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Abstract 

Direct embryonic development belongs to one of six unique developmental guilds within 

the endotrophic anurans. Few studies have been conducted on the embryonic 

development of direct developers. Herein, we present a unique form of embryonic 

development for direct developers from the genus Platymantis (Family 

Ceratobtrachidae). We incubated fertile eggs (n = 2 egg clutches; 40 eggs per clutch) of 

the endangered Fijian ground frog (P. vitiana) under controlled laboratory conditions 

(25oC and 100% relative humidity). Embryonic development (fertilization to hatching) 

took on average 29 days. Several unique embryonic structures were recorded, including 

the presence of very large eggs (8.5 mm diameter inclusive of egg-jelly and yolk, with the 

largest yolk diameter (6.0 mm) recorded for the genus Platymantis), the complete loss of 

the usual larval mouthparts, egg-tooth, gill buds and gills. Embryonic structural 

specialization included large abdominal sacs with blood capillaries which are likely the 

main medium of gas and waste exchange in P. vitiana. We provide a novel 10-stage 

staging system of embryonic development for P. vitiana which may also be useful for 

staging other members of the Platymantis genus. Our study contributes to existing 

knowledge on the developmental biology of the little studied direct developing 

endotrophic anurans. 
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Introduction 

Tropical ecosystems support a high diversity of terrestrial anurans. One of the major 

steps in the evolution of terrestriality in tropical and temperate anuran species is the 

deposition of eggs out of water. Terrestrial egg deposition may have evolved in response 

to pond-drying, competition, fresh flooding and predation in large bodies of water 

(Magnusson & Hero, 1991). The diverse terrestrial embryonic developmental forms are 

recognized as endotrophic anurans, which obtain their entire developmental energy from 

parental sources, most commonly the vitellogenic yolk (Altig & Johnston, 1989). There 

are also intermediaries between terrestrial egg deposition involving delayed tadpole 

hatching, and complete direct development. The role of phenotypic plasticity in the 

evolution of terrestrial reproduction for the selection of various types of embryonic 

development is discussed by Werner (1986). The characterization of a taxon as 

endotrophic is often based on the presence of a small clutch of large, usually non-

pigmented ovarian eggs. Direct development is the most common embryonic 

developmental form within endotrophic anurans (Altig & Johnston, 1989). Direct 

developing embryos complete a modified development via oogenic energy sources in a 

site other than the reproductive tract of the mother and hatch as a froglet (Altig & 

Johnston, 1989). Direct development has evolved independently in many anuran 

families, including the Leptodactylidae, Microhylidae, Ceratobatrachidae and 

Rhacophoridae (Thibaudeau & Altig, 1999). Direct development exemplifies a key 

adaptation and probably explains the overwhelmingly successful radiation of amphibians 

as one of the most species-rich group of extant terrestrial vertebrate. For example, there 

are 600 species in the direct developing genus Eleutherodactylus and a diverse 
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monophyletic radiation in the family Microhylidae, with more than 170 species in 20 

genera of Australo-Papuan microhylids (Bickford, 2004). Despite this high species 

diversity and common occurrence of direct development, the developmental data on 

these endotrophic anurans are generally lacking.  

The early study of the leptodactylid (Eleutherodactylus nubicola) by Lynn (1942) 

provided the most in-depth anatomical details of an endotroph. To date, the only 

complete staging table for any endotroph is based upon Eleutherodactylus coqui 

(Townsend & Stewart, 1985). Salthe & Mecham (1974) suggested that direct 

development of Eleutherodactylus may represent the most advanced type of endotrophy, 

although this idea may only reflect the paucity of data for other direct developing groups. 

Hence, the focus of the current study is on the embryonic development of the little 

studied genus of Platymantis (Ceratobatrachidae).  

