms (upper box) 

and 20 ms (lower box) (b); biting in Catoprion mento (left box) and Cetoscarus bicolor (right box) (c). Photos 

were modified from Tattersal (2018) for ram feeding and Westneat (2006) for suction feeding and biting. 

Fossil evidences have being employed to infer an intermediate step in the evolution of 

terrestrial feeding (Markey and Marshall 2007; Ashley-Ross et al. 2013; Lemberg et al. 2021), 

which is only based on hard structures, but not soft structures or behavior. Examination of 

feeding mechanism of extant amphibious fish, i.e., facing analogous constraints as feeding in 

terrestrial environment, could also give more insight into the feeding transition, and recent 

findings showed how fish manage to capture prey in terrestrial environment. For example, 
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Channallabes apus (Günther, 1873) and Erpetoichthys calabaricus Smith, 1865 use their 

elongated body to lift and incline the anterior body in order to place the mouth on prey (Van 

Wassenbergh 2013; Van Wassenbergh et al. 2016). Anableps anableps (Linnaeus, 1758) and 

Periophthalmus barbarus (Linnaeus, 1766) possess capability of rotation the dentary at large 

angle and protrusion the premaxilla for orientating the gape toward the ground (Michel et al. 

2014, 2015a, b). Ps. barbarus also uses their pectoral fins to lift the anterior body enabling the 

oral jaws to be placed on prey (Sponder and Lauder 1981; Michel et al. 2014). Whichever 

strategies are employed in terrestrial prey capture, the key factor of successful capture is the 

capability of placing the gape on prey (Heiss et al. 2018). Although giving how amphibious 

fish capture prey on land, these findings were based on macrophagous, carnivorous fishes 

feeding on immovable prey, which do not fully reflect feeding mechanism in their nature, and 

we have little knowledge about how the feeding system of aquatic fish has transitioned to those 

specialized terrestrial modes. 

A small fraction number of amphibious fishes belonging to the subfamily Oxudercinae 

inhabits intertidal zones. They show a full range of transition from aquatic to terrestrial mode 

of life, and include herbivorous, omnivorous and carnivorous species feeding at the water’s 

edge (Clayton 1993, 2017; Murdy and Jaafar 2017). Therefore, they are ideal models for 

studying the water-to-land transition of feeding mechanism. Natural distribution of oxudercine 

gobies is in mangroves or on mudflats, throughout the Indo-West Pacific and western coast of 

Africa. Their living habitats are tightly restricted to these ecosystems that makes them ideal 

bio-indicators for these habitats but also vulnerable to the habitat degradation and loss (Ansari 

et al. 2014; Parenti and Jaafar 2017). 

The feeding cycle in vertebrates generally comprises five phases, capture, ingestion, 

intraoral transport, processing, and swallowing. Certain anatomical structures, i.e., the dentition, 

the gill rakers, the pharyngeal plates, and/or the skeletal and muscular systems of the branchial 
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baskets, are responsible for each feeding phase (Schwenk and Rubega 2005). In order to 

elucidate the aquatic-to-land transition of feeding apparatus, morphological comparison of the 

feeding organs among the mudskippers species were implemented. Ten mudskipper species, 

i.e., Boleophthalmus boddarti (Pallas, 1770), Boleophthalmus pectinirostris (Linnaeus, 1758) 

Oxuderces nexipinnis (Cantor, 1849), Parapocryptes serperaster (Richardson, 1846), 

Pseudapocryptes elongatus (Cuvier, 1816), Scartelaos histophorus (Valenciennes, 1837), 

Periophthalmus chrysospilos Bleeker, 1853, Periophthalmus modestus Cantor, 1842, 

Periophthalmodon schlosseri (Pallas, 1770), and Periophthalmodon septemradiatus (Hamilton, 

1822), represented various life modes (from aquatic to terrestrial) in the intertidal zones and 

feeding habits were chosen. Among them, B. boddarti, B. pectinirostris, O. nexipinnis and Pa. 

serperaster are herbivorous; P. elongatus and S. histophorus are omnivorous; and Ps. 

chrysospilos, Ps. modestus, Pn. schlosseri, and Pn. septemradiatus are carnivorous. Oxuderces 

nexipinnis, Pa. serperaster, and Pd. elongatus spends most of their time in shallow tidal pools, 

B. boddarti, B. pectinirostris, and S. histophorus inhabits a moderately terrestrial environments, 

while Ps. chrysospilos, Ps. modestus, Pn. schlosseri, and Pn. septemradiatus are most terrestrial 

(Fig. I-2 and Table S1). 

The thesis was organized into six chapters. In Chapter 1, general introduction of the 

water-to-land transition of feeding modes in vertebrates and the potential of using mudskippers 

as key models in bridging knowledge gap of this transition will be given. In Chapter 2, the 

morphology of feeding apparatus in Boleophthalmus pectinirostris, an herbivorous mudskipper 

distributed in the Ariake Sea, Japan, will be presented. In Chapter 3, the morphology of feeding 

apparatus among the five mudskipper species represented different feeding habits and water-

to-land mode of life will be compared; and a hypothesis of the feeding habit transition will also 

be proposed. In order to consolidate the proposed hypothesis, the morphology of feeding 

apparatus in two herbivorous/omnivorous mudskippers showing low terrestriality 

(Parapocryptes serperaster and Pseudapocryptes elongatus, Chapter 4) and two carnivorous 
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species showing high terrestriality (Periophthalmus modestus and Periophthalmodon 

septemradiatus, Chapter 5) will be investigated. The last chapter provides general discussion 

of aquatic-to-terrestrial feeding transition in vertebrates and adaptations of terrestrial feeding in 

mudskippers. 

 

Fig. I-2 Hypothesized relationships of the genera of Oxudercinae, and their terrestriality and feeding habit. The 

cladogram was modified from Murdy and Jaafar (2017). Evorthodus is used as an outgroup. For detailed data of 

terrestriality and feeding habit, see Table S1 
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Chapter II 

MORPHOLOGY OF THE FEEDING APPARATUS IN THE HERBIVOROUS 

MUDSKIPPER, Boleophthalmus pectinitrostris (Linnaeus, 1758) 

I. Introduction 

Filter feeding is one of the major feeding strategies in aquatic animals. Animals that filter feed 

generate a water flow through a filtering structure by swimming or other activities to entrap prey 

organisms. Filter feeding obviously has a long history in vertebrate evolution and is ubiquitous; it 

is considered to have been practiced by proto-vertebrates (Mallatt 1984), and is known among both 

extant non-vertebrate chordates (Wainwright et al. 2015) and a large number of fishes (Lazzaro 

1987). Even though the Devonian vertebrates known in the period of transition from aquatic to 

terrestrial lifestyles are all considered to be macrophagous carnivorous animals (Clack 2012), it 

seems therefore possible that there have been cases in which plankton-feeding or filter-feeding 

fishes emerged to exploit terrestrial food resources. 

Because of the large difference in physicochemical characteristics of air and water, 

feeding mechanisms effective in water do not usually work as well in air. For example, suction 

feeding, which is used by about 60% of extant fish species (Wainwright et al. 2015), does not 

function effectively in air, because it depends on the much higher density and viscosity of water to 

entrap prey in the water flow and move it into the buccal cavity. There are fish species that have 

evolved the capacity to capture prey on land [Anableps anableps (Linnaeus, 1758), Channallabes 

apus (Günther, 1873), Erpetoichthys calabaricus Smith, 1865, and Periophthalmus spp.] and 

recent papers have demonstrated how they feed on land (Sponder and Lauder 1981; Van 
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Wassenbergh 2013; Michel et al. 2015a, b; Van Wassenbergh et al. 2017). However, these are all 

macrophagous, carnivorous species. 

A small number of fishes are known to feed on plant matter on land. These include three 

genera of mudskippers, Boleophthalmus, Pseudapocryptes and Scartelaos of the subfamily 

Oxudercinae (Clayton 2017), and several amphibious blennies (Rao and Hora 1933; Nursall 1981). 

The species of these three mudskipper genera graze microalgae, mainly diatoms, growing on the 

mudflat, while the blennies browse macroalgae, growing on hard substrates. The anatomy of the 

feeding system of these fishes has been scarcely investigated (Murdy 1989; Clayton 2017). In this 

study, we examined the morphology of dentition, and the skeletal and muscular systems of the 

branchial basket of Boleophthalmus pectinirostris.  Boleophthalmus pectinirostris is a herbivorous 

mudskipper distributed in intertidal mudflats along the coast of the Strait of Malacca (Polgar and 

Crosa 2009), the East China Sea and the South China Sea (Parenti and Jaafar 2017). The fish grazes 

and sieves epipelic diatoms with distinct, side-to-side head movements, as in other Boleophthalmus 

species (Clayton 1993).  

II. Materials and methods 

Sample collection and preservation 

A total of 35 individuals (standard length from 81.5 to 180.0 mm) were used in this study. The 

samples were collected from the Ariake Sea, Saga Prefecture, Japan in October 2016, June 2017 

and August 2018 by using pitfall traps inserted into B. pectinirostris burrows. They were 

euthanized by immersing them in a solution of an anesthetic solution, 2-Phenoxyethanol (Wako 

Pure Chemical Industries, Japan), at a concentration of 100 mL/L and fixed in a 10% neutralized 

formalin solution for a week. Then, they were rinsed with water overnight and preserved in 75% 

ethanol. 
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The gross morphological features of the branchial basket 

The branchial baskets were removed under a dissecting microscope (Olympus SZ-STU2, Tokyo, 

Japan). The number of gill rakers was counted for all gill arches on the left side. The spaces between 

the gill rakers were measured for the entire length of the first, second, and the anterior row of the 

third arches. On the other hand, a single determination was made each on the ventral, middle and 

dorsal segments of the posterior row of the third and both rows of the fourth arches, because 

preliminary measurements revealed that the space between the gill rakers was highly constant. 

To determine the relative size of the pharyngeal plates, the head of the specimens was 

sectioned through the frontal plane to expose the inside of the oropharyngeal cavity. The dorsal 

(palatal) and ventral inner surfaces of the oropharyngeal cavity were photographed with a digital 

camera (Nikon D300, Thailand). Relative size of the pharyngeal plates was calculated as the ratio 

of the area of the pharyngeal plates to the frontal sectional area of the dorsal or ventral surface of 

the oropharyngeal cavity. The posterior limit of the oropharyngeal cavity was defined at the level 

of the esophagus opening. The software ImageJ (version 1.51j8, National Institutes of Health, 

USA) was used to measure the areas.  

To study the skeletal morphology, the dissected branchial baskets were double-stained for 

cartilages and bones. Cartilages were stained with Alcian Blue 8GX (SIGMA-ALDRICH, Co., 

India) in a 4:1 solution of 95% ethanol: 99% acetic acid while the bones were stained with Alizarin 

Red S (Wako Pure Chemical Industries, Ltd., Japan) in a solution of 1% potassium hydroxide 

(Taylor and Van Dyke 1985). Subsequently, the baskets were cleared by immersion in a solution 

of 35% borate sodium and trypsin (Dingerkus and Uhler 1977). The cleared specimens were 

dissected to remove all membranes and soft tissues. The skeleton was photographed and traced 

with the software Inkscape 0.92.3 (Free Software Foundation, Boston, USA). Disarticulated bones 

were photographed and measured for the lengths with ImageJ. The measurements were made 
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following the guidance of Morales and Rosenlund (1979). Due to the bifurcated morphology of the 

first and third epibranchials, and the L-shape of the fourth epibranchial, their lengths were 

determined as shown in Fig. 7b. The lever ratio of jaw-closing is calculated by dividing the length 

of in-lever closing by the length of out-lever (Westneat 2003; Nanami 2016), where the length of 

in-lever-closing was defined as the distance between the quadrate/articular joint to the distal end 

of the insertion of the adductor mandibulae A2 on the coronoid process (Fig. II-3b). The length of 

out-lever was defined as the distance between the quadrate/articular joint to the tip of the lower jaw 

(Westneat 1994). The specimens used for studying muscular anatomy and dentition were double-

stained but not cleared. The opercula were carefully removed to expose the branchial basket and 

musculature. Both muscular system and dentition were studied by dissection, photographing and 

tracing. 

Scanning electron microscopy 

The surface morphology of the pharyngeal plates was studied by scanning electron microscopy 

(SEM). The dissected pharyngeal plates were dehydrated through a series of ethanol solutions from 

50% to 100%, treated with Hexamethyldisilizane (HMDS, Alfa Aesar, Germany) through several 

steps (a 1:1 solution of HMDS: 100% ethanol; 100% HMDS; and 100% HMDS) for 20 minutes in 

each step, and dried in a fume hood (Kashi et al. 2014). The dried samples were Palladium coated 

with an auto fine coater (JFC-1600, JEOL, Tokyo, Japan), and observed with a scanning electron 

microscope (JSM-6380 LAKII, JEOL, Tokyo, Japan). 

Micro-computed tomography scanning 

The dissected branchial baskets were stained with a 0.05 mol/L Iodine Solution (FUJIFILM Wako 

Pure Chemical Corporation, Japan) for about 12 hours and observed with an X-ray CT scanner 

(ScanXmate B100TSS110, Comscantecno, Kanagawa, Japan) at a tube voltage of 100 kV and a 
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tube current of 88 A. Image analysis was done using software Molcer (version 1.3.6.1, 

WhiteRabbit, Tokyo, Japan). The resolution was 10.127 m. 

Statistical analysis 

Numbers of teeth and replacement teeth, tooth length, and tooth width were compared between the 

premaxilla and dentary using paired t-test. One-way ANOVA was applied to compare the lengths 

of gill arch bones, followed by post-hoc Tukey test for pairwise comparison. Rstudio version 

0.99.903 (Rstudio, Inc) was used for statistical analysis. 

III. Results 

Dentition 

On the premaxilla, there is only a single row of canine teeth, which are directed vertically. Four 

frontal pairs are larger while the others dwindle posteriorly (Figs. II-1a and II-1c). On the dentary, 

a single row of teeth is present on the margin, which are directed horizontally. In addition, a pair 

of fang-like, vertically oriented teeth occur internally to the symphysis of the dentary (Figs. II-1d 

and II-1f). Five frontal pairs of the marginal teeth on the dentary are canine but slightly blunt while 

the others are incisors, flattened and enlarged on the cusps (Figs. II-2b and II-2d). The cross-section 

of the cusps is slightly tilted posteriorly such that the anterior edge of the posteriorly adjacent teeth 

occasionally overlaps (Figs. II-2b and II-2d). There are approximately 66 teeth on the premaxilla 

and 75 teeth on the dentary (Table II-1). The tooth attachment is of type 2 as categorized by Fink 

(1981) with a ring-like structure between the tooth and the attachment bone (Figs. II-2a and II-2b). 

Number of teeth and replacement teeth, and tooth length are significantly different between the 

premaxilla and dentary (Table II-1). The replacement begins on the ventral and labial sides of the 

dentary and the premaxilla, respectively, and moves closer to the functional teeth with growth (Figs. 

II-2c and II-2d) which is common in teleosts (Trapani 2001). 
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Fig. II-1 Dentition morphology of Boleophthalmus pectinirostris. a Premaxilla in lateral view. b Dentary in lateral 

view. c Premaxilla in frontal view. d Dentary in frontal view. e Premaxilla in ventral view. f Dentary in the dorsal 

view. Scale bar: 5 mm 

 

Fig. II-2 Tooth attachment and 

replacement of Boleophthalmus 

pectinirostris. a Tooth attachment on 

the left side of the premaxilla (lateral 

view) and b dentary (dorsal view). c 

Tooth replacement on the right side of 

the premaxilla (lateral view) and the 

dentary d (ventral view). Symbols: B 

bone, AB attachment bone, TS tooth 

shalf, RT replacement tooth, RLS ring-

like structure. Arrows on the upper left 

of each photo show the anterior 

direction. Scale bars: 0.5 mm 

Oral jaw bones and muscles 

Boleophthalmus pectinirostris possesses the maxilla-mandibular ligament (L1) linking the maxilla 

with the dentary and the premaxillo-maxillary ligament (L2) linking the premaxilla with the 

maxilla (Fig. II-3a). The adductors mandibulae A1, A2, and A3 attach onto the maxilla, the 

coronoid process o the dentary, and the medial side of the dentary, respectively, as in other teleosts 

(Fig. II-3b). The lever ratio of jaw-closing is 0.3  0.03 (mean  SD, N = 3). 
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Fig. II-3 Jaw bones (a) and muscular system (b) of Boleophthalmus pectinirostris. A articular, A1-3 adductor 

mandibulae 1 to 3, D dentary, L1, 2 ligament 1 and 2, MX maxilla, P palatine, PM premaxilla, Q quadrate. Ligaments 

are shown in purple and tendons are in orange. In b, red dot shows the fulcrum, and double arrowheads show the jaw 

closing lever system. Scale bars: 5 mm 

Gill arches 

The branchial basket of B. pectinirostris comprises four pairs of gill arches with two rows of the 

gill rakers along each arch. The gill rakers on the first, second and the anterior row of the third 

arches are short and sparsely spaced. In contrast, the posterior row of the third and the two rows of 

the fourth arch are comb-like and more densely spaced (Figs. II-4 and II-5a). Accordingly, the 

spaces between the gill rakers are far smaller on these rows (Fig. II-5b). The gill rakers extend 

laterally from the inner surface (facing the oropharyngeal cavity) of gill arches along their entire 

Table II-1 Dentition of Boleophthalmus pectinirostris 

 Premaxilla Dentary 

Number of teeth 66.4 ± 5.8 74.6 ± 3.2 

Number of replacement teeth 2.7 ± 1.1 9.6 ± 2.8 

Tooth length (mm) 0.73 ± 0.2 0.96 ± 0.15 

Tooth width (at the base) (mm) 0.21 ± 0.04 0.18 ± 0.03 

Cusp width (mm) - 0.26 ± 0.04 

The data are significantly different between premaxilla and dentary for number of teeth (p = 0.009), number of 

replacement teeth (p = 0.001), and tooth length (p = 0.0002, paired t-test). Numbers of teeth represent the values 

on both sides and replacement teeth are for the left side only. Mean  SD (N = 7). The data on tooth length and 

width do not include fangs. 
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lengths (Fig. II-4d). Each raker blade has a morphology of a triangular plate, not a filiform 

morphology as in many filter-feeding fishes. The dorsal sides of the anterior and posterior rows of 

the fourth arch form a gently curved concave line facing the oropharyngeal cavity (Fig. II-4dIV). 

 

Fig. II-4 The dorsal 

views of the frontal 

section of the head of B. 

pectinirostris showing 

the floor of the 

oropharyngeal cavity a. 

b  Enlarged view of the 

box in a. c SEM images 

of each arch. d Cross-

sectional views of the 

third and fourth arches, 

double stained (blue, gill 

raker blades). Symbols: 

I-IV first to fourth gill 

arches, VP ventral 

pharyngeal plate. 

Arrows on the bottom 

right of photos in d show 

the posteromedial 

direction. Scale bars: 2 

mm for a, b; 200m for 

c; and 500m for d 

Pharyngeal plates 

Boleophthalmus pectinirostris possesses a pair of pharyngeal plates on both the dorsal (Fig. II-6a) 

and ventral (Fig. II-6e) surfaces of the pharynx. The two dorsal pharyngeal plates are convex while 

the ventral ones are concave (Fig. II-9). The surface areas of the dorsal and ventral pharyngeal 

plates occupy 19.1 ± 1.5% and 22.8 ± 1.9% (mean ± SD, N = 6) of the dorsal and ventral inner 

surface areas of the oropharyngeal cavity, respectively. The dorsal pharyngeal plates have a single 

row of large canine teeth on the anterior margin with the distance of 10-20 m between them (Fig. 

II-6b) but are otherwise studded with finer teeth posteriomedially directed, and not arranged in 

regular rows (Figs. II-6c and II-6d). The teeth on the ventral pharyngeal plates have a large cusp, 

are hooked and arranged in anteroposteriorly directed rows (Figs. II-6f and II-6g). The teeth 

densities (numbers/µm2) were 355 ± 27 and 494 ± 149 (mean ± SD, N = 3) for the dorsal and 
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Fig. II-5 Number of gill rakers (mean ± 

SD, N = 12) (a) and average space 

between them (b) (mean ± SD, N = 7) 

of Boleophthalmus pectinirostris. Blank 

bars show the anterior rows; grey bars 

show the posterior rows. Size range of 

fishes: 81.5 - 141.0 mm SL in a, and 

132.0 - 144.0 mm SL in b. 

 
 

Fig. II-6 Pharyngeal plate morphology of 

Boleophthalmus pectinirostris. Dorsal 

and ventral pharyngeal plates at different 

magnifications (a-d; e-f, respectively). a 

Ventral view of the dorsal pharyngeal 

plate (stained). b Enlarged (SEM) view 

of the upper box in a, showing a line of 

canine teeth on the marginal edge of the 

right dorsal pharyngeal plate (white 

arrows). c Enlarged (SEM) view of the 

lower box in a, showing the direction of 

finer teeth. d Tooth-head morphology of 

the dorsal pharyngeal plate. e Dorsal 

view of the ventral pharyngeal plate 

(stained). f Enlarged (SEM) view of the 

box in e. g Tooth-head morphology of the 

ventral pharyngeal plate. Arrows on the 

upper right of a, b, c, e, and f show 

anterior direction. Scale bars: 100 µm for 

b, c, f; and 20 µm for d, g 
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ventral pharyngeal plates, respectively. 

Branchial basket skeleton 

The branchial basket skeleton of B. pectinirostris comprises five pairs of branchial arches. The first 

arch consists of the median basibranchial (BB1is not shown in Fig. II-7), the hypobranchial (HB1), 

the ceratobranchial (CB1) and the epibranchial (EB1). The second and third arches have an 

additional pharyngobranchial (PB2, PB3) while the fourth arch is formed by basibranchial (BB4), 

the ceratobranchial (CB4), the epibranchial (EB4) and the pharyngobranchial (PB4) (Fig. II-7). 

The fifth arch comprises only the ceratobranchial (CB5), i.e. ventral pharyngeal plate. The basihyal 

(BH) is bifurcated located in anterior of HB1s. The PB 2, 3 and 4 form the dorsal pharyngeal plate; 

PB2 is slender and lie along the anterior margin of PB3 and PB4, while PB3 and PB4 are broader, 

overlapped, and in a mediolateral position (Fig. II-7a). The dorsal and ventral pharyngeal plates 

are curvature and perfectly fit each other (Fig. II-9). EB4 is L-shaped and broad at the medial tip 

while EB3 is Y-shaped, both articulating with the pharyngobranchials of the same arch, i.e., the 

dorsal pharyngeal plate. The lengths of HB and CB are significantly different between all arch 

(Table II-2), while the lengths of EB3 and EB4 are significantly longer than EB1 and EB2, which 

are not significantly different from each other. As a result, the total length of the fourth arch is 

significantly longer than the first and third arches. 

Branchial basket musculature 

The branchial basket musculature of B. pectinirostris consists of two main systems. One connects 

the branchial basket to the surrounding skeletal components. The levatores interni (LI), the 

levatores externi (LE), and the levator posterior (LP) connect to the neurocranium; the retractor 

dorsalis (RD) connects to the anterior of the fourth vertebra; the ligament 4 (L4) connect to the 

post-temporal; the pharyngohyoideus (PH) connects to the urohyal; and the rectus ventrales (RV), 
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the pharyngocleithralis externus (PHCE), and the pharyngocleithralis internus (PHCI) to the 

cleithrum (Fig. II-8a). The other system links bones within the branchial basket (Figs. II-8b, II-8c, 

and II-8d); the transversi dorsales anteriores (TDA), the tranversi dorsales posteriores (TDP), the 

obliqui dorsales (OD), the ligaments connecting the third and fourth epibranchials (L3-4) and the 

cartilaginous-cushion-like structure (CC) on the dorsal side (Figs. II-8b, 9II-a, and II-9b); the 

transversi ventrales (TV), the obliqui ventralises (OV) and the semicular ligament (SL) on the 

ventral side (Fig. II-8c); and the first to fifth adductors (AD1-5) on the lateral side (Figs. II-8d, II-

9c, and II-9d). The most prominent structure in the branchial basket musculature relates to EB4. 

L4 originates from the corner of the L-shaped EB4 and attaches posteriorly to a post-temporal. LE4 

arises from the articulation between EB4 and CB4 and inclines anteriorly, while LP originates in 

between the attachment of the L4 and LE4. AD5 connects EB4 and CB5 on both dorsal and ventral 

sides of CB5. 

 

Fig. II-7 Morphology of the 

branchial basket skeleton (dorsal 

view) of B. pectinirostris. The dorsal 

pharyngeal plate consists of the 

second, third and fourth 

pharyngobranchials; the second 

pharyngobranchial is separated, and 

the third and the fourth 

pharyngobranchials are overlaped. a 

Right dorsal pharyngeal plate with 

the pharyngobranchials dissected 

separately; the portion of the third 

pharyngobranchial covered by the 

fourth pharyngobranchial is 

illustrated (light grey). b  Right 

epibranchials in ventral view 

dissected separately. Lengths of 

epibranchials were determined as 

shown here. Symbols: BB 2-4 

basibranchials 2 to 4, BH basihyal,  

CB 1-5 ceratobranchials 1 to 5, EB 1-4 epibranchials 1 to 4, HB 1-3 hypobranchials 1 to 3, PB 2,3,4 

pharyngobranchials 2,3,4. BB1 is a small cartilage between the right and left HB1s, therefore not shown. Scale bars: 

5 mm 
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Fig. II-8 Branchial basket musculature of B. pectinirostris. a Lateral view of external branchial musculature 

suspending the branchial basket in the oropharyngeal cavity. b Dorsal view of the internal musculature of the branchial 

basket. c Ventral view of the internal musculature of the branchial basket. d Lateral view of the internal musculature 

Table II-2 Comparison of the lengths (mean  SD, mm) of component bones and the total 

length of the branchial arches in Boleophthalmus pectinirostris 

Gill arch Hypobranchial Ceratobranchial Epibranchial Total 

Arch 1  5.3  0.4a 9.0  0.8a 5.6  0.4a 19.9  1.4a 

Arch 2  3.8  0.3b 10.6  1.0b 5.8  0.4a 20.2  1.6ab 

Arch 3  2.5  0.2c 12.3  1.0c 4.9  0.4b 19.4  2.2a 

Arch 4  - 15.4  1.2d 7.2  0.5c 22.5  1.7b 

One-way ANOVA     

F 136.7 53.3 35.0 4.43 

p <0.001 <0.001 <0.001 0.013 

One-way ANOVA was applied to detect significant difference among arches, followed by post-hoc Tukey test for 

pairwise comparison. The data with different letters in respective columns are significantly different (p < 0.05, N 

= 7) 
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of the branchial basket. Symbols: AD1-5 adductors 1 to 5, CC cartilaginous cushion, LE1-4 levatores externi 1 to 4, LI 

levator internus, LP levator posterior, L3-4, 4 ligament 3-4, and ligament 4, NC neurocranium, OD3-4 obliqui dorsales 

3 to 4, OV1-4 obliqui ventrales 1 to 4, PH pharyngohyoideus, PHCE pharyngocleithralis externus, PHCI 

pharyngocleithralis internus, PT post-temporal, RD retractor dorsalis, RV3 rectus ventralis 3, SL semicircular ligament, 

TDA transversus dorsalis anterior, TDP transversus dorsalis posterior, TV1, 2, 4, 5 tranversi ventrales 1, 2, 4, and 5, 

UH urohyal, V vertebrae, * supracleithrum. Cartilages in blue; dorsal pharyngeal plate in dark purple; ventral 

pharyngeal plate in brown. Scale bars: 5 mm 

 

Fig. II-9 Morphology of musculature system attaching to the pharyngeal plates of B. pectinirostris. a lateral views of 

the left dorsal pharyngealplate, b and c frontal views of the dorsal and ventral pharyngeal plates, respectively,and d 

lateral views of the left ventral pharyngeal plate. Symbols are the same as in Fig. 8. The ventral side of the ventral 

pharyngeal plates and the dorsal side of the dorsal pharyngeal plates are colored in brown. Scale bars: 2 mm 

IV. Discussion 

The feeding cycle in vertebrates comprises five phases, capture, ingestion, intraoral transport, 

processing, and swallowing. One or more phases may be skipped or modified (Schwenk and 

Rubega 2005). A feeding bout of B. pectinirostris always starts with sucking a mouthful of water 

from a burrow or a nearby water pool within its territory (Tran et al., unbpublished observation). 

Although the fish infrequently fed in shallow water, they mostly fed on the exposed mudflat surface, 

at least in our study site. As the fish starts grazing, it swings the head from side to side rapidly, 

stops head swinging, gurgles by rapidly vibrating the buccal and opercular cavities, and finally 



19 
 

expels muddy water through the gill slits and returns to a water source. Since the distribution of 

epipelic diatoms, the predominant food source of B. pectinirostris, is restricted to a thin superficial 

layer of mud (Aleem 1950; Koh et al. 2006, 2007), the fish needs to skim the very top layer of the 

sediment to avoid excessive contamination by mud. The fish further needs to effectively separate 

diatom cells from mud particles. Each feeding bout takes place with a mouthful of water, and 

therefore somewhat resembles pump filtration of some aquatic fishes in which food particles are 

ingested sporadically by a series of suction created by expansion of the buccal and opercular 

cavities while a fish is stationary, but unlike ram filtration, in which a large volume of water 

continuously passes through the buccal cavity while a fish is swimming with mouth agape and 

opercles flaring (Gerking 1994). 

Functional morphology of the feeding apparatus in Boleophthalmus pectinirostris 

Our anatomical analysis revealed unique anatomical features of the feeding apparatus in B. 

pectinirostris, which may represent morphological adaptations to terrestrial feeding. Videos of 

feeding fishes in front view showed that the fish tilted the head by an angle of 17  3.30 (N = 88) 

between the lower jaw and the mud surface (Fig. II-10). This tilting probably aligns the flattened, 

incised and partly overlapped dentary teeth (Fig. II-1) at a very shallow angle with the mud surface, 

thus scraping off a thin superficial layer, rich in diatom cells. 

 

Fig. II-10 Head tilting of 

Boleophthalmus pectinirostris 

during foraging in their natural 

habitat (the Ariake Sea, Japan). 

The head is inclined to the side of 

the sweeping movement, bringing 

the dentary teeth of that side in 

contact with the substrate, thus 

skimming the mud surface. a Head 

tilting to the left. b Head tilting to 

the right. The dashed line arrow 

shows the direction of the head 

sweeping. Images were obtained 

from a video footage 
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The gill rakers in pelagic filter-feeding fishes usually extend anteriorly, and are most 

numerous and longest on the first arch (Iwata 1976; Gibson 1988; Salman et al. 2005); this can be 

interpreted as an adaptation to trap food particles suspended in water, flowing from the mouth to 

the gill opening (Berry and Low 1970; Munshi et al. 1984; Cohen and Hernandez 2018). In contrast, 

the gill rakers of B. pectinirostris extend laterally, most evidently on the fourth gill arch (Fig. II-

4d), and their density is much higher on the three most posterior rows (Fig. II-5). The lengths of 

the fourth gill arches are longer than the more anterior ones (Table II-2), which serves for bearing 

more gill rakers and thereby increasing filtering area. The average space between the gill rakers on 

the posterior three rows (56.6 ± 3.8 μm) is far smaller than the size of six dominant diatom species 

recovered from the alimentary tract of B. pectinirostris (Gyrosigma cf. gibbyi, G. cf. wansbeckii, 

G. fasciola var. fasciola, Navicula sp., Nitzschia sp., and Pleurosigma sterrenburgii), whose longer 

axis length ranges from 189.7 ± 26.2 to 1396.4 ± 408.7 μm (N = 5),  and  whose shorter axis length 

(SAL) ranges from 65.3 ± 11.2 to 187.2 ± 14.1 μm, except for Navicula sp. (SAL 37.0 ± 10.7 μm) 

and Gyrosigma cf. wansbeckii (SAL 51.0 ± 14.7 μm, N = 5, Tran et al., unpublished data). Towards 

the end of a feeding bout, muddy water is expelled from the gill opening while the fish is on land. 

The third and fourth gill arches are located dorsal to the gill opening, possibly forming a device 

sieving the particles transported by the gravitational flow of exhalant water. The average size of 

mud particles in the same study area is 7.3  0.5 m (Ishimatsu et al. 2007), only 13% of the average 

space between the gill rakers. 

The pharyngeal plates are large and bear numerous fine teeth arranging in either 

posteromedial (dorsal plate) or anteroposterior (ventral plate) directions (Fig. II-6). The resting 

position of the anterior margin of the dorsal pharyngeal plates aligns with the posterior margin of 

the third gill arch at its lateral portion (Fig. II-11). In addition, the combination of the L-shape of 

the shaft and flattened end of the tip of the fourth epibranchial, moved by the levator muscles (LE4, 
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LP and L4) (Figs. II-7 and II-8) could facilitate anteroposterior and dorsoventral motions of the 

dorsal pharyngeal plates (Wainwright 2006). We hypothesize that these anatomical arrangements 

function to transport diatom cells trapped on the gill rakers of the posterior two gill arches to the 

esophagus. The canine teeth on the anterior margin of the dorsal pharyngeal plates (Fig. II-6b) 

would help scraping off diatoms trapped on the gill rakers of the three posterior rows. We further 

hypothesize that the transversi ventrales and the obliqui ventrales 1, 2, and 3 could lift the anterior 

part of the branchial basket to seal the buccal cavity during gurgling, which might explain the large 

cross-sectional area of these muscles (Tran et al., personal observation). 

 

Fig. II-11 Micro-CT scanning images to show the relative position of pharyngeal plates and branchial arches of 

Boleophthalmus pectinirostris. a Dorsal view of the branchial basket. b The lateroventral view from the anterior left 

branchial basket (eye view in a). c The branchial basket in b with the left arches removed to expose the portion of the 

dorsal pharyngeal plate positioned above the left third and fourth arches (red). Arrows shows the head direction. 

Symbols: I-IV first to fourth arches, DP dorsal pharyngeal plate, VP ventral pharyngeal plate. Scale bars: 5 mm. 
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Comparison of the feeding apparatus between B. pectinirostris and other fishes 

Comparisons between the feeding apparatus of B. pectinirostris with other teleosts can provide 

further insight into its morphofunctional characteristics. Both Plecoglossus altivelis (Temminck & 

Schlegel, 1846) (Tachihara and Kimura 1991; Katano et al. 2004), and  Sicyopterus japonicus 

(Tanaka, 1909) (Dôtu and Mito 1955; Iida et al. 2010, 2015) are amphidromous species, and when 

living in rivers, they graze on encrusting algae. P. altivelis (Plecoglossidae) possesses groups of 

diagonally arranged comb-like teeth on the lateral sides of both the premaxilla and dentary (Uehara 

and Miyoshi 1993). S. japonicus (Gobiidae, Sicydiinae) has a single row of tricuspid, shovel-like 

teeth on the premaxilla, and horizontally directed, rod-shaped teeth along the entire length of the 

dentary (Mochizuki and Fukui 1983; Sahara et al. 2013; Sakai and Nakamura 1979). Two other 

sicydiine species, Lentipes armatus Sakai and Nakamura, 1979, and Stiphodon elegans 

(Steindachner, 1879), also show a similar dentition, consisting of vertically disposed tricuspid teeth 

on the premaxilla, and horizontally disposed teeth on the dentary (Sakai and Nakamura 1979). The 

three sicydiine gobies were all observed to feed on algae growing on the glass wall of aquaria. 

Therefore, we tentatively conclude that a combination of horizontally disposed teeth on the dentary 

and vertically disposed teeth on the premaxilla is an adaptation to grazing algae on the substate 

surface, widespread among oxudercine and sicydiine gobies. 

The teeth attachment and replacement patterns are also related to more specific aspects of 

the feeding habits. In species scraping off encrusting, epilithic algae (growing on stones or rocks), 

teeth are easily worn so that the frequency of tooth replacement is usually higher compared to 

species grazing on softer substrates. For example, S. japonicus, which feeds on epilithic algae, 

possesses one functional tooth row and more than 23 rows of replacement teeth which are replaced 

every 9.2 days (Mochizuki and Fukui 1983). In contrast, there are four to five replacement rows in 

P. altivelis (Howes 1987), and two to four rows in Loricariid fishes (Geerinckx et al. 2007). Mullets 
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(Mugilidae) show a wide range in the number of replacement teeth from one to more than 30, 

possibly depending upon different feeding habits (Ebeling 1957). In terms of tooth attachment, 

teeth attach loosely and are bendable in species scraping on uneven hard surfaces (S. japonicus, 

Sahara et al. 2013; Loricarids, Delariva and Agostinho 2001; Geerinckx et al. 2007) but they attach 

more firmly in those species grazing on softer surfaces (Mugil cephalus Linnaeus, 1758; Mugil 

curema Valenciennes, 1836; Thomson 1954; Ebeling 1957). We found that the teeth attached 

firmly through a ring-like structure but were yet slightly bendable in B. pectinirostris, which could 

prevent breakage during feeding. The low frequency of tooth replacement on the dentary (Table 

II-1) may be related to relatively low degrees of wearing while feeding on soft, fine sediments. 

 

Fig. II-12 Frontal section of the 

branchial basket of Plecoglossus 

altivelis (a) and Sicyopterus 

japonicus (b). Symbols: I-IV first 

to fourth gill arches. Scale bars: 5 

mm 

Compared with B. pectinirostris, the gill rakers of P. altivelis and S. japonicus show a 

much lesser extent of modification (Fig. II-12). Plecoglossus altivelis possesses sparsely spaced, 

forward facing gill rakers (Fig. II-12a). Sicyopterus japonicus has low-density gill rakers, 

distributed only on the posterior margins of the third and the fourth arches. The first and second 

gill arches lack gill rakers. The gill rakers on the third and the fourth arches extend laterally from 

the inner (facing the oropharyngeal cavity) surface of the gill arches but at much lower density than 

that in B. pectinirostris (Fig. II-12b). Both P. altivelis and S. japonicus feed entirely in water, and 

they both graze algae off hard substrates. In such conditions, there may be lesser degrees of food 
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contamination in the oropharyngeal cavity, and therefore less need for separation of food and other 

particles. To the best of our knowledge, no other fish has gill rakers that have dorsally directed, 

laterally extending blades, and are most developed on the third and fourth gill arches, as we have 

found in B. pectinirostris. This unique morphology appears to be an adaptation to effectively 

separate food particles from suspended fine sediments inside the mouth, while the fish feeds out of 

water.  

With respect to the morphology of the pharyngeal plates, P. altivelis lacks any teeth on 

the pharyngobranchials or on the fifth ceratobranchials (Chapman 1941), whereas S. japonicus has 

papiliform teeth on both the dorsal and ventral pharyngeal plates (Tran et al., unpublished 

observation). The relative surface areas of pharyngeal plates to the dorsal and ventral inner surface 

areas of the oropharyngeal cavity are much smaller in these two species; the ratios of the dorsal 

and ventral pharyngeal plates are 4.0  0.4% and 1.3  0.1% respectively (mean  SD, N = 3) in P. 

altivelis, and 6.3  1.5% and 4.0  0.7% respectively (mean  SD, N = 4) in S. japonicus (Tran et 

al., unpublished data). The morphology of the gill rakers and pharyngeal plates of several species 

of Mugilidae (e.g., M. curema, M. cephalus) shows some similarities with that of B. pectinirostris. 

In these unrelated species, each branchial arch possesses a series of densely packed gill rakers. The 

gill rakers on the posterior row of the fourth arch form a concave floor, while the prolonged and 

laterally fused rakers limits the water flow between them. The dorsal pharyngeal plates are covered 

with a dense arrangement of pharyngeal teeth (Thomson 1954), while the ventral pharyngeal plates 

are covered with a single series of lamellae, and possess gill rakers on their anterior margins 

(Günther 1880). Interestingly, these species also share similar feeding behaviors; several mullets 

(e.g., M. curema, M. cephalus) swim with their head down and sweep it from side to side skimming 

the surface of soft sediment deposits (Jordan 1905; Hiatt 1947). 
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In conclusion, the feeding apparatus of B. pectinirostris is interpreted as an adaptation for 

grazing on microalgae flourishing on emerged soft sediment deposits. Even though the fish has 

developed the ability to emerge on land for extended periods (Clayton 1993), the intertidal feeding 

grounds of B. pectinirostris must be in the proximity of the water’s edge, due to the need of water 

during the feeding process. 
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Chapter III 

MORPHOLOGICAL COMPARISION OF THE FEEDING APPARATUS IN 

THE MUDSKIPPERS: Boleophthalmus boddarti, Oxuderces nexipinnis, 

Scartelaos histophorus, Periophthalmus chrysospilos, AND Periophthalmodon 

schlosseri 

1. Introduction 

The majority of aquatic vertebrates including fish use suction feeding (Wainwright et al. 2015). 

In this type of feeding, water and prey are drawn into the mouth cavity by negative pressure 

generated by the sudden expansion of the cavity. Suction feeding relies on the high density and 

viscosity of water, and therefore is effective only in water but not on land (Liem 1990; Norton 

and Brainerd 1993). In contrast, terrestrial vertebrates typically employ teeth on jaws to capture 

prey and the tongue to transport it into the esophagus (Schwenk and Rubega 2005). As 

exceptions to this general rule, a small number of fish species have evolved the capacity to 

capture prey on land. A variety of strategies are used by these fishes to place the oral jaws above 

prey, a key factor of prey prehension in terrestrial environment (Heiss et al. 2018). For example, 

Channallabes apus (Günther, 1873) and Erpetoichthys calabaricus Smith, 1865 lift the anterior 

part of their elongate body, incline the head downward, and place the mouth on prey (Van 

Wassenbergh 2013; Van Wassenbergh et al. 2016). Anableps anableps (Linnaeus, 1758) and 

Periophthalmus barbarus (Linnaeus, 1766) rotate the dentary to a large angle and protrude the 

premaxilla for orientating the gape towards the ground (Michel et al. 2014, 2015a, b). The 

pectoral fins are used to lift the head and anterior trunk in P. barbarus enabling the oral jaws to 

be placed on prey (Sponder and Lauder 1981; Michel et al. 2014). These are macrophagous, 

carnivorous fishes that are highly adapted to terrestrial environment, and we have little 

knowledge about how the feeding system of aquatic fish has transitioned during their habitat 

expansion to land. 

Oxudercine gobies show a full spectrum of transition from aquatic to terrestrial mode 

of life, and include herbivorous, omnivorous, and carnivorous species that feed at the water’s 
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edge and higher in the intertidal zone (Clayton 1993, 2017). In the present study, we chose five 

mudskippers (Boleophthalmus boddarti (Pallas, 1770), Oxuderces nexipinnis (Cantor, 1849), 

Scartelaos histophorus (Valenciennes, 1837), Periophthalmus chrysospilos Bleeker, 1853, and 

Periophthalmodon schlosseri (Pallas, 1770)) for morphological comparisons of the dentition, 

the gill rakers, and the skeletal and muscular systems of the branchial basket. These species 

also represent three types of feeding habits and occur at different microhabitats in the intertidal 

mudflat. B. boddarti and O. nexipinnis are herbivorous (but Chaudhuri et al. (2014) reported 

omnivory in O. nexipinnis; note the fish was reported as O. dentatus but the study site, India, 

indicates it is O. nexipinnis), S. histophorus is omnivorous, and Ps. chrysospilos and Pn. 

schlosseri are carnivorous. O. nexipinnis spends most of their time in shallow tidal pools, B. 

boddarti and S. histophorus inhabits moderately terrestrial environments, and Ps. chrysospilos 

and Pn. schlosseri occupy the most terrestrial habitats (Fig. I-1 and Table S1). 

2. Materials and methods 

Sample collection and preservation 

A total of 210 individuals of the five species were collected at Mo O mudflat (9° 26’ 15”N, 

106° 10’ 57”E; Tran De District, Soc Trang Province, Vietnam) in September 2017, December 

2017 and June 2018 by using traps and by hands. The number and size range of specimens used 

are shown in Table III-1. The species were sacrificed by immersing in a solution of 2-

Phenoxyethanol (Wako Pure Chemical Industries, Japan) at a concentration of 100 mL/L and 

preserved in 10% neutralized formalin for a week. Then they were rinsed with tap water 

overnight and preserved in 75% ethanol. 

Morphological methods 

The methods used in this study were the same as reported in the Chapter 2 with slight 

modifications accrued from the use of five species with different body size. Tooth length and 

tooth width were standardized by dividing them by the standard length. The spaces between the 

gill rakers were measured for the entire length of four arches in S. histophorus, Ps. chrysospilos, 
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and Pn. schlosseri. In B. boddarti and O. nexipinnis, the spaces between the gill rakers were 

measured over the entire length of the arches only for both rows of the first and second arches, 

and for the anterior row of the third arch. The spaces between the gill rakers of the posterior 

row of the third arch and both rows of the fourth arch were estimated by measuring five spaces 

on the ventral, middle and dorsal segments because of the large number of gill rakers in these 

rows. The relative size of the pharyngeal plates was determined by sectioning the head of the 

specimens through the frontal plane, and calculated as the ratio of the area of pharyngeal plates 

to the frontal sectional area of the dorsal or ventral surface of the oropharyngeal cavity. The 

posterior limit of the oropharyngeal cavity was defined as the level of the esophageal sphincter 

at the back of the cavity. The skeletal morphology was studied using specimens stained with 

Alcian Blue for cartilages and with Alizarin Red S for the bones. Subsequently, the branchial 

baskets were cleared by immersion in a solution of 35% sodium borate and trypsin (Dingerkus 

and Uhler 1977). The measurements were made following Morales and Rosenlund (1979, see 

Fig. III-10a2 for the measurement of the length of the epibranchials). We define the arch length 

as the sum of the lengths of component bones in a gill arch, except basibranchials. The lever 

ratio of jaw-closing was calculated same as description in the Chapter 2 (Figs. III-2a2 and III-

2b2). The adductor mandibulae A2 were dissected from fixed specimens and weighed. The data 

were standardized as K = (W/L3) × 106 (W, weight of A2 (g); L, standard length (cm)). The 

specimens used for studying muscular anatomy and dentition were double-stained but not 

cleared. The opercula were carefully removed to expose the branchial basket and musculature. 