The Platymantis genus is endemic to the Philippines, Papua New Guinea, Palau, 

the Moluccas (eastern Indonesia), New Britain and Admiralty Island, Solomon Islands, 

and the Fiji Islands. The genus contains 71 species, of which there are 40 species yet to 

be described (Brown, 1997). Embryonic development of only four Platymantis species 

has been described to date (Alcala, 1962; Lamotte & Lescure, 1977; Gibbons & Guinea, 

1983).  

The aims of the current study were to provide the first account of the main 

features and complete stages of embryonic development of the endangered Fijian ground 

frog (Platymantis vitiana). We provide illustrations of the stages of development of live 

embryos of this species observed under high magnification. We also discuss the 

developmental characteristics of P. vitiana embryos in comparison with E. coqui 
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(Townsend & Stewart, 1985) and provide further supporting evidence for the embryonic 

structures unique to Ceratobatrachidae as observed earlier by Alcala (1962) in three other 

Platymantis species. 

 

Material and Methods 

 

Study species 

The genus Platymantis represents the eastern-most distribution of frogs in the South-west 

Pacific (Brown, 1997). The Fijian ground frog (P. vitiana) is endemic to Fiji Islands. 

Platymantis vitiana has an annual reproductive cycle and breeding occurs around the 

Fijian wet season from August to January (Narayan et al., 2010). The population density 

(Morrison et al., 2004), anecdotal records of the ecology (Gorham, 1971; Ryan, 1984) 

and key causes of in-situ population declines (Morley et al., 2004) have been 

documented. However, no work on the embryonic development of P. vitiana has been 

published.  

 

Field site  

Field surveys for nesting areas of the Fijian ground frogs were conducted on Viwa Island 

(a 60 ha island located 900 m east off the coast of mainland, Viti Levu, Fiji). Surveys 

were conducted every month (av. 15 days per month) within the peak breeding season 

from January 2006 until December 2007 (Narayan et al., 2008). Egg clutches were 

removed (n = 2 clutches; 40 eggs per clutch) from the nesting areas in the wild and 

incubated under controlled laboratory conditions at the University of the South Pacific, 
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Suva, for the study of the embryonic development. Descriptions of nesting areas 

(Narayan et al., 2008) and captive husbandry (Narayan et al. 2009) of P. vitiana are 

available.  

 

Laboratory egg incubation  

Eggs of P. vitiana (n = 2 clutches; 40 eggs per clutch) were incubated in the laboratory 

under constant temperature of 25oC and relative humidity of 100% similar to the physical 

conditions generally required for incubation of terrestrial amphibian eggs as described by 

Elinson et al. (1990). To record the embryonic stages, eggs were transferred into a Petri 

dish (total area of 35 mm x 35 mm; depth of 12 mm) and partially filled with de-ionized 

water to maintain moisture level. Microscopic examinations were carried out using an 

Olympus SZX12 stereoscopic microscope mounted with an Olympus DP12 digital 

camera. The length of the embryo was measured using digital callipers (+ 0.01 mm). 

 

Stages of development  

The early stages of egg cell divisions of Fijian ground frogs (c.f. stage 1 for 

Eleutherodactylus coqui, Townsend & Stewart, 1985) were not observed because freshly 

oviposited eggs were not collected from the wild. The staging in this study used the first 

ever P. vitiana egg clutches reported in the wild (Narayan et al., 2008). The stages were 

recorded by comparing with a modified nomenclature for Fijian tree frog in Gibbons & 

Guinea (1983) and staging scheme for E. coqui (Townsend & Stewart, 1985). The 

morphological changes in the embryonic structures were recorded throughout the 

embryonic development.   
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Results  

 

Staging table for Platymantis vitiana  

Embryonic development of P. vitiana was divided into 10 main stages based upon readily 

discernible changes in major aspects of morphology. The number of days between each 

developmental stage and the major features of each stage are summarized in Table 1, and 

compared with developmental stages of E. coqui. Further details on the main structures of 

P. vitiana embryos are provided in the following section.  

 

Egg. (Fig 1A) ― Creamy unpigmented (average diameter = 8.5 mm, n = 40) with a 

transparent outer membrane and inner membrane. The embryo lies on top of the egg yolk. 