The surface morphology of the pharyngeal plates and the gill rakers was observed with 

a scanning electron microscope (JSM-6380 LAKII, JEOL, Tokyo, Japan) as reported by Tran 

et al. (2020). The dissected branchial baskets of the five species were stained with a 0.05 mol/L 

Iodine Solution (FUJIFILM Wako Pure Chemical Corporation, Japan) for about 12 h and 

observed with an X-ray CT scanner at a tube voltage of 100kV and a tube current of 100 A. 

Image analysis was done using software Molcer (version 1.3.6.1, WhiteRabbit, Tokyo, Japan). 
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The size of food items ingested was measured only for B. boddarti, O. nexipinnis, and 

S. histophorus to compare with the gill raker space. Ingested food items were recovered from 

their stomach and observed with a fluorescence microscope (Olympus BX50). The five main 

food items were determined by frequency occurrence. The longer-axis and shorter-axis lengths 

of each food item were measured with the software ImageJ (version 1.51J8, National Institutes 

of Health, USA). 

Statistical analysis 

Numbers of teeth, replacement teeth, standardized tooth length, standardized tooth width, the 

lengths of gill arch bones, and the relative size of the pharyngeal plates were tested for the 

normality (Shapiro-Wilk test) and the homogeneity of variance (Levene’s test). Based on results, 

one-way ANOVA followed by post-hoc Turkey test (data satisfied normal distribution and 

equal variance), one-way ANOVA followed by post-hoc Welch test (data satisfied normal 

distribution but un-equal variance) or Kruskal-Wallis followed by Wilcoxon-Mann-Whitney 

test (data unsatisfied normal distribution) were performed. All pairwise comparisons were 

performed with Bonferroni correction of p-value. Principal component analysis (PCA) on 

correlation was performed for the dentition morphometrics to examine divergence among the 

species. Rstudio version 0.99.903 (Rstudio, Inc) was used for all statistical analysis. 

  

Table III-1 Number and standard length (mm) of the five mudskippers used in this study 

Species 
Number of fish used for 

morphological analysis 

Number of fish used for 

stomach content analysis 

Standard 

length 

Boleophthalmus boddarti 47 3 92 – 153 

Oxuderces nexipinnis 45 3 78 – 116 

Scartelaos histophorus 46 3 70 – 104 

Periophthalmus chrysospilos 34 – 59 – 96 

Periophthalmodon schlosseri 29 – 122 – 226 
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3. Results 

Dentition 

Boleophthalmus boddarti, O. nexipinnis, S. histophorus, and Ps. chrysospilos have a single row 

of vertically oriented canine teeth on the premaxilla (Figs. III-1a, III-1b, III-1c, and III-1d). 

Periophthalmodon schlosseri has an additional row on the premaxilla (Fig. III-1e). Frontal teeth 

(three pairs in B. boddarti, two in O. nexipinnis, seven to ten in S. histophorus and five in Pn. 

schlosseri) are large and fang-like, while the remaining teeth are smaller and dwindle 

posteriorly. Teeth in O. nexipinnis are sparse. On the dentary, a single row of teeth occurs along 

the margin in all the species. Dentary teeth extend horizontally in B. boddarti, O. nexipinnis, 

and S. histophorus, but vertically in Ps. chrysospilos and Pn. schlosseri. In B. boddarti, dentary 

teeth are incisors, flattened and enlarged on the cusps, but canine in the other species. B. 

boddarti and S. histophorus possess a pair of fang-like teeth, medially to the symphysis of the 

dentaries (Figs. III-1a and III-1c). Cartilaginous finger-like projections extend laterally along 

the posterior margin of the dentary in O. nexipinnis (Fig. III-1b). There are significant 

differences in the number of teeth, replacement teeth, standardized tooth length and 

standardized tooth width among species (Table III-2). B. boddarti has the highest number of 

teeth on both the premaxilla and dentary, whereas O. nexipinnis has the lowest. In both jaws, 

the number of replacement teeth is higher in Ps. chrysospilos and Pn. schlosseri than in the 

other species, except for the dentary of B. boddarti. PCA clearly separates three groups of 

species in the morphometric multivariate space. The first two components (PC1, PC2) explain 

84.6% of total variance (Fig. III-3). Along PC1, B. boddarti is separated from the other species 

by smaller values of standardized tooth length and tooth width on both the premaxilla and the 

dentary, and a larger number of teeth on the dentary. Along PC2, Oxuderces nexipinnis and S. 

histophorus are separated from the other species by smaller numbers of replacement teeth on 

the premaxilla and the dentary, and by smaller numbers of teeth on the premaxilla (Fig. III-3). 
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Fig. III-1 

Dentition 

morphology of 

Boleophthalmus 

boddarti (a), 

Oxuderces 

nexipinnis (b), 

Scartelaos 

histophorus (c), 

Periophthalmus 

chrysospilos (d), 

and 

Periophthalmodon 

schlosseri (e).  DD 

dentary in dorsal 

view, DF dentary 

in frontal view, DL 

dentary in lateral 

view, FP finger-

like projection, PF 

premaxilla in 

frontal view, PL 

premaxilla in 

lateral view, and 

PV premaxilla in 

ventral view. 

Arrows indicate 

replacement teeth. 

Scale bars: 5mm 
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Table III-2 Dentition of the five mudskippers 

 
Numbers of teeth represent the values of both sides and replacement teeth are for the left side only (Mean ± SD, N = 5). One-way ANOVA followed by post-hoc Tukey 

test was applied for standardized tooth length on the premaxilla. Kruskal-Wallis followed by Wilcoxon-Mann-Whitney test was applied for the remaining parameters. All 

pairwise comparisons were performed with Bonferroni correction of p-value. The data with different letters in respective columns are significantly different (p < 0.05). 

The data on tooth length and width do not include fangs. Tooth length and tooth width were standardized by the standard length. Tooth width was measured at the base. 

Cusp width is defined as the widest distance of the tooth tips from dorsal view. 

  

Species 

Premaxilla  Dentary 

Number of 
teeth 

Number of 
replacement teeth 

Standardized tooth 
length  

Standardized tooth 
width 

 Number of 
teeth 

Number of 
replacement teeth 

Standardized tooth 
length  

Standardized tooth 
width 

Cusp width 
(mm) 

Boleophthalmus boddarti 65.6 ± 5.1a 3.4 ± 1.7a 0.0059 ± 0.0006a 0.0020 ± 0.0004a 
 

78.8 ± 2.8a 6.6 ± 1.1a 0.0016 ± 0.0002a 0.002 ± 0.0002a 0.22 ± 0.02 

Oxuderces nexipinnis 26.4 ± 5.8b 2.8 ± 0.8a 0.0090 ± 0.0008a 0.0029 ± 0.0003b  
25.2 ± 2.3b 2.6 ± 0.6b 0.0115 ±0.0005b 0.0033 ± 0.0004a - 

Scartelaos histophorus 29.0 ± 2.9b 3.0 ± 0.7a 0.0111 ± 0.0007ab 0.0030 ± 0.0003b  
43.2 ± 1.6c 3.0 ± 0.7b 0.0081 ± 0.0003b 0.0024 ± 0.0003a - 

Periophthalmus chrysospilos 39.4 ± 3.1c 7.6 ± 0.6b 0.0093 ± 0.001ab 0.0031 ± 0.0005b  
39.0 ± 4.4c 8.8 ± 0.8ac 0.01 ± 0.002b 0.0031 ± 0.0006a - 

Periophthalmodon schlosseri 44.8 ± 2.3d 8.6 ± 0.9b 0.011 ± 0.003b 0.005 ± 0.001c  
28.6 ± 1.5b 7.8 ± 1.3c 0.011 ± 0.003b 0.005 ± 0.001b - 

One-way ANOVA or  Kruskal-Wallis 

F or Chi-squared 21.8 18.6 10.4 18.2 
 

21.9 20.2 17.6 20.3  

p < 0.001 < 0.001 < 0.001 0.0011 
 

< 0.001 < 0.001 0.0015 < 0.001  
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Oral jaw bones and muscles 

The lever ratio of jaw-closing is 0.31  0.01 (mean  SD, N = 3 for all species) in B. boddarti, 0.42 

 0.01 in O. nexipinnis, 0.41  0.01 in S. histophorus, 0.50  0.04 in Ps. chrysospilos, and 0.58  

0.08 in Pn. schlosseri. All the five species possess the maxilla-mandibular ligament (L1) linking 

the maxilla with the dentary and the premaxillo-maxillary ligament (L2) linking the premaxilla 

with the maxilla (Fig. III-2). The adductores mandibulae A1, A2 and A3 attach onto the maxilla, 

the coronoid process of the dentary, and the medial side of the dentary, respectively, as in other 

teleosts. K values were 64.6  11.5 (g cm-3 × 10-6, N = 3) in B. boddarti, 78.1  15.1 (N = 4) in O. 

nexipinnis, 41.2  10.6 (N = 3) in S. histophorus, 126.9  22.5 (N = 3) in Ps. chrysospilos, and 93.6 

 9.3 (N = 2) in Pn. schlosseri. 

 

Fig. III-2 Jaw bones and ligaments in Boleophthalmus boddarti (a1), Oxuderces nexipinnis (b1), Scartelaos 

histophorus (c1), Periophthalmus chrysospilos (d1), and Periophthalmodon schlosseri (e1), and adductor mandibulae 

in Boleophthalmus boddarti (a2), Oxuderces nexipinnis (b2), Scartelaos histophorus (c2), Periophthalmus 

chrysospilos (d2), and Periophthalmodon schlosseri (e2). A articular, A1-3 adductor mandibulae 1 to 3, D dentary, L1, 

2 ligament 1 and 2, MX maxilla, P palatine, PM premaxilla, Q quadrate. Ligaments are shown in purple and tendons 

are in orange.  In a2 and b2, red dot shows the fulcrum, and double arrowheads show the jaw-closing lever system. 

Scale bars: 5 mm 
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Fig. III-3 PCA biplot of the two principal components (PC1, PC2) showing the multivariate morphometric ordination 

of the studied taxa (upper box). The morphological variables are represented by vectors; correlated variables have a 

similar orientation. Loadings of each variable along PC1 and PC2 are shown in the lower table. Symbols: den_length 

standardized tooth length on the dentary, den_replacement number of replacement teeth on the dentary, den_teeth 

number of teeth on the dentary, den_width standardized tooth width on the dentary, Dim 1 – Dim 5 dimension 1 to 5, 

pre_length standardized tooth length on the premaxilla, pre_replacement number of replacement teeth on the 

premaxilla, pre_teeth number of teeth on the premaxilla, pre_width standardized tooth width on the premaxilla. Points 

1-5 are the data of Boleophthalmus boddarti, 6-10 Oxuderces nexipinnis, 11-15 Scartelaos histophorus, 16-20 

Periophthalmus chrysospilos, and 21-25 Periophthalmodon schlosseri. 
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Fig. III-4 Morphology of the gill rakers in Boleophthalmus boddarti (a), Oxuderces nexipinnis (b), Scartelaos 

histophorus (c), Periophthalmus chrysospilos (d), and Periophthalmodon schlosseri (e). In each box, the left 

photograph shows the dorsal view of the left gill arches, and the right ones are SEM micrographs of each gill arch. The 

red dashed lines in the SEM micrographs indicate the position of cross-sectioning. The arrows in b1 indicates the 

secondary gill rakers. AB arch bone, AR anterior row, I-IV first to fourth gill arches, PR posterior row and VP ventral 

pharyngeal plate. Scale bars: 2 mm for the photographs, 200 m for SEM micrographs, and 0.5 mm for a1, a2, b2, b3, 

c1, and c2 

Gill rakers 

All the mudskipper species possess four pairs of gill arches. The disposition of the gill rakers can 

be classified into three types. In the first type seen in B. boddarti and O. nexipinnis, the gill rakers 

are short and sparsely spaced on the first, second and the anterior row of the third arch, while they 

are comb-like and more densely spaced on the posterior row of the third arch and both rows of the 

fourth arch (Figs. III-4a, III-4b, III-5, and III-6). The gill rakers extend laterally from the inner 

surface (facing the oropharyngeal cavity) of gill arches along their entire lengths. Each gill raker 

blade has a triangular shape in cross-section (Figs. III-4a1, III-4a2, III-4b2, and III-4b3). In the 

second type observed in S. histophorus, the gill rakers are present on the posterior rows of all the 

gill arches, with an increasingly higher density from the first to fourth arches (Figs. III-4c and III-

5), while on the anterior rows the gill rakers are sparse on the first and second arches and absent 
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on the third and fourth arches (Figs. III-4c, III-5, and III-6). Each gill raker blade on the third and 

fourth arches has a triangular shape in cross-section (Figs. III-4c1 and III-4c2). In the third type 

observed in Ps. chrysospilos and Pn. schlosseri, the gill rakers are short, knob-like, and widely 

spaced (Figs. III-4d, III-4e, III-5, and III-6). There are no gill rakers on the first arch of Pn. 

schlosseri. 

We measured the longer-axis length (LAL) and the shorter-axis length (SAL) of the 

dominant diatom/amphipod species recovered from the stomachs of B. boddarti, O. nexipinnis, and 

S. histophorus, and compared them with average space between gill rakers (GRS). The GRS of B. 

boddarti is smaller than the LAL of five dominant diatom species. The GRS is smaller than the 

SAL of two, nearly equal to the SAL of the other two, and larger than the SAL of the remaining 

species (Fig. III-7a). The GRS of O. nexipinnis is smaller than the LAL but larger than the SAL of 

four, but smaller than the SAL of the remaining diatom species (Fig. III-7b). The GRS of S. 

histophorus is smaller than the LAL and the SAL of two abundant amphipod species, and smaller 

than the LAL but larger than the SAL of three diatom species (Fig. III-7c). 

Pharyngeal plates 

All the five species have a pair of pharyngeal plates on both the dorsal and ventral surfaces of the 

pharynx, which can also be classified into three types. The first type observed in B. boddarti and 

O. nexipinnis is characterized by its large size (Figs. III-8a, III-8b, and III-9) and strong curvature 

(Figs. III-12a and III-12b). The third and fourth pharyngobranchials (PB3 and PB4) overlap to form 

one large unit of the dorsal pharyngeal plate (Figs. III-10a1 and III-10b1). Both dorsal and ventral 

pharyngeal plates bear numerous fine papilliform teeth, being directed posteromedially (Figs. III-

8a2, III-8a3, III-8b1, and III-8b3, Table III-3). The teeth on the ventral plates have a large cusp, 

are arranged in lines, and are hook-like (Figs. III-8a4 and III-8b4). There is a single row of large  
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Fig. III-5 Number of 

gill rakers (mean  SD) 

on the anterior (a) and 

posterior (b) gill arches 

of the five species. I-IV 

first to fourth gill arches. 

Size range of B. 

boddarti: 111-127 mm 

in standard length (SL), 

O. nexipinnis: 78-91 

mm SL, S. histophorus: 

70-82 mm SL, Ps. 

chrysospilos: 65-83 mm 

SL, and Pn. schlosseri: 

122-185 mm SL. The 

number of individuals 

used for the 

measurement is given in 

the parenthesis 

 

Fig. III-6 Average space 

between the gill rakers 

(mean  SD) on the 

anterior (a) and posterior 

(b) gill arches of the five 

species. Symbols as the 

same in Fig. III-5. Size 

range of B. boddarti: 

120-125 mm in standard 

length (SL), O. 

nexipinnis: 78-94 mm 

SL, S. histophorus: 88-

104 mm SL, Ps. 

chrysospilos: 65-83 mm 

SL, and Pn. schlosseri: 

155-193 mm SL. The 

number of individuals 

used for the 

measurement is given in 

the parenthesis 
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Fig. III-7 Comparison of the average space between gill rakers and the size of main food items (mean  SD) ingested 

by Boleophthalmus boddarti (a), Oxuderces nexipinnis (b), and Scartelaos histophorus (c). The average space between 

gill rakers (horizontal orange line) was calculated for the posterior row of the third arch and both rows of the fourth 

arch in B. boddarti and O. nexipinnis, and for the posterior rows of the third and the fourth arches in S. histophorus. 

The longer-axis length (dark-gray bars) and the shorter-axis length (light-gray bars) were measured in 30 specimens 

of the five main food items found in the stomach contents of each fish species. D01–05 diatom items 1 to 5 recovered 

from each mudskipper species, A01–02 amphipod items 1 to 2 recovered from S. histophorus. 

canine teeth along the anterior margin of the dorsal pharyngeal plates of B. boddarti (distance 

between adjacent teeth 75-162 m; Fig. III-8a1). In the second type found in S. histophorus, the 

pharyngeal plates are slightly smaller (Figs. III-8c and III-9) and much flatter (Fig. III-12c),and the 

overlapping area of PB3 and PB4 (Fig. III-10c1) is smaller than in the first type. There are 

papilliform and canine teeth on both the dorsal and ventral pharyngeal plates (Table III-3). The 

papilliform teeth occur in most areas of the pharyngeal plates, while canine teeth are restricted to 

the medial and anterior margins (Fig. III-8c). The papilliform teeth are hook-like, and arranged in 

lines on the ventral pharyngeal plates (Figs. III-8c4 and III-8c5). The canine teeth on the dorsal and 

ventral plates are oriented in opposite directions (Figs. III-8c3 and III-8c6, Table III-3). In the third 

type observed in Ps. chrysospilos and Pn. schlosseri, the pharyngeal plates are even smaller and 

flatter (Figs. III-8d, III-8e, III-9, III-12d, and III-12e). There is a large ventral ridge on the ventral 

pharyngeal plates (Figs. III-10f4 and III-10f5). Only canine teeth are present on both dorsal and 

ventral pharyngeal plates (Figs. III-8d and III-8e). Larger teeth are located on the posteromedial 

edges of both dorsal and ventral pharyngeal plates (Figs. III-8d1, III-8d3, III-8e1, and III-8e3, 

Table III-3). 
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Fig. III-8 Morphology of the pharyngeal plates of Boleophthalmus boddarti (a), Oxuderces nexipinnis (b), Scartelaos 

histophorus (c), Periophthalmus chrysospilos (d), and Periophthalmodon schlosseri (e). Color photographs show 

surface views of the dorsal (DP) and ventral (VP) pharyngeal plates, accompanied by SEM micrographs. a1, c1 and 

a2, c3 correspond to the upper and lower boxes in the DP of the same row. c2 shows the papilliform tooth heads in the 

upper box at a higher magnification than in c1. c4, c5 and c6 correspond to the upper, lower left and lower right boxes 

of the VP. Other SEM micrographs show pharyngeal teeth in the corresponding color photographs at different 

magnifications. Red arrows in a1 show canine teeth on the marginal edge of the right dorsal pharyngeal plate. White 
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arrows on the upper right of color photographs and the SEM photos indicate the anterior direction. Scale bars: 2 mm 

for color photographs, 500 m for e1-4, 100 m for d1-4, 50 m for a1-4, b1, b3, b4, c1-4, and 20 m for b2 

 

Fig. III-9 The relative size (area of pharyngeal plates/frontal sectional area of the dorsal or ventral surface of the 

oropharyngeal cavity) (Mean ± SD) of the dorsal (light gray bars) and ventral (dark gray bars) pharyngeal plates. Non-

parametric Kruskal-Wallis was performed to detect significant differences among the species, followed by Wilcoxon-

Mann-Whitney test. All pairwise comparisons were performed with Bonferroni correction of p-value Data with 

different letters of the dorsal or ventral pharyngeal plate are significantly different (p < 0.05). The number of 

individuals used for the measurement is given in the parenthesis 

Branchial basket skeleton 

The ceratobranchials are slender in B. boddarti and O. nexipinnis, intermediate in S. histophorus 

and robust in Ps. chrysospilos and Pn. schlosseri. The ratios of length to width of the first to fourth 

Table III-3 Morphology, density, and direction of the teeth on the pharyngeal plates of the five mudskippers 

Species Morphology 
Density (number/mm2) Direction 

Dorsal plate Ventral plate Dorsal plate Ventral plate 

Boleophthalmus boddarti papilliform 951.6  313.3 529.5  101.1 PM PM 

 canine*   DV  

Oxuderces nexipinnis papilliform 2720.2  301.2 700.1  77.9 PM PM 

Scartelaos histophorus papilliform 146.8  21.0 142.2  37.9 PM PM 

 canine**   posterior anterior 

Periophthalmus chrysospilos canine 23.1  3.3  34.1  2.6 posterior anterior 

Periophthalmodon schlosseri canine 6.7  1.1  8.5  0.9 posterior anterior 

*Only along the anterior margin of the dorsal pharyngeal plate. **Along the anterior and medial margins of the 

dorsal and ventral plates. Mean ± SD. Three individuals were used for each species. DV, dorsoventral; PM, 

posteromedial. 
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ceratobranchials (CB1-4, mean  SD, N = 3) are 13.05  2.14 in B. boddarti, 14.17  1.56 in O. 

nexipinnis, 13.37  3.86 in S. histophorus, 10.66  2.65 in Ps. chrysospilos, and 9.46  1.63 in Pn. 

schlosseri. The basihyal (BH) is bifurcated in B. boddarti, and flabelliform in the other species 

(Fig. III-10). The second pharyngobranchial (PB2) extends along the anterior margin of PB3 and 

PB4 in B. boddarti, O. nexipinnis, and S. histophorus (Figs. III-10a1, III-10b1, and III-10c1), but 

lies anteriorly to PB3 in Ps. chrysospilos and Pn. schlosseri (Figs. III-10d1, and III-10e1), as a 

consequence of the smaller size of PB4 in these two species. The fourth epibranchial (EB4) is L-

shaped in B. boddarti (90.7  1.1°, mean  SD, N = 13, Fig. III-10a2), O. nexipinnis (97.9  1.4°, 

N = 8, Fig. III-10b2), and more obtuse in S. histophorus (137.5  1.2°, N = 8, Fig. III-10c2), Ps. 

chrysospilos (141.1  0.7°, N = 7, Fig. III-10d2) and Pn. schlosseri (143.7  1.8°, N = 6, Fig. III-

10e2). The fourth arch is significantly longer than the other arches in B. boddarti, whereas the arch 

lengths gradually decrease from the first to the fourth arch in Ps. chrysospilos and  

 Pn. schlosseri. There is no significant difference among the arch lengths of O. nexipinnis and S.  

 histophorus (Table III-4). 