Each egg has an outer, thin thread-like cuticle attaching it to neighboring eggs in the 

clutch (n = 40 eggs). There are two jelly layers in total (1 and 2). The first jelly layer is 

1.0 mm thick and bounded by the inner membrane and outer membrane. The second jelly 

layer is 0.5 mm thick, adjacent to the vitelline membrane. The vitelline space surrounds 

the egg yolk and is 0.5 mm in width. The overall distance between the outer membrane 

and the outer periphery of the egg yolk is approximately 2 mm. Mean wet mass of egg 

was 0.29 + 0.02 g (n = 40).  

 

Egg yolk. (Fig 1A-F)― A large, creamy egg yolk (average diameter = 6.5 mm, n = 40) is 

present throughout the embryonic developmental stages and reduces to ‘leaf-like’ in 

shape as development proceeds. The position of the embryo (above and below the egg 
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yolk) changes as development proceeds. Initially, the lighter embryo is positioned above 

the heavier egg yolk during stages 1-4 of development. As the embryo grows, it become 

heavier than the egg yolk and drifts below the egg yolk during stages 5-6. Thereafter, 

majority of the egg volume is occupied by the voluminous abdominal sac (stages 7-9) and 

this keeps the lighter embryo on top until hatching.       

 

Eyes. (Fig 1B-F) ― Two large eyes are distinctive. Their position is evident as large 

anterior bulges in the cephalic region by stage 3. Also, the iris shows pigment and 

darkens progressively until black in stage 6. During stage 7, the pupil begins to darken 

and the iris lightens. By stage 9, the pupil is dark and the iris attains the adult colour 

characteristics with a mixture of golden and bronze-brown.      

 

Body. (Fig 1E-F) ― The body of the embryo takes the shape of a froglet during stage 7 

and represents a complete froglet by stage 9 prior to hatching. The dorsal abdomen of the 

frog is highly pigmented and is golden brown in colour. The ventral portion of the 

abdomen is dominated by the remains of egg yolk, and the skin pigmentation covers the 

ventral abdominal area at the periphery.    

 

Limbs. (Fig 1B-F)― Limb buds first appear in stage 2 as rounded swellings lateral to, and 

slightly separated from, the body. The buds increase in size and join the trunk in stage 3. 

The hind limb buds are slightly larger than the fore limb buds. Both the front and hind 

limb buds are roundish in appearance early in stage 4, becoming more oblong as this 

stage progresses. Elbow and knee joints appear as constrictions during stage 5 and are 
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quite evident in stage 6. Toes appear on the anterior and posterior limbs during stage 7. 

The anterior limbs have four toes each while the posterior limbs have five toes. The 

second toe on both the anterior and the posterior limb is longer than other toes. Limbs and 

toes elongate from stages 7 to 9 at which point, the limbs reach full length, relative to 

their length at the hatching. Toe pads appear in stage 8. 

 

Tail. (Fig 1B-F) ― The tail occupies one-third of the embryonic body at stage 3 (embryo 

head to tail tip length = 11 mm). The tail fin is not prominent. The tail undergoes 

rhythmic lateral contractions which help re-orientate the embryo to its original dorsal 

position when stimulated by either movement or strong illumination. The tail is reduced 

in stage 8 and completely reabsorbed during stage 9 of embryonic development. 

   

Endolymphatic calcium deposits (ECDs). (Fig 1B-C) ― Two symmetrical cream 

coloured neural grooves, situated posterior to the eyes appear during stage 3. During late 

stage 3 and early stage 4, the ECDs extend possibly forming a vertebral column across 

the head to vent region. There are nine vertebral segments (vertebrae) in total. As 

development progresses, the vertebral segments are covered by the dorsal muscle and 

skin of the embryo.    