 

Table III-4 Comparison of the arch lengths (mean  SD) among the species 

 

Arch length (mm) 

N Arch 1 Arch 2 Arch 3 Arch 4 

ANOVA or 

Kruskal-Wallis 

F or Chi-

squared 
p 

Boleophthalmus boddarti  12 17.6 ± 1.2a 18.0 ± 1.2a 17.6 ± 1.3a 19.6 ± 1.4b 6.4 0.001 

Oxuderces nexipinnis 10 12.4 ± 2.0a 12.7 ± 2.0a 12.6 ± 2.1a 13.4 ± 2.4a 2.5 0.48 

Scartelaos histophorus 10 10.2 ± 1.0a 9.6 ± 0.9a 9.2 ± 0.9a 9.6 ± 0.9a 1.9 0.15 

Periophthalmus chrysospilos 7 11.8 ± 1.2a 11.0 ± 1.1a 8.9 ± 0.9b 8.9 ± 0.8b 12.9 < 0.001 

Periophthalmodon schlosseri 6 27.1 ± 6.1a 24.3 ± 4.9ab 19.6 ± 4.0ab 18.2 ± 3.9c 3.7 0.04 

One-way ANOVA followed by post-hoc Tukey test was applied for B. boddarti, S. histophorus, Ps. chrysospilos, 

and Pn. schlosseri. Kruskal-Wallis followed by Wilcoxon-Mann-Whitney test was applied for O. nexipinnis.  All 

pairwise comparisons were performed with Bonferroni correction of p-value. The data with different letters in 

respective rows are significantly different (p < 0.05) 
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Fig. III-10 Morphology of the branchial basket skeletons (dorsal view) and the left fifth ceratobranchials (lateral view) 

of Boleophthalmus boddarti (a, f1), Oxuderces nexipinnis (b, f2), Scartelaos histophorus (c, f3), Periophthalmus 

chrysospilos (d, f4), Periophthalmodon schlosseri (e, f5). In each box of a to e, the whole structure is shown on the 

left, the left dorsal pharyngeal plate dissected separately is shown in ventral view in a1- e1; the right epibranchials 

dissected separately is shown in ventral view in a2-e2. The portion of the third pharyngobranchial covered by the 

fourth pharyngobranchial is shown in light grey in a1, b1, and c1. Cartilages are in blue. Grey parts in box f are the 

ventral side of the fifth ceratobranchial. Double arrowheads in a2 show length measurement. Arrows in f4 and f5 show 

ventral ridges. BB 2–4 basibranchials 2–4, BH basihyal, CB 1–5 ceratobranchials 1–5, EB 1–4 epibranchials 1–4, HB 
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1–3 hypobranchials 1–3, PB 2,3,4 pharyngobranchials 2,3,4. BB1 is a small cartilage between the right and left HB1s, 

and therefore not shown. Scale bars: 5 mm for boxes a-e, 2 mm for box f 

Branchial basket musculature 

The branchial basket musculature of the five species consists of four systems. The first system 

connects the elemental bones of the branchial basket to the surrounding skeletal components; the 

levatores interni (LI), the levatores externi (LE), the levator posterior (LP), the retractor dorsalis 

(RD), the pharyngohyoideus (PH), the rectus ventralis (RV), the pharyngocleithralis externus 

(PHCE), and the pharyngocleithralis internus (PHCI) (Figs. III-11a3, III-11b3, III-11c3, III-11d3, 

and III-11e3). The second system links the elemental bones dorsally; through the transversi 

dorsales anteriores (TDA), the transversi dorsales posteriores (TDP), and the obliqui dorsales (OD) 

(Figs. III-11a1, III-11b1, III-11c1, III-11d1, and III-11e1). A ligament (L3-4) connects the third 

and fourth epibranchials. In B. boddarti, O. nexipinnis, and S. histophorus, there is a structure that 

resembles the cartilaginous cushion described by Liem (1973) between the right and left TDA and 

TDP (CC, Figs. III-11a1, III-11b1, and III-110c1). In Ps. chrysospilos and Pn. schlosseri, there is 

only a thin strand of connective tissue in the corresponding position (Figs. III-11d1 and III-11e1). 

The third system links the elemental bones ventrally; the transversi ventrales (TV), the obliqui 

ventralises (OV), and the semicircular ligament (SL) (Figs. III-11a2, III-11b2, III-11c2, III-11d2, 

and III-11e2). The fourth system is made of the adductors connecting the ceratobranchials to the 

epibranchials (AD, Figs. III-11a3, III-11b3, III-11c3, III-11d3, and III-11e3). The ligament 4 (L4), 

connecting EB4 to the post-temporal bone, is present only in B. boddarti (Figs. III-11a3 and III-

11a4); in this species, LE3-4 originates from the articulation between EB4 and CB4 and is directed 

anteriorly; LP originates between the points of insertion of L4 and LE4 (Fig. III-11a4). RD 

connects to the posterior portion of the third vertebra and anterior portion of the fourth vertebra in 

B. boddarti (Fig. III-13a); to the dorsal tip of the neural spine of the fourth vertebra in O. nexipinnis 

(Figs. III-13b1 and III-13b2); to the third vertebra in  
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Fig. III-11 Morphology of branchial basket musculature of Boleophthalmus boddarti (a), Oxuderces nexipinnis (b), 

Scartelaos histophorus (c), Periophthalmus chrysospilos (d), and Periophthalmodon schlosseri (e). a1–e1 are dorsal 
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views, a2–e2 ventral views and a3–e3 lateral views. a4 a hypothetical mechanism for the movement of the dorsal 

pharyngeal plates (in dorsolateral view) in Boleophthalmus boddarti. In a4, red dots show fulcrums, yellow arrows 

show the direction of force exerted by the contraction of OD3-4, LE3-4, and RD, and the green arrow shows the 

direction of force by the LP contraction. AD1–5 adductors 1 to 5, CC cartilaginous cushion, EB4 epibranchial 4, LE1, 

2 levatores externi 1 to 2, LE3-4 levatores externi 3 and 4 acting on the third and fourth epibranchials, LI and LI’ 

levatores interni, LP levator posterior, L3–4 ligament 3–4 connecting the third and fourth epibranchials, and L4 

ligament 4 (only in B. boddarti), OD2 obliquus dorsalis 2, OD3–4 obliqui dorsales 3 to 4, OV1–4 obliqui ventrales 1 

to 4, PH  pharyngohyoideus, PHCE pharyngocleithralis externus, PHCI pharyngocleithralis internus, RD retractor 

dorsalis, RV3 rectus ventralis 3, SL semicircular ligament, TDA transversus dorsalis anterior, TDP transversus dorsalis 

posterior, TV1-5 tranversi ventrales 1 to 5. Cartilages in blue; dorsal pharyngeal plate in dark purple; ventral 

pharyngeal plate in brown. Scale bars: 5 mm 

 

 

Fig. III-12 Morphology of musculature system attaching to the pharyngeal plates in Boleophthalmus boddarti (a), 

Oxuderces nexipinnis (b), Scartelaos histophorus (c), Periophthalmus chrysospilos (d), and Periophthalmodon 

schlosseri (e). a1–e1 are lateral views of the left dorsal pharyngeal plate, a2–e2  and a3–e3 frontal views of the dorsal 

and ventral pharyngeal plates, respectively, and a4–e4 lateral views of the left ventral pharyngeal plate. Symbols are 

the same as in Fig. III-11. The ventral side of the ventral pharyngeal plates and the dorsal side of the dorsal pharyngeal 

plates are colored in brown. Scale bars: 2 mm 
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Fig. III-13 Insertion of the retractor dorsalis (RD) to vertebrae in Boleophthalmus boddarti (a), Oxuderces nexipinnis 

(b), Scartelaos histophorus (c), Periophthalmus chrysospilos (d), and Periophthalmodon schlosseri (e). For O. 

nexipinnis, b1 shows relative position of RD and vertebrae and b2 shows RD insertion on the neural spine of the fourth 

vertebra. Symbols: RD retractor dorsalis, V1-V4 neural spines of the first to fourth vertebrae. Dashed lines show joint 

between vertebrae 

 S. histophorus (Fig. III-13c); and to the posterior portion of the second vertebra and the anterior 

portion of the third vertebra in both Ps. chrysospilos (Fig. III-13d) and Pn. schlosseri (Fig. III-13e). 

TV1, connecting to the left and right hypobranchials of the first arch, is present only in B. 

boddarti, O. nexipinnis, and S. histophorus (Figs. III-11a2, III-11b2, and III-11c2). In contrast, 

muscles attached to the pharyngeal plates (TDA and TDP) are more developed in Ps. chrysospilos 

(Figs. III-11d1, III-12d1, and III-12d2) and Pn. schlosseri (Figs. III-11e1, III-12e1, and III-12e2). 

PHCI, PHCE, PH, and TV5 are also more developed in Ps. chrysospilos (Figs. III-11d2, III-11d3, 

III-12d3, and III-12d4) and Pn. schlosseri (Figs. III-11e2, III-11e3, III-12e3, and III-12e4). PHCI, 

PH, and TV5 attach to the ventral ridge of CB5 in Ps. chrysospilos (Figs. III-10f4, III-12d3, and 

III-12d4) and Pn. schlosseri (Figs. III-10f5, III-12e3, and III-12e4), while these muscles attach to 

the ventral side of CB5 in B. boddarti (Figs. III-12a3 and III-12a4), O. nexipinnis (Figs. III-12b3 

and III-13b4), and S. histophorus (Figs. III-12c3 and III-12c4). 
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4. Discussion 

Fig. I-1 shows generally accepted relationships of oxudercine genera based on 39 morphological 

characters (Murdy 1989) together with the feeding habit and terrestriality of each genus at an adult 

stage (see also supplementary Table S1). The data should be regarded as preliminary for the 

following three reasons. Firstly, the feeding habit has only been anecdotally described for 

Apocryptes (two studies), Apocryptodon (one study), Oxuderces (one published study and our own 

data) and Parapocryptes (two studies) or totally unknown for Zappa. There are also contradictory 

observations for Apocryptes, Oxuderces, Pseudapocryptes, and Scartelaos (Table S1). These 

discrepancies may be due to local and/or seasonal differences in food availability or some other 

factors. For example, González-Bergonzoni et al. (2012) reported that omnivory becomes less 

common with increasing latitudes among fishes in marine, fresh and brackish waters. Secondly, 

the degree of terrestriality has mostly been reported as amphibious behaviors during low tide, and 

has rarely been quantified as the percentage of time fish stayed on land and in water (but see Gordon 

et al. 1969). Furthermore, terrestriality is scarcely studied for several genera (e.g., Apocryptes, 

Apocryptodon, and Parapocryptes). Thirdly, the tree is inconsistent with several published (though 

incomplete in terms of taxon sampling) molecular phylogenies (e.g., Agorreta and Rüber 2012; 

Agorreta et al. 2013). Despite these uncertainties, the overall trend is cleara transition from 

herbivory in the more aquatic genera (Apocryptes, Apocryptodon, Oxuderces, Parapocryptes, 

Pseudapocryptes), to pure carnivory in the two most terrestrial genera (Periophthalmus and 

Periophthalmodon). Boleophthalmus may represent a highly specialized stage for algal feeding on 

land, and Scartelaos may be considered as an intermediate stage from herbivory to carnivory. With 

these reservations in mind, we will attempt to correlate the morphological differences in feeding 

apparatus revealed in this study with the feeding ecology of the five genera, and discuss a possible 

scenario of the transition from aquatic to terrestrial habitats among mudskippers, in the following 
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sections. 

Comparison of dentition, jaw structure and gill rakers 

Of the five syntopic species of the Mo O mudflat, Oxuderces nexipinnis is the least terrestrial, 

being mostly restricted to shallow waters during low tide. The head of Oxuderces species is 

depressed anteriorly (Murdy 1989), and their oral gape is terminal or slightly superior (Murdy and 

Jaafar 2017), unlike most other mudskippers in which the gape is subterminal. The head shape, the 

position of the gape, and the horizontally oriented dentary teeth of O. nexipinnis are likely 

adaptations to graze on diatoms in shallow water (Table S1 and Fig. III-1). Horizontal disposition 

of the dentary teeth has been reported also for purely aquatic sicydiine gobies Sicyopterus japonicus 

(Tanaka, 1909) (Sakai and Nakamura 1979; Mochizuki and Fukui 1983; Sahara et al. 2013), 

Lentipes armatus Sakai and Nakamura, 1979, and Stiphodon elegans (Steindachner, 1879) (Sakai 

and Nakamura 1979), all of which were observed to feed on algae on the glass wall of aquaria. 

However, the low number and wide spacing of the dentary teeth of O. nexipinnis suggest their 

limited role in scraping diatoms from the substrate surface in this species. The closely spaced, 

numerous gill rakers on the posterior row of the third arch and the both rows of the fourth arch in 

O. nexipinnis probably serve for sieving diatoms from the ingested mixture of muddy water and 

food items. 

Scartelaos histophorus is more terrestrial than O. nexipinnis and omnivorous, though a 

congener S. tenuis was reported to be carnivorous (supplementary Table S1). S. histophorus has 

horizontally oriented dentary teeth, which are significantly more numerous than in O. nexipinnis 

(Table III-2). S. histophorus lacks gill rakers on the anterior rows of the third and fourth gill arches, 

and lower numbers of gill rakers on their posterior rows, possibly reflecting lower reliance on 

sieving diatoms and a shift to omnivory. Our analysis of stomach content confirms the omnivory 

of this species. 
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Boleophthalmus boddarti shows a higher degree of specialization to grazing on land, as 

evidenced by the significantly higher number of horizontal dentary teeth, and much closely spaced, 

higher number of gill rakers located above the gill cleft. The dentary teeth are incisors, flattened 

and enlarged on the cusps and are lined in a straight, horizontal line. This anatomy allows aligning 

the entire length of the dentary teeth to skim the top thin layer of the mudflat surface, when the fish 

swings the head laterally during terrestrial feeding (Tran et al. 2020). The feeding apparatus of B. 

pectinirostris, a temperate species known from the coasts of the East China Sea, has a similar 

morphology to that of B. boddarti (Tran et al. 2020). 

Periophthalmus chrysospilos and Periophthalmodon schlosseri are the most terrestrial 

among the five species inhabiting the Mo O mudflat. Similarity of dentition morphometrics of these 

two species (Fig. III-3), especially the strong canine teeth, are typical of carnivorous fishes. They 

occasionally capture prey as large as or larger than their gape width, and subdue the prey by 

repeated biting (AI and LXT, pers. obs.). This must require strong biting force, consistent with the 

higher jaw-closing lever ratio (0.50 in Ps. chrysospilos and 0.58 in Pn. schlosseri), and the well-

developed adductor mandibulae (K values of 126.9 in Ps. chrysospilos and 93.6 in Pn. schlosseri) 

and premaxillo-maxillary plus maxilla-mandibular ligaments (Figs. III-2d and III-2e). The 

relatively long ascending process of the premaxilla in Ps. chrysospilos and Pn. schlosseri would 

permit larger protrusion of the upper jaw and thus help secure crabs and other feed organisms. 

Comparison of pharyngeal plates and branchial basket 

The pharyngeal plates play an essential role in intraoral transportation in most fishes but they can 

also be used for crushing and pulverizing prey (Gidmark et al. 2019). The pharyngeal plates of B. 

boddarti and O. nexipinnis are larger than those of the other mudskippers, strongly curved ventrally 

and bearing numerous papilliform teeth. The strong curvature would allow a larger surface area for 

a given width of the oropharyngeal cavity. The large size of the pharyngeal plate of herbivorous 
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mudskippers is however unlikely to be an adaptation solely to transporting microalgal cells to the 

esophagus, because Si. japonicus and Plecoglossus altivelis (Temminck & Schlegel, 1846), another 

aquatic algal grazer, have the pharyngeal plates that are much smaller in relative surface area 

(16%, see Tran et al. 2020). The major differences between feeding conditions of mudskippers 

and Si. japonicus and P. altivelis are whether feeding occurs on land or in water and whether 

ingested algal cells co-occur with a quantity of much finer sediment particles or not. 

We therefore presume that the large and strongly curved pharyngeal plates bearing 

numerous teeth directing toward the esophagus opening would facilitate the selective transportation 

of food particles trapped on the gill rakers of the two posterior gill arches into the esophagus, while 

minimizing the deglutition of mud particles. The curvature of the dorsal pharyngeal plates perfectly 

fits the curvatures of both the last two arches, and the ventral pharyngeal plates in B. boddarti and 

O. nexipinnis (and also S. histophorus). The L-shaped epibranchial 4 (EB4) with a flat tip and 

muscles inserting to EB4 in B. boddarti (levator externus 3 and 4, levator posterior, and obliqui 

dorsales 3 and 4) could facilitate anteroposterior and dorsoventral motions of the dorsal pharyngeal 

plates (Wainwright 2006). The resting position of the anterior margin of the dorsal pharyngeal 

plates is just above the third arch in B. boddarti, and the fourth arch in O. nexipinnis (Fig. III-14). 

The intervals between the papilliform teeth of the pharyngeal plates are 20-30 µm, much larger 

than the average sediment diameter we measured in a habitat of B. pectinirostris (7.3 µm, Ishimatsu 

et al. 2007). The strong muscles transversi ventrales 1 and 2, obliqui ventralises 1 and 2 of B. 

boddarti may seal the buccal cavity, in order to retain water inside during gurgling (see Tran et al. 

2020). 

The pharyngeal plates of the carnivorous mudskippers, Ps. chrysospilos and Pn. schlosseri, 

are much smaller, almost flat, and studded with robust canine teeth, with larger ones distributed  
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Fig. III-14 Micro-CT scanning images showing the relative position of the dorsal pharyngeal plates (in ventral view 

with the left arches removed to expose the pharyngeal plates) of Boleophthalmus boddarti (a), Oxuderces nexipinnis 

(b), Scartelaos histophorus (c), Periophthalmus chrysospilos (d), and Periophthalmodon schlosseri (e). Arrows 

indicate anterior direction. I-IV first to fourth gill arches, DP dorsal pharyngeal plate, VP ventral pharyngeal plate. 

Scale bars: 5 mm 

along the posteromedial margins.The right and left ventral plates each has a ventral ridge, as 

reported earlier for Ps. barbarus by Sponder and Lauder (1981). The pharyngohyoideus (PH) and 

the pharyngocleithralis (PHCI) connect the ridge to the urohyal and to the dorsal extremity of the 

cleithrum, respectively. According to Vandewalle et al. (2000), these muscles play an important 

role for the movement of the ventral pharyngeal plate, even though Sponder and Lauder (1981) 

found that the ventral plate remained almost stationary during intraoral transport of prey into the 
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esophagus, while the dorsal pharyngeal plate moved in a much greater anteroposterior excursion. 

We speculate that the contraction of the transversi dorsales anteriores, adductor 5, and transverse 

ventrales 5 would hold the prey in position, while the contraction of retractor dorsalis and 

pharyngohyoideus would pull the dorsal and ventral pharyngeal plates in opposite directions, thus 

allowing oppositely-directed teeth on the dorsal and ventral plates to penetrate, tear and transport 

prey into the esophagus (Mihalitsis and Bellwood 2019). The disposition of larger teeth on the 

posteromedial margins is consistent with the findings by Hulsey et al. (2008) that high stress is 

concentrated along the posterior midline of the ventral pharyngeal plates during prey processing in 

cichlids.  

The morphology of the pharyngeal plates and related muscular structure of S. histophorus 

shares the configurations of both the herbivorous (ventrally curved pharyngeal plates bearing 

numerous fine teeth and muscle system) and carnivorous (some canine teeth along the 

posteromedial margin of the pharyngeal plates) mudskippers. 

A hypothesis of mudskipper’s feeding habit during transition to land 

It is reasonable to assume that the earliest fish that emerged from water had feeding, locomotory, 

respiratory and sensory mechanisms suited for life in water (Clayton 1993), with limited capacity 

to detect and capture food on land. If the ecological factor that promoted land invasion was the 

presence of unexploited trophic resources on land (“the pull hypothesis”), then the food items that 

“pulled” those transitional animals must have been ubiquitous and easily captured (e.g. epipelic 

diatoms, biofilms) with little modification of already available aquatic feeding mechanisms (see 

Sayer and Davenport 1991, Clack 2012, Schoch 2014, and Polgar 2017 for other views). We 

therefore hypothesize that the first oxudercine gobies that started to expand their niche onto land 

were semiterrestrial herbivorous or omnivorous grazers. This agrees with the shift of feeding 

habits observed from extant oxudercine congeners with no to low terrestriality to those of highly 
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terrestrial congeners (Fig. 1). During the terrestrialization process, oxudercine gobies might have 

then diverged into more specialized herbivorous species (Boleophthalmus) and carnivorous 

species (Periophthalmus and Periophthalmodon) through intermediate stages as seen in 

Scartelaos (Table S1). Even though early Devonian transitional vertebrates that evolved into 

amphibians are thought to have been carnivorous (Clack 2012), there might have also been cases 

in which herbivorous/omnivorous fishes expanded their habitat beyond the water’s edge. It is 

worth noting that the majority of amphibious blennies are herbivorous (Graham et al. 1985; 

Nagamoto et al. 2001; Bhikaiee and Green 2002; Shimizu et al. 2006; Hundt et al. 2014), and 

only a smaller number of them are carnivorous (Nieder 2001). 
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Chapter IV 

MORPHOLOGICAL COMPARISON OF THE FEEDING APPARATUS IN 

TWO OXUDERCINE GOBIES, Parapocryptes serperaster (Richardson 1846), 

Pseudapocryptes elongatus (Cuvier 1816) 

1. Introduction 

Oxudercine gobies offer a unique window through which we can glimpse how the feeding 

anatomy, behavior and physiology of aquatic animals may be modified during vertebrate 

transition from aquatic to terrestrial habitats (Clayton 2017; Tran et al. 2020,2021). This is 

because these fishes, consisting of 43 species in 10 genera (Murdy and Jaafar 2017), occupy 

habitats ranging from shallow water through intertidal flats to supralittoral zones, and show all 

three types of feeding habits, herbivory, omnivory and carnivory (Clayton 1993,2017). 

In our preceding paper (Tran et al. 2021), we have compared the morphology of the 

feeding apparatus of five species of oxudercine gobies (Boleophthalmus boddarti (Pallas, 1770), 

Oxuderces nexipinnis (Cantor, 1849), Scartelaos histophorus (Valenciennes, 1837), 

Periophthalmus chrysospilos Bleeker, 1853, and Periophthalmodon schlosseri (Pallas, 1770)). 

On the basis of the morphological analyses of dentition, oral jaw, gill rakers and branchial 

basket, we hypothesized that the earliest oxudercine gobies that started to expand their niche 

onto land were herbivorous or omnivorous grazers, and that these gobies then diverged into 

more specialized herbivorous species (Boleophthalmus) and carnivorous species 

(Periophthalmus and Periophthalmodon) through intermediate stages as seen in Scartelaos 

during the terrestrialization process. At the time of our preceding study, data were lacking for 

five oxudercine genera, Apocryptes Valenciennes in Cuvier and Valenciennes 1837, 

Apocryptodon Bleeker 1874, Parapocryptes Bleeker 1874, Pseudapocryptes Bleeker 1874, and 

Zappa Murdy 1989. Through further sampling effort, specimens have become available for two 

species, Parapocryptes serperaster (Richardson 1846) and Pseudapocryptes elongatus (Cuvier 

1816). The present study analyzes the morphology of the feeding apparatus of these fishes. 
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These two genera show no or the lowest degree of terrestriality (Takita et al. 1999; Dinh et al. 

2014; see also Table IV-4) and are therefore at the critical position to understand how initial 

stages of niche expansion to land could alter the morphology of the feeding apparatus of 

oxudercine gobies. 

2. Materials and methods 

Fish collection and preservation 

Specimens of Pa. serperaster (172–192 mm SL, N = 37) and Pd. elongatus (127–185 mm SL, 

N = 33) were collected at Mo O mudflat (9o 26’ 15’’N, 106o 10’ 57’’E, Tran De District, Soc 

Trang Province, Vietnam) in December 2017 and June 2018 by using bag nets. They were 

scarified and preserved using the method same as reported by Tran et al. (2020,2021). This 

study was approved by the Animal Care and Use Committee of the Institute of East China Sea 

Research, Nagasaki University, Japan (Permit Number #16-01). 

Morphological methods 

The morphological methods used in this study were the same as reported by Tran et al. 

(2020,2021). Dentition morphometrics including number of teeth, replacement teeth, tooth 

length (standardized by standard length), and tooth width (standardized by standard length) of 

the premaxilla and dentary were examined. The spaces between the gill rakers were measured 

over entire length for both rows of the first and second arches, and for the anterior row of the 

third arch. The spaces between the gill rakers of the posterior row of the third arch and both 

rows of the fourth arch were estimated by measuring five spaces on the ventral, middle and 

dorsal segments due to the large number of gill rakers on these rows. The relative size of the 

pharyngeal plates was determined by sectioning the head of the specimens through the frontal 

plane, and calculated as the ratio of the area of the pharyngeal plates to the frontal sectional 

area of the dorsal or ventral surface of the oropharyngeal cavity. The specimens used for the 

skeletal morphology were double-stained for cartilage and bone, and cleared by the method of 

Dingerkus and Uhler (1977). The measurements were made following Morales and Rosenlund 
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(1979, see Fig. IV-8a2 for the measurement of the length of the epibranchials). The arch length 

is defined as the sum of the lengths of component bones in a gill arch, except basibranchials. 

The lever ratio of jaw-closing was calculated by dividing the length of the in-lever by the length 

of the out-lever (Westneat 2003; Nanami 2016) with the measurement of the lengths of the in-

lever and out-lever same as reported by Tran et al. (2021, see Fig. IV-2a2). The morphology of 

muscular system was studied using specimens that were double stained but not cleared. The 

surface morphology of the pharyngeal plates and the gill rakers was observed with a scanning 

electron microscope (JSM-6380 LAKII, JEOL, Tokyo, Japan). The software ImageJ (version 

1.51J8, National Institutes of Health, USA) was used for all measurements. 

Statistical analysis 

Tests of normality (Shapiro-Wilk test) and homogeneity (Levene’s test) were applied for the 

dentition morphometrics, the lengths of gill arch bones, and relative size of the pharyngeal 

plates. Based on the results, Student’s t-test with equal variance (data satisfied normal 

distribution and equal variance), Student’s t-test with unequal variance (data satisfied normal 

distribution but heterogeneous variance) or Wilcoxon test (data unsatisfied normal distribution) 

were performed for the number of teeth, replacement teeth, standardized tooth length, 

standardized tooth width, and relative size the pharyngeal plates to compare difference between 

the two species. One-way ANOVA followed by post-hoc Tukey tests (data satisfied normal 

distribution and equal variance), one-way ANOVA followed by post-hoc Welch tests (data 

satisfied normal distribution but heterogeneous variance) or Kruskal-Wallis followed by 

Wilcoxon-Mann-Whitney tests (data unsatisfied normal distribution) were applied for the 

lengths of gill arches. Principal component analysis (PCA) based on a correlation matrix of 

dentition morphometrics was performed for the dentition morphometrics of seven species 

including five species reported in Tran et al. (2021) (Boleophthalmus boddarti (Pallas, 1770), 

Oxuderces nexipinnis (Cantor, 1849), Scartelaos histophorus (Valenciennes, 1837), 

Periophthalmus chrysospilos Bleeker, 1853, and Periophthalmodon schlosseri (Pallas, 1770)) 
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and the two species in the present study. Rstudio version 0.99.903 (Rstudio, Inc) was used for 

all statistical analyses. 

3. Results 

Dentition 

Both Pa. serperaster and Pd. elongatus have a single row of vertical teeth on the premaxilla. 

Frontal teeth of Pa. serperaster (three to four pairs) are large and fang-like (Fig. IV-1a) while 

more pairs (four to seven) are large with enlarged cusps in Pd. elongatus (Fig. IV-1b). The 

remaining premaxillary teeth of the two species are smaller. Premaxillary teeth in Pd. elongatus 

are sparse. On the dentary, both species have a single row of teeth along the margin extending 

horizontally and a pair of fang-like teeth located on the medial symphysis. Pa. serperaster 

possesses a cartilaginous finger-like projection extending laterally along the posterior margin 

of the dentary (Fig. IV-1a). There are significant differences in the number of teeth, 

standardized tooth length and tooth width between the two species (Table IV-1). Teeth in Pa. 

serperaster are significantly more numerous but smaller as shown by the lower values of 

standardized tooth length and tooth width on both the premaxilla and dentary. The number of 

replacement teeth is not significant different between the two species. 

Oral jaw bones and muscles 

The lever ratio of jaw-closing is 0.42  0.01 (mean  SD, N = 3) in Pa. serperaster and 0.47  

0.02 in Pd. elongatus. Both species have the maxillo-mandibular ligament (L1) linking the 

maxilla with the dentary and the premaxillo-maxillary ligament (L2) linking the premaxilla 

with the maxilla (Fig. IV-2). The adductores mandibulae A1, A2, and A3 attach onto the maxilla, 

the coronoid process of the dentary, and the medial side of the dentary, respectively. 
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Table IV-1 Morphological comparison of the oral jaw teeth of Parapocryptes serperaster and Pseudapocryptes elongatus 

 

 
Numbers of teeth represent the values of both sides and replacement teeth are for the left side only (mean ± SD). Student’s t-test or Wilcoxon test were applied for comparison of the 

parameters with significance of 95%. Tooth length and tooth width were standardized by standard length. Tooth width was measured at the base. The data on tooth length and width 

do not include fangs. # Student’s t-test, ## Wilcoxon test. Five individuals were used for both Pa. serperaster and Pd. elongatus. 

  

Species 

Premaxilla  Dentary 

Number of 

teeth 

Number of 

replacement 

teeth 

Standardized 

tooth length 

(×10-3) 

Standardized 

tooth width 

(×10-3) 

 
Number of 

teeth 

Number of 

replacement 

teeth 

Standardized 

tooth length 

(×10-3) 

Standardized 

tooth width 

(×10-3) 

Parapocryptes serperaster 67.6 ± 2.3 8.6 ± 2.3 3.2 ± 0.7  0.9 ± 0.1  
 

53.0 ± 2.7 6.8 ± 2.28 3.2 ± 0.8  0.9 ± 0.1 

Pseudapocryptes elongatus 30.3 ± 3.1 7.0 ± 2.0 6.4 ± 1.0  1.8 ± 0.3  
 

20.2 ± 2.9 5.17 ± 0.8 7.1 ± 1.1 1.9 ± 0.4  

Student’s t-test or Wilcoxon test     
 

    

T or W values 66## -1.24# 5.59# 6.45# 
 

0.78## 7.5## 6.48# 25## 

p 0.004 0.25 < 0.001 < 0.001 
 

0.005 0.19 < 0.001 0.008 
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Gill rakers 

The branchial basket of Pa. serperaster and Pd. elongatus comprises four pairs of gill arches 

with two rows of gill rakers along each arch. The morphology of the gill rakers of the two  

 

Fig. IV-1 Dentition of Parapocryptes serperaster (a) and Pseudapocryptes elongatus (b).  DD dentary in dorsal 

view, DF dentary in frontal view, DL dentary in lateral view, FP finger-like projection, PF premaxilla in frontal 

view, PL premaxilla in lateral view, and PV premaxilla in ventral view. Scale bars: 5mm 

 

 

Fig. IV-2 Jaw bones and 

ligaments in Parapocryptes 

serperaster (a1) and 

Pseudapocryptes elongatus 

(b1), and adductores 

mandibulae in Parapocryptes 

serperaster (a2) and 

Pseudapocryptes elongatus 

(b2). A articular, A1–3 

adductores mandibulae 1 to 3, 

D dentary, L1,2 ligaments 1 

(maxillo-mandibular 

ligament) and 2 (premaxillo-

maxillary ligament), MX 

maxilla, maxilla, P palatine, 
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PM premaxilla, Q quadrate. Ligaments are shown in purple and tendons are in orange. In a2, red dot shows the 

fulcrum, and double headed arrows (blue) show the jaw-closing lever system. Scale bars: 5 mm 

species is similar with short and sparsely spaced gill rakers on the first, second and anterior row 

of the third arch, and comb-like and more densely spaced gill rakers on the posterior row of the 

third arch and both row of the fourth arch (Figs. IV-3, IV-4, and IV-5). The gill rakers extend 

laterally from the inner surface (facing the oropharyngeal cavity) of gill arches along their entire 

lengths. Each gill raker blade has a triangular shape in cross-section both in Pa. serperaster 

(Figs. IV-3a1 and IV-3a2) and Pd. elongatus (Figs. IV-3b1 and IV-3b2). 

 

Fig. IV-3 Morphology of the gill rakers in 

Parapocryptes serperaster (a) and 

Pseudapocryptes elongatus (b). In each box, 

the left photograph shows the dorsal view of the 

left gill arches, and the right ones are SEM 

micrographs of each gill arch. The red dashed 

lines in the SEM micrographs indicate the 

position of cross-sectioning. Cross-sectional 

views of the third and fourth arches are shown 

in a1, a2, b1, and b2. AB arch bone, AR anterior 

row, I–IV first to fourth gill arches, PR 

posterior row, VP ventral pharyngeal plate. 

Scale bars: 2 mm for the photographs, 200 m 

for SEM micrographs, and 0.5 mm for a1, a2, 

b1, and b2 
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Fig. IV-4 Number of gill rakers (mean  SD) on the anterior (a) and posterior (b) gill arches of Parapocryptes 

serperaster and Pseudapocryptes elongatus. I–IV first to fourth gill arches. Size range of Parapocryptes 

serperaster: 154–186 mm in standard length (SL) and Pseudapocryptes elongatus: 150–167 mm SL. The number 

of individuals used for the measurement is given in parenthesis 

 

 

Fig. IV-5 Average space between the gill rakers (mean  SD) on the anterior (a) and posterior (b) gill arches of 

Parapocryptes serperaster and Pseudapocryptes elongatus. Symbols and size range of fish are the same as in Fig. 

IV-4. The number of individuals used for the measurement is given in parenthesis 

Pharyngeal plates 

The pharyngeal plates of the two species show morphological similarities; these include the 

strong curvature of the plates (Figs. IV-10a and IV-10b), numerous fine papilliform teeth and 

lesser numbers of canine teeth in both dorsal and ventral pharyngeal plates (Figs. IV-6a and IV-

6b, Table IV-2), the distribution of canine teeth (along the anterior and medial margins of both 

plates), and the overlapping of the third and fourth pharyngobranchials (PB3 and PB4) to form 

a one large unit of the dorsal pharyngeal plate (Figs. IV-8a and IV-8b). The papilliform teeth 

on the ventral pharyngeal plates of both species are arranged in lines, and are hook-like (Figs. 

IV-6a4, IV-6a5, IV-6b4, and IV-6b5). Interspecific differences are the size of the plates (Pa. 

serperaster > Pd. elongatus, Fig. IV-7), density and directions of papilliform teeth (dorsal plate 

only, Table IV-2) and canine teeth (Figs. IV-6a1 and IV-6a2 for Pa. serperaster; Figs. IV-6b3 

and IV-6b6 for Pd. elongatus; see also Table IV-2), and a larger extent of overlapping of PB3 

and PB4 in Pa. serperaster (Fig. IV-8a1) than in Pd. elongatus (Fig. IV-8b1). 
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Table IV-2 Tooth morphology, density, and direction of the pharyngeal plates of Parapocryptes serperaster and Pseudapocryptes elongatus 

 

* Along the anterior and medial margins of the dorsal and ventral plates. Mean ± SD, N = 3 for Pa. serperaster, N = 4 for Pd. elongatus. DV, 

dorsoventral; PM, posteromedial.  

Species Shape 

Density (number/mm2)  Direction 

Dorsal plate Ventral plate  Dorsal plate Ventral plate 

Parapocryptes serperaster papilliform 515.4  83.4 209.5  33.3  PM PM 

 canine*    DV DV 

Pseudapocryptes elongatus papilliform 187.3  35.4 149.0  14.3  DV PM 

 canine*    posterior anterior 
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Fig. IV-6 Morphology of the pharyngeal plates of Parapocryptes serperaster (a) and Pseudapocryptes elongatus 

(b). Color photographs show surface views of the dorsal (DP) and ventral (VP) pharyngeal plates, accompanied 

by SEM and LM micrographs. At the same row, a1, a2, and a3 correspond to the upper left, upper right, and lower 

boxes of the DP, respectively. a4 corresponds to the box in VP. b1 and b3 correspond to the upper and lower boxes 

of the DP. b4 and b6 correspond to the upper and lower boxes of the VP. a5, b2, and b5 show pharyngeal teeth in 

the corresponding color photographs at different magnifications. Red arrows in a1 and a2 show canine teeth on 

the marginal edges of the right dorsal pharyngeal plate. Arrows on the upper right corners of color photographs 

and the SEM micrographs indicate the anterior direction. Scale bars: 2 mm for color photographs; 500 m for a1-

2; 100 m for a4, b1, b3, b4, and 20 m for a3, a5, b2, b5, and b6 

 

 

Fig. IV-7 The relative size (area of 

pharyngeal plates/frontal sectional area of the 

dorsal or ventral surface of the oropharyngeal 

cavity) (mean ± SD) of the dorsal (light gray 

bars) and ventral (dark gray bars) pharyngeal 

plates. Student’s t-test and Wilcoxon test were 

performed to compare the relative size of the 

dorsal and ventral pharyngeal plates between 

the two species, respectively. Data with 

different letters of the dorsal or ventral 

pharyngeal plate are significantly different 

(p < 0.05). The number of individuals used for the measurement is given in parenthesis 

Branchial basket skeleton 

The ratios of length to width of the first to fourth ceratobranchials (CB1-4, mean  SD, N = 3) 

are 14.96  3.80 in Pa. serperaster and 13.48  1.99 in Pd. elongatus. The basihyal (BH) is 

bifurcated in Pa. serperaster (Fig. IV-8a) but flabelliform in Pd. elongatus (Fig. IV-8b). The 
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second pharyngobranchial (PB2) extends along the anterior margin of the PB3 and PB4 in both 

Pa. serperaster (Fig. IV-8a1) and Pd. elongatus (Fig. IV-8b1). The fourth epibranchial (EB4) 

is L-shaped in Pa. serperaster (91.2  0.8°, mean  SD, N = 5, Fig. IV-8a2) but more obtuse in 

Pd. elongatus (117.7  1.2°, N = 6, Fig. IV-8b2). There is no significant difference among the 

arch lengths of the two species (Table IV-3). 

 

Fig. IV-8 Morphology of the branchial basket skeletons (dorsal view) and the left fifth ceratobranchials (=ventral 

pharyngeal plate, lateral view) of Parapocryptes serperaster (a, c1) and Pseudapocryptes elongatus (b, c2). In 

each box of a and b, the whole structure is shown on the left; the excised left dorsal pharyngeal plate is shown in 

ventral view in a1 and b1; and the isolated right epibranchials are shown in ventral view in a2 and b2. The portion 

of the third pharyngobranchial covered by the fourth pharyngobranchial is shown in light grey in a1 and b1. 

Cartilages are in blue. Grey parts in box c are the ventral surface of the fifth ceratobranchial. Double headed arrows 

in a2 indicate length measurement. BB 2–4 basibranchials 2–4, BH basihyal, CB 1–5 ceratobranchials 1–5, EB 1–

4 epibranchials 1–4, HB 1–3 hypobranchials 1–3, PB 2,3,4 pharyngobranchials 2,3,4. BB1 is a small cartilage 

between the right and left HB1s, and therefore not shown. Scale bars: 5 mm for boxes a and b, 2 mm for box c 
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Table IV-3 Comparison of the arch lengths (mean  SD) of Parapocryptes serperaster and Pseudapocryptes elongatus  

 

No significant difference was detected for the arch length in each species (one-way ANOVA). 

  

 

Arch length (mm) 

N Arch 1 Arch 2 Arch 3 Arch 4 
ANOVA 

F p 

Parapocryptes serperaster 6 18.9 ± 2.3a 19.8 ± 2.1a 19.0 ± .1a 20.8 ± 2.0a 1.0 0.40 

Pseudapocryptes elongatus 7 13.9 ± 1.8a 12.9 ± 1.6a 12.3 ± 1.6a 12.6 ± 1.7a 1.1 0.36 
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Branchial basket musculature 

The branchial basket musculature of the two species consists of four systems. The first system 

connects element bones of the branchial basket to the surrounding skeletal components: the 

levatores interni (LI, LI’), the levatores externi (LE), the levator posterior (LP), the retractor 

dorsalis (RD), the pharyngohyoideus (PH), the rectus ventralis (RV), the pharyngocleithralis 

externus (PHCE), and the pharyngocleithralis internus (PHCI) (Figs. IV-9a3 and IV-9b3). The 

second system link element bones dorsally: the transversi dorsales anteriores (TDA), the 

transversi dorsales posteriores (TDP), the obliqui dorsales (OD), a ligament (L3-4) connecting 

the third and fourth epibranchials, and a structure resembling the cartilaginous cushion (CC) 

described by Liem (1974) between the left and right TDA and TDP (Figs. IV-9a1 and IV-9b1). 

The third system links the element bones ventrally: the transversi ventrales (TV), the obliqui 

ventrales (OV), and the semicircular ligament (SL) of the third system (Figs. IV-9a2 and IV-

9b2). The fourth system connects the ceratobranchials to the epibranchials (Figs. IV-9a3 and 

IV-9b3). RD connects to the anterior portion of the fourth vertebra in both Pa. serperaster and 

Pd. elongatus (Fig. IV-11). When viewed dorsally, it is evident that the muscles of the second 

system are positioned more posteriorly in Pd. elongatus then in Pa. serperaster (Fig. IV-9). 

4. Discussion 

The feeding apparatus of Parapocryptes serperaster and Pseudapocryptes elongatus shares 

similar morphologies in several respects, but there are also differences. Similarities are 

heterogeneous development of gill rakers among gill arches, strongly curved pharyngeal plates 

studded with numerous papilliform teeth and a lesser number of canine teeth, branchial basket 

skeleton with nearly equal arch length, and branchial basket musculature of similar 

configuration. The directions of premaxillary (vertical) and dentary (horizontal) teeth are 

identical in the two species. On the other hand, a closer comparison reveals morphological 

differences between them. The number of teeth in Pa. serperaster is more than double that in  
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Fig. IV-9 Morphology of branchial basket musculature of Parapocryptes serperaster (a) and Pseudapocryptes 

elongatus (b). a1 and b1 are dorsal views, a2 and b2 ventral views and a3 and b3 lateral views. AD1–5 adductors 

1 to 5, CC cartilaginous cushion, L3–4 ligament 3–4 connecting the third and fourth epibranchials, LE1, 2 levatores 

externi 1 to 2, LE3–4 levatores externi 3 and 4 acting on the third and fourth epibranchials, LI and LI’ levatores 

interni, LP levator posterior, OD2–4 obliqui dorsales 2 to 4, OV1–4 obliqui ventrales 1 to 4, PH  pharyngohyoideus, 

PHCE pharyngocleithralis externus, PHCI pharyngocleithralis internus, RD retractor dorsalis, RV3 rectus 

ventralis 3, SL semicircular ligament, TDA transversus dorsalis anterior, TDP transversus dorsalis posterior, TV1–

5 tranversi ventrales 1 to 5. Cartilages in blue; dorsal pharyngeal plate in dark purple; ventral pharyngeal plate in 

brown. Scale bars: 5 mm 

 

 

Fig. IV-10 Morphology of musculature system attaching to the pharyngeal plates in Parapocryptes serperaster 

(a) and Pseudapocryptes elongatus (b). a1,b1 are lateral views of the left dorsal pharyngeal plate, a2,b2  and a3,b3 
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frontal views of the dorsal and ventral pharyngeal plates, respectively, and a4,b4 lateral views of the left ventral 

pharyngeal plates. Abbreviations are the same as in Fig. IV-9. The ventral side of the ventral pharyngeal plates 

and the dorsal side of the dorsal pharyngeal plates are colored in brown. Scale bars: 2 mm 

Ps. elongatus for both premaxilla and dentary, while the size of the teeth in Pa. serperaster is 

only half that of Ps. elongatus for both length and width (Table IV-1). The size of the 

pharyngeal plates is larger in Pa. serperaster than in Ps. elongatus (Fig. IV-7), and the density 

of papilliform teeth is higher in Pa. serperaster than in Ps. elongatus (Table IV-2). The contrast 

between Pa. serperaster and Ps. elongatus is similar to the morphological differences of the 

feeding apparatus between Boleophthalmus boddarti and Scartelaos histophorus reported in 

our previous paper (Tran et al. 2021): The number of oral jaw teeth was 65.6 (B. boddarti) and 

29.0 (S. histophorus) in the premaxilla and 78.8 (B. boddarti) and 43.2 (S. histophorus) in the 

dentary. Standardized tooth length and width of S. histophorus are larger than those of B. 

boddarti except tooth width of the dentary. The size of the ventral, but not dorsal, pharyngeal 

plate is significantly larger in B. boddarti than in S. histophorus, and the density of papilliform 

teeth is higher in B. boddarti (dorsal plate 950 teeth/mm2, ventral plate 530) than in S. 

histophorus (dorsal plate 150, ventral plate 140). In fact, the values for S. histophorus are quite 

similar to those in Pd. elongatus (Table IV-2). 