 

Abdominal sacs. (Fig 1B-F) ― A large fluid filled, vascularised abdominal sac with 

prominent blood capillaries is evident from stage 3 and prominent until stage 10 at 

hatching. The abdominal sac is partitioned into two portions, each occupying the 

embryonic body and covering the thin ‘leaf-like’ egg yolk across the head-vent axis. The 
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embryo sits above the abdominal sac during the later stages of development (stages 8-9). 

The supply of blood capillaries around the abdominal sac is highest (n = 20-30) between 

stages 6 to 8 but the majority of the blood capillaries get reabsorbed within the egg yolk 

at stage 9 just before hatching. The remaining blood capillaries are visible in the 

underbelly abdomen (remaining egg yolk) of a newly hatched froglet (see Fig. 3).     

 

Heart and blood capillaries. (Fig 1C-F) ― The minute heart is visible in the upper 

thoracic region of the embryo during stage 4 and it becomes prominent during stages 5-8. 

Two prominent blood capillaries (reddish orange) originate near the heart and extend 

along the abdominal sac. Several finer blood capillaries converge near the heart across 

the abdominal sacs. As development proceeds (stages 2-9), the blood capillaries 

surrounding the abdominal sacs reduces in number (Fig. 2). 

 

Hatching. ― During the hatching at late stage 9, each froglet shows rapid ‘kicking’ 

movement of both anterior and posterior limbs to break itself out of the abdominal sac. A 

newly hatched froglet (Fig. 2) has dark brown skin colouration and it appears slimy. The 

average wet body mass of a newly hatched froglet is 0.1 g + 0.02 (n = 5).  

 

Froglet. ― Two characteristic features of newly hatched P. vitiana froglet are a pattern 

of brown warts on the dorsal head region and distinctive blackish brown stripes evenly 

marked on the dorsal areas of both the anterior and posterior limbs. Remains of the egg 

yolk (length = 3 mm) are still present at the periphery of the lower abdomen of each 

newly hatched froglet up to 5 days (Fig. 3). Embryonic development required an 
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incubation period of approximately 29 days at constant temperature of 25oC and relative 

humidity of 100%. 
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Discussion 36 

The stages of embryonic development of the endangered Fijian ground frog 37 

(Platymantis vitiana) are markedly different from the well studied direct developing 38 

species Eleutherodactylus coqui (Leptodactylidae family, see detailed comparison in 39 

Table 1.0). The complete loss of the usual larval mouthparts, egg-tooth, gill buds and 40 

gills were features different from E. coqui. Our study describes the embryonic 41 

development of P. vitiana under controlled laboratory conditions and two main 42 

embryonic structural features unique to the genus Platymantis (Ceratobrachidae). 43 

These embryonic structural features include the presence of thin tail and vascularised 44 

abdominal sacs (Table 1.0; Fig 1). Alcala (1962) reported similar structural features 45 

in Philippine direct developers of the genus Platymantis including P. guentheri, P. 46 

hazeli and P. meyeri. Interestingly, abdominal sacs were also reported in 47 

Ceratobatrachus guentheri (Ranidae family) by Thibaudeau & Altig (1999) however 48 

they were described as “wrinkles in the lateral body wall that developed as the yolk 49 

reserve was depleted”, suggesting it is unlikely to have a respiratory function. The 50 

enlarged vascularised abdominal sacs reported herein, support the earlier suggestion 51 

by Alcala (1962) that the abdominal sac serves as a respiratory surface for the genus 52 

Platymantis. Oxygen is most likely carried via the blood capillaries between the 53 

abdominal sacs, the heart and the respiratory tissues of the Platymantis embryo 54 

during development. It is already known that amphibian embryos are essentially 55 

aerobic and that they must exchange gases with their environment during 56 

development (Duellman & Trueb, 1994). Furthermore, as the development proceeds 57 

and the metabolic activity of the embryo increases, the reduction in blood capillaries 58 

surrounding the abdominal sacs (Fig 2) is likely to be associated with the ‘need’ to 59 

reduce the chance of absorbing toxic wastes through the abdominal fluid in the 60 
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abdominal sac. In embryos of E. coqui, excess fluid in the egg-jelly causes a lethal 61 

syndrome known as edema (Yun & Elinson, 2008). We hypothesize that the reduction 62 

in blood capillaries and anoxic state of the abdominal fluid could also provide a 63 

‘trigger’ for hatching in P. vitiana. Hypoxia restricts their development rate of the 64 

embryos and can ultimately kill them (Seymour et al. 1991). The vitelline membrane 65 

and jelly capsule are key structures responsible for oxygen supply through water 66 

uptake from the nesting areas. Changes in the dynamics of the vitelline space due to 67 

excessive flooding can affect the oxygen supply to the embryos. For example, in the 68 

terrestrial laying Australian frogs of the genus Pseudophryne, hatching is reported to 69 

be triggered by anoxia caused by flooding of the nests (Seymour et al. 1991). From 70 

an evolutionary perspective, it is interesting that the vascularised abdominal sacs 71 

described for the genus Platymantis presents a similar vascularised structure as the 72 

allantois in the amniotic egg, which is also known to function in gas exchange and 73 

waste removal (Stewart, 1977; Gauthier et al., 1988). Future investigations on the 74 

oxygen content of the abdominal fluid and respiration rates of the Platymantis 75 

embryos could be useful to support this hypothesis.   76 

Respiratory specializations in embryos of other direct developing anuran 77 

species, such as the enlarged vacularised tail in E. coqui (Townsend & Stewart, 1985) 78 

The embryo of the microhylid, Phrynomantis robusta (Duellman & Trueb, 1994), 79 

also have a tail that is greatly expanded and pressed against the vitelline membrane to 80 

provide a respiratory surface. Gills and other associated structures such as operculum 81 

play a key respiratory function in other direct developing species. Most of the species 82 

within the genus Eleutherodactylus (E. geuntheri, E. nasutus) have no external gills, 83 

while E. johnstonei has a residual gill arch but no gill filaments. The operculum 84 

functions in respiration in addition to the tail in E. coqui (Townsend & Stewart, 1985) 85 
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while, E. inoptatus and E. portoricensis, whose tails do not reach the same size as in 86 

the other species, have external gills (Lamotte & Lescure, 1977). The simplification 87 

of the aortic arches and the development of the much vascularised tail fill a 88 

respiratory function in E. coqui (Lamotte & Lescure, 1977). In contrast, the tail was 89 

reduced and reabsorbed as development proceeded in P. vitiana. Bell gills, derived 90 

from the brachial arches, serve a respiratory function in the Andean Marsupial frog 91 

(Gastrotheca riobambae) of the family Hemiphractidae (del Pino & Escobar, 1981).  92 

Another key observation is that embryos of P. vitiana did not develop an egg 93 

tooth, as found in E. coqui (ownsend & Stewart 1985; Hanken et al., 1997). Hatching 94 

(breaking of the jelly layers) in P. vitiana is most likely assisted by the observed rapid 95 

movements of anterior and posterior limbs of the embryo. Froglets of P. vitiana 96 

required an incubation period of approximately 29 days to hatching at a constant 97 

temperature of 25oC and 100% relative humidity. Eggs of P. vitiana had a basic 98 

structure of frog eggs as proposed by Altig & McDiarmid (2007), an egg yolk (ovum) 99 

with a vitelline membrane surrounded by jelly layers 1 and 2 of oviductally produced 100 

materials. Eggs of P. vitiana were similar in morphology to those observed in other 101 