 

Fig. IV-11 Insertion of the retractor dorsalis to vertebrae in Parapocryptes serperaster (a) and Pseudapocryptes 

elongatus (b). Symbols: RD retractor dorsalis, V1-V4 neural spines of the first to fourth vertebrae. Dashed lines 

show joint between vertebrae 

The morphological similarity of Pa. serperaster to B. boddarti and of Pd. elongatus to 

S. histophorus is also supported by the PCA of the oral jaw teeth data (Fig. IV-12). It separates 
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the seven species of mudskippers (the two species analyzed in this study plus five species 

reported by Tran et al. 2021; B. boddarti, O. nexipinnis, Pn. schlosseri, Ps. chrysospilos, and S. 

histophorus) into three groups in the morphometric multivariate space. The first two 

components (PC1 and PC2) explain 77.8% of total variance. Along PC1, Pa. serperaster and 

B. boddarti are separated from the other species by higher number of teeth, and smaller values 

of the standardized tooth length and tooth width on both the premaxilla and dentary. Along PC2, 

Pa. serperaster was assigned to the same group with B. boddarti, while Pd. elongatus belongs 

to the same group with O. nexipinnis and S. histophorus. Ps. chrysospilos and Pn. schlosseri, 

the two most terrestrial and carnivorous species (Clayton 2017; Tran et al 2021), are separated 

from the other species by higher number of replacement teeth, and lower number teeth on both 

the premaxilla and dentary. 
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Fig. IV-12 PCA biplot of the two principal components (PC1, PC2) showing the multivariate morphometric 

ordination of the studied taxa (upper box). The morphological variables are represented by vectors; correlated 

variables have a similar orientation. Loadings of each variable along PC1 and PC2 are shown in the lower table. 

Symbols: den_length standardized tooth length on the dentary, den_replacement number of replacement teeth on 

the dentary, den_teeth number of teeth on the dentary, Dim 1 – Dim 5 dimension 1 to 5, pre_length standardized 

tooth length on the premaxilla, pre_replacement number of replacement teeth on the premaxilla, pre_teeth number 

of teeth on the premaxilla, pre_width standardized tooth width on the premaxilla. Points 1-5 are the data of 

Boleophthalmus boddarti, 6-10 Oxuderces nexipinnis, 11-15 Scartelaos histophorus, 16-20 Periophthalmus 

chrysospilos, 21-25 Periophthalmodon schlosseri, 26-30 Parapocryptes serperaster, and 31-36 Pseudapocryptes 

elongatus 

Although ecological data are scarce for Pa. serperaster and Pd. elongatus, the 

morphological similarity of the feeding apparatus of Pa. serperaster to B. boddarti and of Pd. 

elongatus to S. histophorus might be explained by the feeding habits of these fishes. Pa. 

serperaster was reported to be herbivorous, feeding mainly on both diatoms and detritus (Dinh 

et al. 2017) or almost exclusively (ca. 90%) on diatoms (Khaironizam and Norma-Rashid 2000). 

B. boddarti (and other Boleophthalmus species) is known as purely herbivorous (Yang et al. 

2003; Chaudhuri et al. 2014; Tran et al. 2020,2021). There are some discrepancies about the 

feeding habit of Pd. elongatus among papers. Bucholtz et al. (2009) reported pure herbivory (> 

90% of gut content was diatoms) of the fish collected in the Mekong Delta, while Chaudhuri et 

al. (2014) found omnivory (food items consisting of phytoplankton, zooplankton and other 

animals) of the fish from the Indian Sundarban. Similarly, S. histophorus was reported as 

omnivorous by Chan (1989) and Tran et al. (2021), but a congener, S. tenuis was reported as 

carnivorous by Abidizadegan et al. (2015) and Abdoli et al. (2012). Even though the feeding 

habits of Pa. serperaster and Pd. elongatus are obscure to some extent, it may be concluded 

that the teeth are more numerous and smaller, and the pharyngeal plates are larger and have 

more papilliform teeth in herbivorous (or more exactly microalgal-feeding) species than in 

omnivorous species. 

On the other hand, we speculate that morphological differences of the feeding 

apparatus between Pa. serperaster and B. boddarti and between Pd. elongatus and S. 
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histophorus are related to the different terrestriality of these fishes. The morphological 

differences between Pa. serperaster and B. boddarti include the number of gill rakers on the 

posterior row of the third gill arch and the anterior and posterior rows of the fourth gill arch 

(80-90 in Pa. serperaster vs. ca. 130 in B. boddarti) and the density of papilliform teeth in the 

dorsal (515 teeth/mm2 in Pa. serperaster vs. 950 in B. boddarti) and ventral (210 in Pa. 

serperaster vs. 530 in B. boddarti) pharyngeal plates. More terrestrial B. boddarti might need 

a higher efficiency in separating food items (diatoms) and mud particles than Pa. serperaster, 

because B. boddarti probably ingests a higher ratio of mud particles when the fish scrapes the 

top surface layer of the sediment on the exposed mudflat than when Pa. serperaster ingests 

diatoms in the water bottom (see later). The morphological differences between Pd. elongatus 

and S. histophorus include the number of dentary teeth (20 in Pd. elongatus vs. 43 in S. 

histophorus) and the density of gill rakers on the anterior row of the third and fourth gill arches 

(60-70 in Pd. elongatus vs. 0 in S. histophorus). These differences might stem from a higher 

reliance of S. histophorus on animal foods than Pd. elongatus, which appears to feed largely on 

microalgae and detritus on the water bottom, at least in the population of the Mekong Delta (see 

Video IV-1). However, there is evidence that Pd. elongatus feeds on an exposed mudflat in 

some other habitat (see Fig. 4.5.5 of Ishimatsu and Gonzales (2011), a photograph taken by the 

late Professor Toru Takita, showing terrestrial feeding of Pd. elongatus in Penang, Malaysia). 

In our previous paper (Tran et al. 2021), we hypothesized that the early oxudercine 

gobies that started to expand their niche onto land were semiterrestrial herbivorous or 

omnivorous grazers. The hypothesis was based on the data that among the 10 oxudercine genera, 

those with no (Apocryptodon) or the lowest (Apocryptes, Oxuderces, Parapocryptes and 

Pseudapocryptes) degrees of terrestriality are mostly herbivorous or omnivorous, those with 

moderate degrees of terrestriality are either omnivorous or herbivorous (Boleophthalmus and 

Scartelaos), and those with the highest degree of terrestriality are carnivorous 

(Periophthalmodon and Periophthalmus). The feeding habit of Zappa is currently unknown. 
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We further speculated that during the terrestrialization process, oxudercine gobies might have 

diverged into more specialized herbivorous species (Boleophthalmus) and carnivorous species 

(Periophthalmus and Periophthalmodon) through intermediate stages as seen in Scartelaos. 

Presently, we lack sufficient data for testing the hypothesis, particularly for those mudskipper 

species with lower degrees of terrestriality (for details, see Table S1 of Tran et al. 2021). There 

seems to be a large variability in amphibiousness of these fishes even within a species. For 

example, we observed emersion of O. nexipinnis of short (usually less than five seconds) 

duration, which appears to be for feeding, in a mudflat of Bac Lieu Province in the Mekong 

Delta (Video IV-2), but we did not observe such behavior for the same species in a mudflat of 

a neighboring Province, Soc Trang (Ishimatsu et al. unpublished). 

 

Video IV-1 Pseudapocryptes elongatus feeding in 

shallow water. Recorded in a coastal pond in Bac Lieu 

Province, Vietnam in December 2013. 

(Video is available from the author) 

 

 

Video IV-2 Emersion of Oxuderces nexipinnis. 

Recorded in a mudflat in Bac Lieu Province, Vietnam 

in October 2013. 

(Video is available from the author) 

Table IV-4 summarizes the present knowledge on the emersion behavior, air gulping behavior, 

and respiratory capillaries in the inner mucosa of the bucco-opercular cavity and the skin, the 

accessory respiratory organs of mudskippers. It is evident that data are nearly non-existent for 

five genera, Apocryptes, Apocryptodon, Oxuderces, Parapocryptes, and Zappa. Filling these 

knowledge gaps together with better understanding of feeding habits in the 10 genera would 

help elucidate how the morphology and physiology of feeding system has been modified during 

the process of terrestrialization in mudskippers.  
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Table IV-4 Comparison of land emersion and air gulping behaviors and the distribution of respiratory capillaries in the skin and the mucosa of the bucco-opercular 

cavity in oxudercine gobies 

Genus Land emersion Air gulping Capillaries inside the mouth Capillaries in the skin 

Periophthalmus ++ (12,16,17) + (7) + (6,14) + (14,15,19,20) 

Periophthalmodon ++ (8,10) + (1) + (6,14) + (14,19) 

Boleophthalmus + (12,17) + (7) + (9,14) + (9,11,14,18,20) 

Scartelaos + (17) + (7) + (14)a + (2,14,18) 

Zappa + (13) ? ? ? 

Pseudapocryptes + (17) + (3,7) + (14)b + (14)b 

Apocryptes +? (8) ? ? ? 

Apocryptodon -? (5) ? ? ? 

Oxuderces +? (17)c ? ? ? 

Parapocryptes -? (4) ? ? ? 
 

aReported as Boleophthalmus viridis (see Ishimatsu and Ishimatsu 2021); bReported as Apocryptes lanceolatus (see Ishimatsu and Ishimatsu 2021); cSee Discussion. 

References (1) Aguilar et al 2000, (2) Beon et al 2013, (3) Das 1934, (4) Dinh et al 2014, (5) Dôtu 1961, (6) Gonzales et al 2011, (7) Graham et al 2007, (8) Hora 1936, 

(9) Ishimatsu et al (submitted to J. Morphol.), (10) Mai et al 2019, (11) Park et al 2003, (12) Polgar and Bartolino 2010, (13) Polgar et al 2010, (14) Schöttle 1933, 

(15) Suzuki 1992, (16) Takeda et al 2012, (17) Takita et al 1999, (18) Zhang et al 2000, (19) Zhang et al 2003, (20) Yokoya and Tamura 1992 
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Chapter V 

MORPHOLOGY OF THE FEEDING APPARATUS IN TWO OXUDERCINE 

GOBIES, Periophthalmus modestus Cantor, 1842 and Periophthalmodon 

septemradiatus (Hamilton, 1822) 

1. Introduction 

One of major events of vertebrate evolution is the transition from water to land, which is 

associated with modifications of movement, respiration, reproduction, sensory systems, and 

feeding (Carroll 2001; Clack 2012). Due to air is much lower density and viscosity compared 

to water, feeding modes used in aquatic environment, i.e., ram feeding, suction feeding and 

biting with suction being the most popular, are impractical on land (Wainwright et al. 2015). 

Therefore, feeding modes must have to modified from suction to prehension as vertebrates 

invaded land (Schwenk and Rubega 2005; Heiss et al. 2018; Ashley-Ross et al. 2013). Little is 

known about intermediate steps of the feeding transition. 

Oxudercine gobies adapt to live in different degrees of terrestirality and show various 

feeding habits (Clayton 1993,2017; Tran et al. 2020,2021), and therefore are ideal models for 

studying feeding transition. In our preceding papers (Tran et al. 2020,2021; unpublished data, 

manuscript submitted to Zoomorphology), we investigated feeding apparatus of eight 

oxudercine gobies showing low (Parapocryptes serperaster (Richardson, 1864), Oxuderces 

nexipinnis (Cantor, 1849), and Pseudapocryptes elongatus (Cuvier, 1816)) to moderate and 

high terrestriality (Scartelaos histophorus (Valenciennes, 1837), Boleophthalmus boddarti 

(Pallas, 1770), B. pectinirostris (Linnaeus, 1758), Periophthalmodon schlosseri (Pallas, 1770), 

and Periophthalmus chrysospilos Bleeker, 1852) and varying feeding habits. Data suggested 

that feeding apparatus and feeding habit are modified as fish expanded their niche onto land. 

We also hypothesized that earliest emerge oxudercine gobies could be semi-terrestrial 

herbivorous or omnivorous grazers, and they then diverged into specialized herbivores and 

carnivores during terrestiralization proccess. The present study analyses the feeding apparatus 
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of two mudskipper species [Periophthalmodon septemradiatus (Hamilton, 1822) and 

Periophthalmus modestus Cantor, 1842] and compares to the morphology of the four 

mudskipper species in the preceding studies, i.e., B. boddarti, B. pectinirostris, Ps. chrysospilos, 

and Pn. schlosseri showing moderate and high terrestriality, in order to consolidate the 

hypothesis and gain more understanding of the feeding transition. Both Ps. modestus and Pn. 

septemradiatus show high terrestriality (Table S1) with Pn. septemradiatus reported rarely 

venture into water (Mai et al. 2019). 

2. Materials and methods 

Fish collection and preservation 

A total 68 individuals of the two species were used in this study. Pn. septemradiatus (size 

ranging from 66.0 to 93.0 mm SL) was collected from river banks of a tributary of Hau River 

(10° 02’ 58”N, 105° 43’ 25”E; Binh Thuy District, Can Tho City, Vietnam) in September 2017, 

December 2017 and June 2018. Ps. modestus (size ranging from 48.0 to 66.5 mm SL)was 

collected from the Ariake Sea (33° 11’ 45.4”N, 130° 12’ 26.1”E; Saga Prefecture, Japan) in 

October 2016, June 2017 and August 2018. The methods of sacrifice and preservation were 

same as reported in Tran et al. (2020,2021). 

Morphological methods 

The morphological parameters and the methods used to collect data were same as reported by 

Tran et al. (2020,2021). Dentition morphometrics include number of teeth, replacement teeth, 

tooth length (standardized by standard length), and tooth width (standardized by standard 

length) of the premaxilla and dentary. The spaces between the gill rakers were measured for the 

entire length of four arches. The relative size of the pharyngeal plates, the arch length, the lever 

ratio of jaw-closing were also determined same as reported in the preceding papers. The 

methods of double-staining and clearing (Dingerkus and Uhler 1977) were applied for the 

skeletal (both methods) and the musculature (only double-staining) morphologies. The surface 
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morphology of the pharyngeal plates and the gill rakers was observed with a scanning electron 

microscope (JSM-6380 LAKII, JEOL, Tokyo, Japan). The software ImageJ (version 1.51J8, 

National Institute of Health, USA) was used for all measurements. 

Statistical analysis 

The morphometrics of the two species in the present study and the four species (B. boddarti, B. 

pectinirostris, Ps. chrysospilos, and Pn. schlosseri) in the preceding studies was statistical 

analyzed. Tests of normality (Shapiro-Wilk test) and homogeneity (Levene’s test) were applied 

for the dentition morphometrics, the arch lengths and the relative size of the pharyngeal plates. 

Based on results, One-way ANOVA followed by post-hoc Tukey tests (data satisfied normal 

distribution and equal variance), one-way ANOVA followed by post-hoc Welch tests (data 

satisfied normal distribution but heterogeneous variance) or Kruskal-Wallis followed by 

Wilcoxon-Mann-Whitney tests (data unsatisfied normal distribution) were applied for dentition 

morphometrics (except standardized cusp width of B. boddarti and B. pectinirostris). Student’s 

t-test with equal variance (data satisfied normal distribution and equal variance), Student’s t-

test with unequal variance (data satisfied normal distribution but heterogeneous variance) or 

Wilcoxon test (data unsatisfied normal distribution) were performed for standardized cusp 

width of B. boddarti and B. pectinirostris. Principal component analysis (PCA) based on a 

correlation matrix of dentition morphometrics was performed for the dentition morphometrics 

of six species. Rstudio version 0.99.903 (Rstudio, Inc) was used for all statistical analyses. 

3. Results 

Dentition 

On the premaxilla, Ps. modestus possesses a single row of canine teeth (Fig. V-1a), while Pn. 

septemradiatus has an additional row (Fig. V-1b). Frontal teeth of Pn. septemratiatus (three 

pairs) are large and fang-like, while those of Ps. modestus are not distinctively large. The 

remaining teeth dwindle posteriorly in both species. On the dentary, a single row of teeth occurs 
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along the margin and is directed vertically in both two species. There are significant differences 

in the number of replacement teeth, tooth width of both the premaxilla and dentary, and number 

of teeth and tooth length of the dentary between the two species (Table V-1). 

PCA clearly separates four groups of species in the morphometric multivariate space. 

The first two component (PC1, PC2) explain 81.4% of total variance (Fig. V-12). Along PC1, 

B. boddarti and Ps. modestus are separated from the other species by smaller values of the 

standardized tooth length, tooth width on both the premaxilla and dentary, and the number of 

replacement teeth on the dentary. Along PC2, B. boddarti and B. pectinirostris are separated 

from others by higher number of teeth on both the premaxilla and dentary, and smaller number 

of replacement teeth on the premaxilla. 

 

Fig. V-1 Dentition of Periophthalmus modestus (a) and Periophthalmodon septemradiatus (b).  DD dentary in 

dorsal view, DF dentary in frontal view, DL dentary in lateral view, FP finger-like projection, PF premaxilla in 

frontal view, PL premaxilla in lateral view, and PV premaxilla in ventral view. Scale bars: 5mm 
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Table V-1 Dentition of the two mudskippers used in the present study and four species from preceding studies 

 

Numbers of teeth represent the values of both sides and replacement teeth are for the left side only (Mean ± SD). One-way ANOVA or Kruskal-Wallis followed by post-hoc Tukey 

test or Wilcoxon-Mann-Whitney test was applied for comparison of the parameters. The data with different letters in respective columns are significantly different (p < 0.05). The 

data on tooth length and width do not include fangs. Tooth length, tooth width, and cusp width were standardized by standard length. Tooth width was measured at the base. # 

ANOVA followed by post-hoc Tukey; ## Kruskal-Wallis followed by Wilcoxon-Mann-Whitney, ###T-test. Number of observations: N = 4 for Ps. modestus and Pn. septemradiatus; N 

= 5 for B. boddarti, Ps. chrysospilos, and Pn. schlosseri; N = 7 for B. pectinirostris.  

Species 

Premaxilla  Dentary 

Number of 

teeth 

Number of 

replacement 

teeth 

Standardized tooth 

length  

Standardized tooth 

width 

 
Number 

of teeth 

Number of 

replacemen

t teeth 

Standardized tooth 

length  

Standardized 

tooth width 

Standardized 

cusp width 

Boleophthalmus boddarti 65.6 ± 5.1a 3.4 ± 1.7a (5.9 ± 0.6)x10-3 a (1.9 ± 0.4)x10-3 a 
 

78.8 ± 2.8a 6.6 ± 1.1ab (7.9 ± 0.9)x10-3 a (1.6 ± 0.03)x10-3 a (2.1 ± 0.2)x10-3 a 

Boleophthalmus pectinirostris 66.4 ± 5.8a 2.7 ± 1.1a (13.5 ± 3.7)x10-3 b (3.6 ± 0.6)x10-3 b 
 

74.6 ± 3.2 a 9.57 ± 2.8b (17.8 ±4.1)x10-3 b (3.4 ± 0.7)x10-3 bd (4.0 ± 1.8)x10-3 b 

Periophthalmus chrysopilos 39.4 ± 3.1b 7.6 ± 0.6b (9.3 ± 1.1)x10-3 bc (3.1 ± 0.5)x10-3 bc  
39.0 ± 4.4 c 8.8 ± 0.8b (9.8 ± 2.3)x10-3 ac (3.1 ± 0.6)x10-3 bd - 

Periophthalmus modestus 32.3 ± 1.7b 4.5 ± 1.3a (7.2 ± 1.1)x10-3 ac (2.6 ± 0.2)x10-3 ac  
31.5 ± 2.1b 4.5 ±1.29a (5.6 ± 0.3)x10-3 d (2.4 ± 0.2)x10-3 bd - 

Periophthalmodon schlosseri 44.8 ± 2.3c 8.6 ± 0.9b (10.9 ± 2.8)x10-3 cb (4.6 ± 1.6)x10-3 bc  
28.6 ± 1.5c 7.8 ± 1.3b (11.0 ± 3.2)x10-3 c (5.2 ± 1.5)x10-3 c - 

Periophthalmodon 
septemdariatus 35.5 ± 4.0b 7.5 ± 1.0b (8.6 ± 1.1)x10-3 c (3.9 ± 0.6)x10-3 bc 

 

25.5 ± 4.4d 8.0 ± 2.16b (10.0 ± 1.1)x10-3 c (4.0 ± 0.8)x10-3 bc  

One-way ANOVA,  Kruskal-Wallis or T-test 

F, Chi-squared, or T 25.9## 24.0## 22.4## 21.4##  26.5## 5.2# 23.0## 22.8## - 11.7### 

p < 0.001 < 0.001 < 0.001 < 0.001  < 0.001 0.002 < 0.001 < 0.001 < 0.001 
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Fig. V-2 Jaw bones and ligaments in Periophthalmus modestus (a1) and Periophthalmodon septemradiatus (b1), 

and adductores mandibulae in Periophthalmus modestus (a2) and Periophthalmodon septemradiatus (b2). A 

articular, A1–3 adductores mandibulae 1 to 3, D dentary, L1,2 ligaments 1 (maxillo-mandibular ligament) and 2 

(premaxillo-maxillary ligament), MX maxilla, P palatine, PM premaxilla, Q quadrate. Ligaments are shown in 

purple and tendons are in orange. In a2, red dot shows the fulcrum, and double headed arrows (blue) show the 

jaw-closing lever system. Scale bars: 5 mm 

Oral jaw bones and muscles 

The lever ratio of jaw-closing is 0.54  0.03 (mean  SD, N = 3 for the two species) in Ps. 

modestus and 0.56  0.02 in Pn. septemradiatus. Both two species possess the the maxilla-

mandibular ligament (L1) linking the maxilla with the dentary and the premaxillo-maxillary 

ligament (L2) linking the premaxilla with the maxilla. The adductores mandibulae A1, A2, and 

A3 attach onto the maxilla, the coronoid process of the dentary, and the medial side of the 

dentary, respectively (Fig. V-2). K value is 114.9  10.8 (gcm-3 × 10-6, N = 3) in Ps. modestus 

and 148.0  13.0 (N = 3) in Pn. septemradiatus. 
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Fig. V-3 Morphology of the gill rakers in Periophthalmus modestus (a) and Periophthalmodon septemradiatus 

(b). In each box, the left photograph shows the dorsal view of the left gill arches, and the right ones are SEM 

micrographs of each gill arch. I–IV first to fourth gill arches, VP ventral pharyngeal plate. Scale bars: 2 mm for 

the photographs, 200 m for SEM micrographs 

 

 

Fig. V-4 Number of gill rakers (mean  SD) on the anterior (a) and posterior (b) gill arches of Periophthalmus 

modestus and Periophthalmodon septemradiatus. I–IV first to fourth gill arches. Size range of Periophthalmus 

modestus: 56–66 mm in standard length (SL) and Periophthalmodon septemradiatus: 77–93 mm SL. The number 

of individuals used for the measurement is given in parenthesis 

 

 

Fig. V-5 Average space between the gill rakers (mean  SD) on the anterior (a) and posterior (b) gill arches of 

Periophthalmus modestus and Periophthalmodon septemradiatus. Symbols and size range of fish are the same as 

in Fig. V-4. The number of individuals used for the measurement is given in parenthesis 
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Table V-2 Tooth morphology, density, and direction of the pharyngeal plates of the two mudskippers in the present study and four species in preceding 

studies 

*Only along the anterior margin of the dorsal pharyngeal plate. Mean ± SD, N = 3 for the all species. DV, dorsoventral; PM, posteromedial.  
 

 

  

Species Shape 
Density (number/mm2)  Direction 

Dorsal plate Ventral plate  Dorsal plate Ventral plate 

Boleophthalmus boddarti papilliform 951.6  313.3 529.5  101.1  PM PM 

 canine*    DV  

Boleophthalmus pectinirostris papilliform 355.4  27.2 494.2  149.4  PM AP 

 canine*    DV  

Periophthalmus chrysospilos canine 23.1  3.3 34.1  2.6  posterior anterior 
Periophthalmus modestus canine 48.3  9.6 52.1  11.3  posterior anterior 
Periophthalmodon schlosseri canine 6.7  1.1 8.5  0.9  posterior anterior 
Periophthalmodon septemradiatus canine 13.8  1.2 17.2  2.2  posterior anterior 
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Table V-3 Comparison of the arch lengths (mean  SD) among the species 

 

One-way ANOVA followed by post-hoc Tukey test was applied for B. boddarti, B. pectinirostris, Ps. chrysospilos, Pn. septemradiatus and Pn. 
schlosseri. Kruskal-Wallis followed by Wilcoxon-Mann-Whitney test was applied for Ps. modestus. The p-values of all pairwise comparisons were 

adjusted using Bonferroni corrections. The data with different letters in respective rows are significantly different (p < 0.05) 

  

 

Arch length (mm) 

N Arch 1 Arch 2 Arch 3 Arch 4 
ANOVA or Kruskal-Wallis 

F or Chi-
squared 

p 

Boleophthalmus boddarti  12 17.6 ± 1.2a 18.0 ± 1.2a 17.6 ± 1.3a 19.6 ± 1.4b 6.4 0.001 

Boleophthalmus pectinirostris 7 19.9 ± 1.4a 20.2 ± 1.6ab 19.4 ± 2.2a 22.5 ± 1.7b 4.4 0.01 

Periophthalmus chrysospilos 7 11.8 ± 1.2a 11.0 ± 1.1a 8.9 ± 0.9b 8.9 ± 0.8b 12.9 < 0.001 

Periophthalmus modestus 10 8.9 ± 0.4a 8.1 ± 0.3b 6.2 ± 0.3c 6.1 ± 0.2c 32.5 <0.001 

Periophthalmodon schlosseri 6 27.1 ± 6.1a 24.3 ± 4.9ab 19.6 ± 4.0ab 18.2 ± 3.9b 3.7 0.04 

Periophthalmodon septemradiatus 7 13.4 ± 2.0a 12.2 ± 1.4ab 10.6 ± 1.6b 10.5 ± 1.1b 4.7 0.02 
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Gill rakers 

The gill rakers of Ps. modestus and Pn. septemradiatus are short and knob-like (Fig. V-3). There 

are no gill rakers on the first arch of P. septemradiatus (Fig. V-3b). The average number of gill 

rakers on each row are nearly doubled in Ps. modestus (13.1  1.1, N = 5) compared to those in 

Pn. septemradiatus (7.7  1.2, N = 6) (Fig. V-4). Consequently, the average space between the 

gill rakers in Ps. modestus (18.9  4.9 m, N = 5) is smaller than those in Pn. septemradiatus 

(25.2  6.6 m, N = 6) (Fig. V-5). 

 

Fig. V-6 Morphology of the pharyngeal plates of Periophthalmus modestus (a) and Periophthalmodon 

septemradiatus (b). Color photographs show surface views of the dorsal (DP) and ventral (VP) pharyngeal plates, 

accompanied by SEM micrographs. At the same row, a1, a3, b1, and b3 correspond to the boxes in the DP and 

VP. a2, a4, b2, and b4 show pharyngeal teeth in the corresponding color photographs at different magnifications. 

Arrows on the upper right corners of color photographs and the SEM micrographs indicate the anterior direction. 

Scale bars: 2 mm for color photographs; 100 m for the SEM micrographs 

Pharyngeal plates 

Both dorsal and ventral pharyngeal plates of the two species are flattened and studded with 

canine teeth with larger ones located on the posteromedial edges (Figs. V-6 and V-8c). The 

larger teeth in the dorsal pharyngeal plate are directed posteriorly and those on the ventral 

pharyngeal plate are oriented anteriorly (Fig. V-6a2, V-6a4, V-6b2, and V-6b4). Ps. modestus 

has much higher tooth density on both dorsal and ventral pharyngeal plates compared to those 

of Pn. septemradiatus (Table V-2). The relative size of the ventral pharyngeal plate in Ps. 
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modestus is significantly smaller than that of Pn. septemradiatus, while there is no significant 

difference in the relative size of the dorsal pharyngeal plate between two species (Fig. V-7). 

The ventral pharyngeal plate has large ventral ridge in both species (Fig. V-8c). 

 

Fig. V-7 The relative size (area of pharyngeal 

plates/frontal sectional area of the dorsal or 

ventral surface of the oropharyngeal cavity) 

(mean ± SD) of the dorsal (light gray bars) and 

ventral (dark gray bars) pharyngeal plates. 

Wilcoxon test were performed to compare the 

relative size of the dorsal and ventral pharyngeal 

plates between the two species. Data with 

different letters of the dorsal or ventral 

pharyngeal plate are significantly different (p < 

0.05). The number of individuals used for the 

measurement is given in parenthesis 

 

Fig. V-8 Morphology of the branchial basket skeletons (dorsal view) and the left fifth ceratobranchials (=ventral 

pharyngeal plate, lateral view) of Periophthalmus modestus (a, c1) and Periophthalmodon septemradiatus (b, c2). 

In each box of a and b, the whole structure is shown on the left; the excised left dorsal pharyngeal plate is shown 

in ventral view in a1 and b1; and the isolated right epibranchials are shown in ventral view in a2 and b2. The 

portion of the third pharyngobranchial covered by the fourth pharyngobranchial is shown in light grey in a1. 

Cartilages are in blue. Grey parts in box c are the ventral surface of the fifth ceratobranchial. Double headed arrows 
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in a2 indicate length measurement. BB 2–4 basibranchials 2–4, BH basihyal, CB 1–5 ceratobranchials 1–5, EB 1–

4 epibranchials 1–4, HB 1–3 hypobranchials 1–3, PB 2,3,4 pharyngobranchials 2,3,4. BB1 is a small cartilage 

between the right and left HB1s, and therefore not shown. Scale bars: 5 mm for boxes a and b, 2 mm for box c 

 

Fig. V-9 Morphology of branchial basket musculature of Periophthalmus modestus (a) and Periophthalmodon 

septemradiatus (b). a1 and b1 are dorsal views, a2 and b2 ventral views and a3 and b3 lateral views. AD1–5 

adductors 1 to 5, CC cartilaginous cushion, L3–4 ligament 3–4 connecting the third and fourth epibranchials, LE1, 

2 levatores externi 1 to 2, LE3–4 levatores externi 3 and 4 acting on the third and fourth epibranchials, LI and LI’ 

levatores interni, LP levator posterior, OD2–4 obliqui dorsales 2 to 4, OV1–4 obliqui ventrales 1 to 4, PH  

pharyngohyoideus, PHCE pharyngocleithralis externus, PHCI pharyngocleithralis internus, RD retractor 

dorsalis, RV3 rectus ventralis 3, SL semicircular ligament, TDA transversus dorsalis anterior, TDP transversus 

dorsalis posterior, TV1–5 tranversi ventrales 1 to 5. Cartilages in blue; dorsal pharyngeal plate in dark purple; 

ventral pharyngeal plate in brown. Scale bars: 5 mm 

 

Fig. V-10 Morphology of musculature system attaching to the pharyngeal plates in Periophthalmus modestus (a) 

and Periophthalmodon septemradiatus (b). a1,b1 are lateral views of the left dorsal pharyngeal plate, a2,b2  and 

a3,b3 frontal views of the dorsal and ventral pharyngeal plates, respectively, and a4,b4 lateral views of the left 
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ventral pharyngeal plates. Abbreviations are the same as in Fig. V-9. The ventral side of the ventral pharyngeal 

plates and the dorsal side of the dorsal pharyngeal plates are colored in brown. Scale bars: 2 mm 

 

Fig. V-11 Insertion of the retractor dorsalis to vertebrae in Periophthalmus modestus (a) and Periophthalmodon 

septemradiatus (b). Symbols: RD retractor dorsalis, V1-V4 neural spines of the first to fourth vertebrae. Dashed 

lines show joint between vertebrae 

Branchial basket skeleton 

The branchial skeleton of the two species shows some morphological similarities including the 

ratio of the length to width of the first to fourth ceratobranchials (1.08  1.91 in Ps. modestus, 

and 12.49  2.86 in Pn. septemradiatus; CB1-4, mean  SD, N = 3), the flabelliform basihyal 

(BH), the obtuse fourth epibranchial (EB4, mean  SD, 139.3  1.2°, N = 9 for Ps. modestus, 

and 140.5  1.7°, N = 8 for Pn. septemradiatus), and the gradual decrease in the arch lengths 

(Fig. V-8, Table V-3). There is a small overlapping area of the third and fourth 

pharyngobranchials in Ps. modestus (Fig. V-8a1), while these two pharyngobranchials are 

separated in Pn. septemradiatus (Fig. V-8b1). 

Branchial basket musculature 

The morphology of the branchial basket musculature of the two species conforms with those in 

other oxudercine gobies (Tran et al. 2020,2021), in which the levatores interni (LI), the 

levatores externi (LE), the levator posterior (LP), the retractor dorsalis (RD), the 

pharyngohyoideus (PH), the rectus ventralis (RV), the pharyngocleithralis externus (PHCE), 

and the pharyngocleithralis internus (PHCI) connect to the surrounding skeletal components 

(Fig. V-9a3 and V-9b3); the transversi dorsales anteriores (TDA), the transversi dorsales 
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posteriores (TDP), the obliqui dorsales (OD), and the ligament (L3-4) connect the elemental 

bones dorsally (Fig. V-9a1 and V-9b1); the transversi ventrales (TV), the obliqui ventralises 

(OV), and the semicircular ligament (SL) connects the elemental bones ventrally (Fig. V-9a2 

and V-9b2); and the adductors connecting the ceratobranchials to the epibranchials (Fig. V-9a3 

and V-9b3). There is a structure that resembles the cartilaginous cushion described by Liem 

(1973) between the right and left TDA and TDP in Ps. modestus (CC, Figs. V-9a1), whereas 

there is only a thin strand of connective tissue in the corresponding position in Pn. 

septemradiatus (Figs. V-9b1). TV1, connecting the left and right hypobranchials of the first 

arch, is present in Ps. modestus (Figs. V-9a2) but not in Pn. septemradiatus (Figs. V-9b2). 

Discussion 

Among the oxudercine gobies, genera of Boleophthalmus, Periophthalmodon and 

Periophthalmus show middle to high terrestriality (Table S1) and spend extensive period of 

time out of water. Boleophthalmus boddarti and B. pectinirostris were reported to be 

specialized herbivores with diatoms, algae, and phytoplankton being dominant food items 

ingested (Table V-4). They graze for food on the exposed mud surface with side-to-side head 

movement behavior (Tran et al. 2020,2021). Periophthalmus modestus, Ps. chrysospilos, Pn. 

schlosseri, and Pn. septemradiatus are all carnivores. Dominant food items, i.e., fish eggs, crabs, 

polychaeta, harpocticoid copepod, ingested by Ps. modestus and Ps. chrysospilos suggest that 

their feeding grounds could be in shallow water or near water’s edge, whereas Pn. schlosseri 

and Pn. septemradiatus could feed in higher terrestrial zones as indicated by the high frequent 

occurrence of ants, insects, crabs, worms, and fish in their stomachs (Table V-4). Preliminary 

observations of feeding behavior of Ps. modestus show that fish appears to suck mouthful of 

water before moving to hunt; capture prey with water released from the mouth and suck back 

prey (producing a large sound and leaving a hole on the mud surface); and gurgling the mouth 

(Video V-1, Fig. VI-2a), which resembles the feeding behavior of Ps. barbarus by using the 
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hydrodynamic tongue (Michel et al. 2015b). However, they seem to bite mouthful of mud 

leaving hemispherical depression on the mud surface (Personal observation from Prof. Atsushi 

Ishimatsu). Note that fish could ingest large amount of mud (hemispherical marks) and 

therefore medium of water and the action of mouth gurgling could be useful to retain less 

admixture of mud before swallowing. These raise the question: what type of feeding mechanism 

Ps. modestus employ (hydrodynamic tongue or biting or switching between the two types)? 

Further investigation on feeding behavior and gut analysis could clarify the feeding mechanism 

of this species. Ps. chrysospilos and Pn. schlosseri were observed to strike prey by jumping 

forward with the mouth opened (Fig. VI-2b and VI-2c). Feeding behavior of Pn. septemradiatus 

is little known, but from our preliminary observations, they also hunt by striking like observed 

in Ps. chrysospilos and Pn. schlosseri. Below, we will compare and discuss the morphology of 

feeding apparatus among the six species to gain understanding of the feeding mechanism as 

they feed on land. 

 

Video V-1 Feeding behavior of Periophthalmus 

modestus. Video footage includes two individuals: 

suction behavior (112s); and prey striking with 

water released and the mouth gurgling (1349s). 

Recorded in a mudflat in the Ariake Sea, Saga 

Prefecture, Japan in June 2017 

(Video is available from the author) 

 

Comparison of the dentition, jaw structure and gill rakers 

The function of dentition and feeding habit can be inferred from morphological features of the 

dentition. For instance, comb-like teeth in Plecoglossu altivelis (Tachihara and Kimura 1991; 

Uehara and Miyoshi 1993; Katano et al. 2004), Sicydiinae species (Sakai and Nakamura 1979; 

Mochizuki and Fukui 1983; Sahara et al. 2013), and Acanthurid species (Fishelson and Delarea 

2014) serve encrust algae off hard surfaces, whereas canine teeth arranging in a single- or multi-
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rows function to capture evasive prey (Grubich et al. 2008; Mihalitsis and Bellwood 2019), or 

molar teeth arranging in pads are employed to crush hard prey (Cataldi et al. 1987; Elgendy et  

 

Fig. V-12 PCA biplot of the two principal components (PC1, PC2) showing the multivariate morphometric 

ordination of the studied taxa (upper box). The morphological variables are represented by vectors; correlated 

variables have a similar orientation. Loadings of each variable along PC1 and PC2 are shown in the lower table. 

Symbols: den_length standardized tooth length on the dentary, den_replacement number of replacement teeth on 

the dentary, den_teeth number of teeth on the dentary, Dim 1 – Dim 5 dimension 1 to 5, pre_length standardized 

tooth length on the premaxilla, pre_replacement number of replacement teeth on the premaxilla, pre_teeth number 

of teeth on the premaxilla, pre_width standardized tooth width on the premaxilla. Points 15 are the data of 

Boleophthalmus boddarti, 610 Periophthalmus chrysospilos, 1115 Periophthalmodon schlosseri, 1622 

Boleophthalmus pectinrostris, 2326 Periophthalmus modestus, and 2730 Periophthalmodon septemradiatus 

al. 2016). In B. boddarti and B. pectinirostris, dentary teeth are incisor, flattened and enlarged 

cusps, and oriented horizontally, which could serve skimming thin layer of mud surface (Tran 
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et al. 2020,2021). Canine teeth are present in Ps. modestus, Ps. chrysospilos, Pn. schlosseri, 

and Pn. septemradiatus but frontal fang-like teeth only occur in the later three species, which 

suggest the requirement of handling durable and/or evasive prey. This agrees with prey items 

ingested by these species (Table V-4). The PCA of dentition morphometrics among the six 

species clearly separates into four groups (Fig. V-12). The dentition of B. boddarti is different 

from these of B. pectinirostris by having smaller values of standardized tooth length, 

standardized tooth width on both the premaxilla and dentary, smaller number of replacement 

teeth on the dentary, and lower value of standardized cusp width (Table V-1). The 

morphological differences between B. boddarti and B. pectinirostris could be because the later 

grazes in higher terrestriality with harder mud surface, which could be verified by investigation 

of their feeding environment. Dentition morphometrics of Ps. modestus are separated from Ps. 

chrysospilos, Pn. schlosseri, and Pn. septemradiatus by having smaller values of replacement 

teeth, standardized tooth length, standardized tooth width on both the premaxilla and dentary 

(Table V-1), which suggest the Ps. modestus could handle less durable and evasive prey (Table 

V-4). 

 

Fig. V-13 Plotting K values (red dots, mean  SD) and jaw-closing ratios (blue dots, mean  SD) among the six 

species. Number of observations are three for each species, except N = 2 for K value in Pn. schlosseri 
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Fish feeding on evasive prey usually have the jaw-closing value higher than 0.4 (or jaw-

closing displacement advantage ratio higher than 2.51), which produce strong biting force 

(Westneat 1995; Wainwright et al. 2004). Among the six mudskipper species, B. boddari (0.31 

 0.01 of jaw-closing ratio) and B. pectinirostris (0.25  0.01) have the jaw-closing values 

smaller than 0.4, whereas the values are higher in Ps. chrysospilos (0.5  0.04), Ps. modestus 

(0.54  0.03), Pn. schlosseri (0.58  0.08), and Pn. septemradiatus (0.56  0.02). The adductor 

mandibulae 2 is more developed in Ps. chrysospilos, Ps. modestus, Pn. schlosseri, and Pn. 

septemradiatus compared to B. boddarti and B. pectinirostris (Fig. V-13). These morphological 

features could be because skimming for the mud surface in B. boddarti and B. pectinirostris 

does not require much force as handling durable prey as in the other carnivorous species. 

Differences in the jaw-closing values and K values among the species could be also related to 

burrow excavation. Note that digging deep burrows requires strong biting force. Currently, 

inadequate data of burrow volume and variations of hardness of sediment among the species 

limit our attempt to correlate between the morphology and burrow excavation. 

The gill rakers usually take a role of food retention and are most developed, numerous 

and filamentous in shape in typical planktivrous fishes (Friedland et al. 2006; Collard et al. 

2017; Storm et al. 2020). The gill rakers in B. boddarti and B. pectinirostris are most numerous 

and developed on the last three rows, upward facing and in triangular shape, which could serve 

sieving diatoms on land (Tran et al. 2020,2021). The gill rakers of Ps. chrysospilos, Ps. 

modestus, Pn. schlosseri, and Pn. septemradiatus are short and knob-like, with the later two 

species having rudiment gill rakers on the first arch, which suggest that the role of gill rakers is 

less important as feeding on land. 

Comparison of pharyngeal plates and branchial basket 

Typically, fish employ the pharyngeal plates for prey processing, and therefore, configurations 

of the pharyngeal plates, e.g., shape, size, and tooth bearing, could suggest their roles (Gidmark 
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et al. 2019). For example, the pharyngeal plates of mollusk feeders are relatively large, suturing 

the left and right sides of the ventral pharyngeal plates, and studded with molar teeth, while 

those of piscivorous fishes seem smaller and are borne with canine teeth (Hulsey 2006; Grubich 

2003; Burress 2015), and those of herbivorous and omnivorous species are borne papilliform 

teeth (Burress 2015, 2016). Among the six species, the pharyngeal plates of B. boddarti and B. 

pectinirostris are distinct with large relative size (20.326.0 % of the former, and 19.122.8 of 

the later), bearing numerous papilliform teeth (529951 teeth/mm2 of the former and 355494 

teeth/mm2 of the latter), and strong curvature (Tran et al. 2020,2021). Difference in tooth 

density between the two species could be related to the size of food items ingested (see Fig. S2 

in Tran et al. 2021). The pharyngeal plate morphology of Ps. modestus, Ps. chrysospilos, Pn. 

schlosseri, and Pn. septemradiatus conforms with typical carnivorous fishes but there are some 

differences among the species. Tooth density varies among the four species with Ps. modestus 

having the highest density (48.3 and 52.1 teeth/mm2 of the dorsal and ventral pharyngeal plates, 

respectively), lower in Ps. chrysospilos (23.1 and 34.1 teeth/mm2), and lowest in Pn. 

septemradiatus (13.8 and 17.2 teeth/mm2) and Pn. schlosseri (6.7 and 8.5 teeth/mm2). These 

variations could be because of processing different types of prey. For example, Ps. modestus 

ingested relative small and soft prey (Table V-4) whereas Pn. schlosseri is usually observed 

handling large, evasive prey. The musculoskeletal system of the branchial basket of the fourth 

carnivorous species shares similarities by having the arch lengths decreasing posteriorly, large 

ventral ridges on the ventral side of the ventral pharyngeal plates, and well developed muscles 

attaching on the pharyngeal plates, but Ps. modestus show distinct morphological features from 

the three carnivorous species with the third and fourth pharyngobranchials overlapping, 

possession of the TV1 and CC (Figs. V-8a1, V-9a1, and V-9a2). The distinct morphological 

configurations of Ps. modestus resembles those of Boleophthalmus. Further comparison of 

feeding mechanism among these species could clarify the linkage between morphological 

features and functions. Note that Ps. modestus show feeding behavior different from the three 



93 
 

carnivorous species but share some similarities (sucking water and mouth gurgling) to B. 

boddarti and B. pectinirostris. 

Intraoral processing in mudskippers is little known. Currently, there are only two studies 

of how Ps. barbarus swallow prey (Michel et al. 2015b; Sponder and Lauder 1981, reported as 

Ps. koelreuteri) but they suggested different mechanisms of prey swallowing. Michel et al. 

(2015b) suggested the hydrodynamic tongue plays the role of swallowing on land, whereas 

Sponder and Lauder (1981) indicated that the pharyngeal plates were employed for the intraoral 

transport. Both studies show limitations of using immobilized and soft prey, and achieving the 

experiments in the laboratory conditions, i.e., uniform terrain. In reality, carnivorous 

mudskippers hunt various types of prey (Table V-4) in various conditions of terrain. In many 

cases, they strike by jumping forward with mouth opened, and the hydrodynamic tongue 

appears impractical. Sponder and Lauder (1981) show the dorsal pharyngeal plates moved at 

large distance whereas the ventral pharyngeal plates were stable. However, we found that the 

pharyngohyoideus (PH), pharyngocleithralis (PHCI), and pharyngocleithralis externus (PHCE) 

attaching on the large ventral ridge of the ventral pharyngeal plates are well developed in the 

carnivorous mudskippers, which suggest their large distance movement. 

Table V-4 Comparison of feeding habit among the six mudskipper species 

Species Major food items References 

Boleophthalmus boddarti # Phytoplankton (76.0%), detritus (24.0%) Chaudhuri et al. 2014 

B. pectinirostris Diatoms (exclusive) Yang et al. 2003 

Periophthalmus chrysospilos ## Fish eggs (8057), crabs (1935) Ridho et al. 2019 

Ps. modestus # Polychaeta (52.4%), harpocticoid copepod 

(35.0%) 

Baeck et al. 2013 

Periophthalmodon schlosseri # Crabs (55.7%), fish (32.8%) Zulkifli et al. 2012 

### Crabs (55.7%), insects (23.0%), worms 

(21.2%) 

Ghaffar et al. 2006 

Pn. septemradiatus #Ants (60.2%), detritus (26.6%) Dinh et al. 2019 

# Frequency of occurrence; ## index of relative important; ### Frequency of prey chosen 

The large ventral ridge was also reported in Pogonias cromis with the proximal edge of the 

ventral ridge contacting the cleithrum. As the protractor pectoralis contraction, the cleithrum is 
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lift up causing the ventral pharyngeal plates raising up against the dorsal pharyngeal plate, 

which facilitates grinding hard prey (Grubich 2005). This is not the case of the carnivorous 

mudskippers because the ventral ridge is not contacting the cleithrum, but just give more space 

for muscles (PH, PHCI, PHCE) attaching on. In addition, the relative short of the epibranchials 

could restrict the anteroposterior movement of the dorsal pharyngeal plates. Therefore, we 

speculate that flexible movement of the whole branchial baskets, especially the ventral 

pharyngeal plates could facilitate prey swallowing on land in carnivorous mudskippers. Further 

investigation by tracking movement of the whole branchial basket using electromyography or 

cineradiography could elucidate how they swallow prey on land. 