Platymantis species reported by Alcala (1962). Furthermore, the eggs of P. vitiana 102 

recorded the largest clutch size (av. 40 eggs) and largest yolk diameter (av. 6 mm) for 103 

the genus Platymantis; compared to P. guentheri (av. 8 eggs; av. yolk diameter 3 104 

mm), P. hazelae (av. 7 eggs; av. yolk diameter 3.40 mm) and P. meyeri (av. 27 eggs; 105 

av. yolk diameter 3.30 mm) [Alcala, 1962]. For the much smaller sized P. vitiensis 106 

(adult frogs are three times smaller than P. vitiana) eggs of a similar size (8 mm) have 107 

been reported however they have smaller clutch sizes of between 18-20 eggs (Ryan, 108 

1984). It is suggested that the actual size of the egg jelly could vary between species 109 

since for many species of anuran amphibians, the egg jelly layers will swell 110 
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enormously based upon exposure to moisture (Duellman & Trueb, 1994), which 111 

would greatly change measurements of egg thickness. As with other Platymantis 112 

species, newly hatched froglets of P. vitiana did not feed for at least five days as the 113 

froglets continued to consume the remaining substantial yolk deposit (Fig. 3).  114 

In summary, the Platymantis species (Ceratobatrachidae) have highly  115 

vascularised, thin walled lateral abdominal sacs – a unique development structure, as 116 

demonstrated in the embryos of P. vitiana (and observed in three other species by 117 

Alcala 1962). Our study supports the hypothesis that the vascularised abdominal sacs 118 

are a structural specialization for respiration, and is likely to play an important role in 119 

gas and waste exchange, similar to the allantois in the amniotic egg (Stewart, 1977; 120 

Gauthier et al., 1988). Thus, this may be a unique physiological feature of the genus 121 

Platymantis as developmental descriptions for other direct developers have different 122 

adaptations for respiration (enlarged vascularised tails or gills and operculum). 123 

Overall, the developmental dynamics and evolutionary significance of the early 124 

respiratory system of direct developers, especially the genus Platymantis should be 125 

further investigated. Our study has presented a new staging table and details of the 126 

structural specializations of the little studied genus Platymantis.  127 
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Figure Captions  211 

 212 

Figure 1 213 

Digital micrographs of P. vitiana embryos. A: Stage 2, OM – outer membrane, IM- 214 

inner membrane, V - vitelline membrane, VS – vitelline space, H - head, ALB - 215 

anterior limb bud, PLB - posterior limb bud, T- tail, 1 – first jelly layer, 2 – second 216 

jelly layer, B – blood vessels; B: Stage 3, AS – abdominal sac, ECD - endolymphatic 217 

calcium deposits, E – eye; C: Stage 4, VS - vertebral segments, P – pigmentation; D: 218 

Stage 5, H – heart, IV – invagination; E: Stage 7, AL - anterior limb, AT - anterior 219 

toes, M - mouth, PL - posterior limb, PP – posterior toes, S – snout; F: Stage 8. Scale 220 

= 1 mm.  221 

 222 

Figure 2  223 

Hand drawings of P. vitiana embryos emphasizing the abdominal sac (AS). A) Stage 224 

3, egg yolk large, abdominal sac first appears with minute blood capillaries. B) Stage 225 

7, egg yolk reduces and abdominal sac enlarges with prominent blood capillaries. C) 226 

Stage 9, dorsal view prior to hatching; tail reabsorbed, egg yolk greatly reduced ‘leaf-227 

like’, vascularised abdominal sac prominent but without major blood capillaries 228 

(reabsorbed). Scale = 1 mm.  229 

 230 

Figure 3  231 

Newly hatched P. vitiana froglet (SVL = 8 mm) [Stage 10] showing remains of egg yolk (Y), 232 

skin pigmentation (P) and blood capillaries (B).  233 

 234 

 235 



 23 

Table Captions 236 

 237 

Table 1  238 

The major diagnostic features of P. vitiana embryo and comparison to direct 239 

developer E. coqui (Townsend and Stewart, 1985). Length (days) for each stage of 240 

embryonic development of P. vitiana is provided in parenthesis. 241 
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