The flexible movement of the branchial basket, especially the basihyal, was well 

reported in the tongue-bite apparatus of the salmonid Salvelinus fontinalis, the rainbow trout 

Oncorhynchus mykiss, Australian arowanas Scleropages jardinii, or osteoglossomorph Chitala 

ornate (Konow and Sanford 2008a,b; Camp et al. 2009). These species employ tongue-bite 

mechanism to reduce and immobilize prey due to their prey are usually large and alive. The 

movement of the branchial basket, especially the basihyal, is mainly endowed by well 

developed muscles of adductor mandibularis, epaxialis, hypaxialis, and protractor hyoideus. 

Contraction and protraction of these muscles cause the dorsoventral and anterioposterior 

movement of the pharyngeal plates, especially the anterior part. 



 

95 
 

Chapter VI 

GENERAL DISCUSSION AND FUTURE DIRECTION 

Evolution of feeding apparatus during land invasion of vertebrates 

The suction-to-biting transition of feeding mode is thought to have happened around the time 

when vertebrates were shifting their life from aquatic to terrestrial environment (Clack 2012; 

Lemberg et al. 2021). In order to generate suction force, the oral-opercular cavities must be 

rapidly expanded, which is endowed by loosely connection of element bones of the skull. On 

the other hand, biting requires force and pressure to exert on prey, which is enabled by rigidity 

of the feeding structure (Schwenk and Rubega 2005). Therefore, the basic differences between 

the two feeding modes lie in the degrees of flexibility of the skull structure including the 

opercular series, the branchial system, the lower jaw, and the skull roof. In addition, teeth are 

also modified to meet the requirement of handling different prey types, and thus their 

morphological features could be used as indicators of feeding habits. Tracing the evolution of 

the feeding structures in stem species, e.g., primitive fish (Polyterus endlicherii), Devonian 

(Eusthenopterop, Tiktaalik, Ichthyostega, and Acanthostega), and Permian (Phonerpeton) 

tetrapod species, could reveal how the feeding modes were transitioned (Long and Gordon 

2004; Clack 2012). The followings will discuss the modifications of the feeding structures in 

stem species and compare to those of mudskippers in order to gain more understanding of the 

feeding transition. 

 Prominent function of the branchial system and the opercular series is to pump water 

through the mouth and thus serves respiratory ventilation and suction feeding in fish, which is 

enabled by the expanding and reducing rhythm of the oral and opercular cavities. During land 

invasion, vertebrates became less reliance on the pumping mechanism, and instead they used 

the jaw prehension for feeding and lung for respiration. Consequently, the opercular series 

including the gill openings were lost or modified to form stapes, and the branchial system was 
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reduced and modified to form a tongue serving prey swallowing in tetrapods (Clack 2012). 

These modifications are found in Eusthenopteron and Panderichthys by possessing ossified 

operculum, and in the later emerge tetrapods, Dendrerpeton, by loss of the operculogular plates 

(Ahlberge and Clack 1998; Clack 2012). Recent findings suggested that even though possessing 

the elongate jaws and loss of the suspensoria, Tiktaalik roseae could still employ suction 

feeding (Lemberg et al. 2021). In mudskippers, the branchial system and the opercular series 

mainly share the morphological features of typical fish but show some modifications facilitating 

feeding in shallow pools and upper intertidal zone. The branchial system is well developed 

showing unique morphology in the herbivorous and omnivorous species. For example, the arch 

lengths increase posteriorly with the fourth arch being longest allowing more gill rakers bearing, 

and the pharyngeal plates are large and strong curve, which could serve sieving and transport 

diatoms as feeding in semi-terrestrial environment. The branchial system of the carnivorous 

species shows the typical morphology of carnivorous fishes but the pharyngeal plates are 

studded with strong canine teeth and have well developed muscle system, which could function 

for processing prey and intraoral transport. Regarding the opercular series, mudskippers still 

possess this structure (Murdy 1989) but show some modifications facilitating feeding and 

respiration on land. Their opercular cavities are large with the relative small gill openings, 

which could serve retaining water for feeding and respiration on land (Murdy 1989; Clayton 

1993). Species of Boleophthalmus genus were found to suck mouthful of water for suspending 

food particles and sieving (Tran et al. 2020, 2021), while Ps. barbarus use hydrodynamic 

tongue aiding prey capture and swallowing (Michel et al. 2015b). Comparison of feeding 

mechanism and respiration among mudskippers shows the trend of less reliance on pumping 

mechanism in the higher terrestrial species. For instance, species of genera Parapocryptes, 

Oxuderces, Apocryptodon, Apocryptes, and Pseudapocryptes show no/low terrestriality with 

some species appear to show mouth gurgling as feeding (preliminary observations and need 

further investigations, Fig. VI-1a and VI-1b). Given living mainly in aquatic environment, 
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oxygen uptake should be from water, and therefore pumping mechanism could mainly 

employed by these species. Species of genera Scartelaos, and Boleophthalmus show higher 

terrestriality but they still stick to water for feeding and respiration (Fig. VI-1c). Species of 

genera Periophthalmodon and Periophthalmus show highest terrestriality and feed on land. 

They possess capability of respiration through skin and buccal cavity (Clayton 1993, see Table 

IV-4), and show the capability of feeding without using water such as Ps. kalolo (Sponder and 

Lauder 1981). Note that mudskippers show air gulping for burrow-dwelling and embryos 

developing (Ishimatsu et al. 1998,2007), which is endowed by possessing the opercular series. 

 

Fig VI-1 Feeding behavior of Oxuderces nexipinnis (a), Pseudapocryptes elongatus (b), and Scartelaos 

histophorus (c) in shallow pools. Photos were taken from video footages recorded in Mo O mudflat (a, c), Soc 

Trang Province, and in a mudflat in (b)  Bac Lieu Province, Vietnam. 

Due to taking the role of gape widening and/or prey handling, and being well preserved 

in fossil deposits, the lower jaw and its’ dentition are commonly used in tracing feeding 

transition. In suction feeding, the gape needs to be widened, which is partly endowed by the 

kinetic of the lower jaw, i.e., formed from loosely connections of the dentary, the cartilage 

Meckelian, the angular, and the quadrate (Westneat 2006). As shifting the biting, the lower jaw 

becomes strengthened, more rigid and tubular, which are resulted from fused element bones, 
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reduction of the coronoid, and loss of the Meckelian (Ahlberge and Clack 1998; Long and 

Gardon 2004). In addition, dentition at anterior end of the jaw becomes double, parasymphysial 

fangs are lost, and dentary fangs are reduced (Ahlberge and Clack 1998). Panderichthys and 

Elpistostege show these modifications and are thought to feed in shallow water (Ahlberg and 

Milner 1994; Ahlberge and Clack 1998) and therefore, the suction-to-biting transition is thought 

to have already occurred in aquatic environment and early tetrapods were all carnivorous (Clack 

2012). Further evolution of the prehension was traced in a divergence of the lower jaws enable 

to generate different types of jaw-closing, i.e., a kinetic inertial system and a static pressure 

system. The emergence of the later system and the appearance of molar teeth allow tetrapods 

grind plant materials, which suggest the later emergence of the herbivores in the late 

Mississippian or Pennsylvanian (Anderson et al. 2013). By possession of the dentary, the 

articular, and the Meckelian cartilage, the lower jaw of mudskippers shares the morphology of 

typical fish. However, the structure appears rigid, which could be because many of them use 

the oral jaws for excavating deep burrows. Note that some mudskippers (B. boddarti and B. 

pectinirostris, Tran et al. 2020,2021; Ps. barbarus, Michel et al. 2015b) show suction behavior 

but the slow-kinematic suction is mainly facilitated by the expansion of the oral-opercular 

cavities rather than the fast protrusion of the oral jaws in typical suction feeders. Mudskippers 

show some modifications allowing them exploit food resources on land. For example, the lower 

jaw of the herbivorous mudskippers is elongate and borne with numerous incisor teeth directed 

horizontally. These features could serve skimming thin layer of mud surface with high density 

of food particles. On the other hand, the lower jaw in the carnivorous mudskippers is relative 

short with the long coronoid process, which allows the dentary rotate at large angle and 

produces strong biting. The premaxilla has the long ascending facilitating long protrusion. 

Strong canine teeth present on the both jaws. These morphological features allow them capture 

and handle durable prey. The morphological configurations of the omnivorous species are 

intermediate between the herbivorous and carnivorous species. 
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The basic difference in skull morphology of suction-based and biting-based modes lies 

in a cranial kinesis of the former and a rigidity of the later (Clack 2012). In modern fish, the 

skull consists of at least 20 independent moveable bones with separation of the premaxilla and 

the maxilla, and consequently, the framework is flexible facilitating suction mechanism 

(Westneat 2006). The skull roof in lobe-finned fishes, Sarcopterygii, possesses an intracranial 

articulation allowing dorsoventral movement of the snout (Thomson 1967; Thomson 1969). 

The intracranial hinge becomes sutured (Ahlberge and Milner 1994), and other element bones, 

e.g., the premaxilla, the maxilla, and other skull roof bones, are tightly fused together in order 

to accommodate higher strain from biting in later true terrestrial tetrapods (Long and Gordon 

2004). Therefore, sutural morphology could suggest types of strain exerting on the skull 

(Markey et al. 2006). For example, the configurations of anterior tension and posterior 

compression in early land vertebrates represent the suction mode, whereas features of 

compression between the frontals and parietals suggest biting mode (Markey and Marshal 2007). 

Analysis of the cranial suture suggests that the suction mode was employed by Polypterus and 

Eusthenopteron (Markey and Marshal 2007); suction and/or biting was used by Tiktaalik and 

Acanthostega (Markey and Marshal 2007; Lemberg et al. 2021); and biting was used by 

Phonerpeton (Long and Gordon 2004; Markey and Marshal 2007). Modifications of the cranial 

suture among stem species, especially in Acanthostega, suggest that biting mode were first 

emerged in aquatic environment (Markey and Marshal 2007; Clack 2012). Even though the 

skull roof of mudskippers mainly shares the morphology of typical fish enable flexible 

framework (Murdy 1989; Michel et al. 2014), they still possess the capability of feeding on 

land. Some species of genera Periophthalmus and Periophthalmodon show the capability of 

feeding away from water’s edge. Given that the early land vertebrates developed biting mode 

in aquatic environment before expanded their lives on land, the mudskippers is in another hand, 

which possesses suction structure but shows terrestrial feeding. The capability of terrestrial 

feeding is endowed by having the pectoral fins and the capability of the oral jaw rotation. The 
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head of the most terrestrial mudskippers appears to be enlarged (Hui et al. 2019) with the pre-

orbital length of the skull being relative short compared to other gobies (Clayton 1993), which 

could involve in terrestrial activities such as hunting, digging, storing air/water. Little is known 

about how skull roof morphology involving in terrestrial feeding in mudskippers. 

Adaptations of terrestrial grazing in the herbivorous and omnivorous mudskippers 

In aquatic environment, planktivorous or herbivorous fishes retain food particles suspended in 

water column or adhesive surfaces. Their food resources are less admixture of mud particles. 

In the ingestion stage, they usually employ ram feeding or suction feeding to engulf food 

(Crownder 1985; Gibson and Ezzi 1985). Some species use comb-like teeth on the oral jaws to 

encrust algae off surfaces (Sicyopterus japonicus Sakai and Nakamura 1979; Plecoglossus 

altivelis Uehara and Miyoshi 1993; blennniod fishes Kotrschal 1989, Hundt and Simons 2018; 

loricariid fishes Geerinckx et al. 2007). In order to retain food particles, they employ the dead-

end filtering (Berry and Low 1970; Drenner and Mummert 1984; Gophen and Geller 1984; 

Hoogenboezem et al. 1991; van den Berg et al. 1992) or cross-flow mechanism (Sanderson et 

al. 2001; Weller et al. 2016) with or without using mucus (Sanderson et al. 1996; Smith and 

Sanderson 2007). Therefore, their gill rakers are extended anteriorly, most numerous and 

developed on the first arch, and filamentous (Iwata 1976; Gibson 1988; Salman et al. 2005). In 

the herbivorous and omnivorous mudskippers, their food particles are most density on the top 

layer of the mud surface and mixed with mud particles (Aleem 1950; Koh et al. 2006,2007). In 

order to obtain food particles with less admixture of mud, they have to ingest a very top layer 

of the mud surface. B. boddarti and B. pectinirostris use their horizontal teeth on the dentary to 

skim mud surface with side-to-side behavior (Tran et al. 2020,2021). Preliminary observations 

of the feeding behavior of O. nexipinnis, S. histophorus, and Pd. elongatus show the skimming 

or scraping movements. Note that all of them show horizontal orientation of dentary teeth. 

Detail analysis of the feeding behavior and comparison of food composition between the 

stomach content and different deep levels of the mud surface could partly clarify function of 
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the dentary teeth. Filtering mechanism in the herbivorous and omnivorous mudskippers is little 

known. Mucus trapping cannot be used in these species due to retention of both food and mud 

particles. Data from the morphological features of the gill rakers and comparison of the average 

space between gill rakers on the last two or three rows and food particles ingested by B. boddarti, 

B. pectinirostris, O. nexipinnis, and S. histophorus suggest that the dead-end mechanism could 

be employed for sieving. This could be the case of B. boddarti and B. pectinirostris because 

their feeding cycle happens on land and water is expelled downward through the gill slits at the 

end of the feeding cycle allowing the last three rows of gill rakers filtering food particles. In the 

cases of O. nexipinnis, and S. histophorus, although the average space between gill rakes 

suggest possibility of using dead-end mechanism, feeding behavior of these two species 

resembles the feeding behavior of winnowing in cichlid fish (Weller et al. 2017). The feeding 

cycle of the two species happens in shallow water and cloudy water expelled slowing during 

fish gurgling. Further investigation of feeding cycle using electromyography method or 

hydrodynamic simulation (see China et al. 2017; Provini and van Wassenbergh 2018) could 

reveal the food retention mechanism in the herbivorous and omnivorous mudskippers. To sum 

up the grazing in the herbivorous and omnivorous mudskippers, water play an important role 

in the feeding process in this group of fish. Therefore, even though possession of the ability to 

emerge on land for extended periods in some species (e.g., B. boddarti and B. pectinirostris) 

(Clayton 1993), they have to stick to water’s edge. 

Adaptations of terrestrial feeding in carnivorous mudskippers 

One of primary evolutions during land invasion of vertebrates is the transition of feeding mode 

from suction to prehension. Aquatic vertebrates employ suction feeding using medium of water 

for capture and intraoral processes, while terrestrial vertebrates usually utilize teeth on the oral 

jaws for prehension and the tongue for swallowing (Schwenk and Rubega 2005). The 

intermediate stage of feeding mode is little known. Recent findings showed that capability of 

placing the gape on prey is the key factor in capture prey on land (Sponder and Lauder 1981; 
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Van Wassenbergh 2013; Michel et al. 2014, 2015a,b; Van Wassenbergh et al. 2017; Heiss et al. 

2018) and the possession of the tongue allows terrestrial vertebrates swallow prey on land and 

freely exploit food resources away from water’s edge (Schwenk and Rubega 2005). The lowest 

form of the tongue is found in salamanders, a group of amphibians with highly adapted to 

terrestrial environment (Schwenk and Rubega 2005; Iwasaki et al. 2019). However, an 

intermediate form of the tongue evolved from fish and how intraoral transport happens in the 

early land vertebrates are still mysterious. In the carnivorous mudskippers, they employ the 

pectoral fins and rotation of the oral jaws to orientate the gape on prey (Michel et al. 2014) or 

use hydrodynamic tongue for capture (Michel et al. 2015b). The intraoral transport in this group 

of fish is little known. Michel et al. (2015b) found that fish used hydrodynamic tongue for 

swallowing but data from Sponder and Lauder (1981) suggested the pharyngeal plates took the 

role of the intraoral transport. However, these two studies used immobilized prey and 

implemented in laboratory condition (uniform terrain), which do not reflect the feeding in 

nature. From observation of feeding behavior of some carnivorous mudskippers, we tentatively 

presume that the hydrodynamic tongue can only perform near water’s edge where the mud 

surface is smooth and moisture allowing suction mechanism, and uses to capture less evasive 

prey, e.g., polychaetes, mixed with mud particles. This could be the case of Ps. modestus 

hunting by sucking mouthful of water, protruding and sucking back the water with prey and 

gurgling the mouth (Fig. VI-2a), but further confirmation is needed. However, this mechanism 

is impractical when hunting for evasive and durable prey in non-uniform terrain of higher 

terrestrial environment. We observed that Ps. chrysospilos and Pn. schlosseri usually hunt by 

jumping forward with the mouth opened and handling prey by the oral jaws. Their prey are 

durable, evasive, and occasionally larger than their gape (Figs. VI-2b and VI-2c). Therefore, 

the hydrodynamic tongue cannot be used in these cases. The strong canine teeth on the oral 

jaws, high jaw-closing value, and developed adductor mandibulae 2 could serve handling these 

types prey. Periophthalmodon. septemradiatus found feeding mainly on ants (Dinh et al. 2020) 
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distributed in highly terrestrial environment, and rarely venturing into water (Mai et al. 2019). 

These raise the question: whether or not they feed without using water, and if not, what 

mechanism they employ to swallow prey on land. Note that mudskippers have the “tongue 

adnate” (Murdy 1989; also see Fig. VI-3), which may not function as the muscular tongue in 

amphibians and tetrapods. Therefore, further investigation of swallowing prey on land of 

mudskippers could gain more understanding of early stage of feeding transition. 

 

Fig. VI-2 Feeding behavior of Periophthalmus modestus (a), Periophthalmus chrysospilos (b), and 

Periophthalmodon schlosseri (c). Ps. modestus shows the suction mouthful of water (a1), prey suction (a2), and 

mouth gurgling (a3) in their feeding cycle, while Ps. chrysospilos and Pn. schlosseri strike with mouth opened. 

Arrows indicate water released as suction in Ps. modestus (a2), small crab in b1 and c1. Photos were taken from 

video footages recored in Ariake Sea, Saga, Japan (a) and in in Mo O mudflat, Soc Trang Province, Vietnam (b, 

c) 
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Fig. VI-3 The mouth floor of Oxuderces nexipinnis (a), Scartelaos histophorus (b), Boleophthalmus boddarti (c), 

Periophthalmus modestus (d), Periophthalmus chrysospilos (e), Periophthalmodon schlosseri (f), and 

Periophthalmodon septemradiatus (g) in dorsal views. Scales: 5 mm 
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APPENDICES 

Table S1 Comparison of feeding habit and terrestriality among oxudercine gobies 

Species Major food items# Terrestriality 

Periophthalmus argentilineatus 

Ps. barbarus 

Ps. magnuspinnatus 

Ps. modestus 

Ps. minutus 

Ps. novemradiatus 

CR, NT, PC (16,23)  

CR, FS, PC, INS (5*,9) 

CR (3,4) 

CR, PC, INS (4) 

BV, CR, GP, INS (A) (25) 

CC, INS (AQ), PP (8) 

Moderate to high – Ps. novemradiatus occurred on open seashore 

beaches or up the tidal reaches of rivers (26). Ps. gracilis and 

Ps. variabilis were found in the most terrestrial conditions. 

Ps. chrysospilos was in an intermediate position (19). Ps. 

minutus confined themselves in burrows throughout the 

nine-day, non-inundation period in the dry season (25). 

Periophthalmodon schlosseri 

Pn. septemradiatus 

CR, F, INS (18,29) 

INS (A), D (10) 

High – Pn. schlosseri, at Uttarbhag, it is the most terrestrial. It is 

never found submerged underwater and it is not uncommon 

to find specimens hopping about on dry beds of pools or on 

the banks of the channels above tidal limits (14). Pn. 

septemradiatus, during four years of our field survey in the 

Mekong Delta, we did not see it ventured into water (17) 

Boleophthalmus boddarti 

 

B. dussumieri 

B. pectinirostris 

AG, DT, PP (8,14) 

DT (our analysis) 

DT (22) 

DT (27,28) 

Low to moderate – Both B. boddarti and B. pectinirostris were 

found only in the second lowest and the lowest strata below 

mean high water neap in a Malayan swamp (19). B. boddarti 

constructed a burrow in comparatively higher drier 

locations, most fish leaving the burrow to forage at the 

water’s edge following ebb tides (26). 
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Scartelaos histophorus 

 

S. tenuis 

DT, PC (7) 

DT, INS(AQ) (our analysis) 

BV, CR (1,2) 

Low to moderate – S. histophorus spent most of their time in 

shallow water pools (26). 

Zappa Unknown Moderate – found in habitats covered by vegetation and plant 

debris, but never far from the water’s edge (20). 

Pseudapocryptes elongatus DT, AG (6,24) 

CR, PP, ZP (8) 

Low – common at all locations surveyed in this study, preferring 

shallow stagnant waters on seaward mudflats and tidal 

reaches of rivers or ponds (26). 

Apocryptes bato AG, M (14) 

CR (21) 

Low – lives in burrows within tidal limits. The fish is categorized 

into semi-aquatic forms (14) 

Apocryptodon punctatus DT, M (13) None? – The fish was not observed to emerge during low tides 

but remained in a burrow excavated by the flathead snapping 

shrimp, crabs, or eel gobies during high tide (13). 

Oxuderces nexipinnis INS (AQ), PP, ZP (8) 

DT (our analysis) 

Low – The fish lived in water pools of various sizes and depths 

on the mudflats. The habitats were located quite low on the 

intertidal area and were exposed or nearly so for only several 

days in each lunar cycle (26)**.  

Parapocryptes serperaster DT, AG, D (12,15) Low – during the field observation, the fish rarely moved out of 

the burrow (11). 

#Determined by various methods e.g., biovolume (10), relative volume (16), point method (5) or index of relative importance (4).  * Reported as Ps. koelreuteri, but 

the study site, Niger, indicates it is Ps. barbarus. ** Reported as O. dentatus, but the study site, the Straits of Malacca, indicates it is O. nexipinnis.  AG, algae; BV, 

bivalves; CC, cladocerans; CR, crustaceans; D, detritus; DT, diatoms; F, fish; FS, fish scale; GP, gastropods; INS, insects; INS (A), ants; INS (AQ), aquatic insects; 

M, mud; NT, nematodes, PC, polychaetes, PP, phytoplankton; ZP, zooplankton. Animal food items are in italic. 
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