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Colour in life of captive-bred specimens: The following de-
scription is based on one live tadpole (picture taken on 03
June 2012, age: 11 days) (Fig. 1C): whole body slightly trans-
parent, predominant colour of dorsal portion is tan, cre-
ated by many small dark brown pigments that are dense-
ly overlain with irregular iridescent pigments. Iridescent
pigmentation decreasing from dorsal towards ventral side
of the body. Dark brown pigmentation reduced on ven-
tral side with only very few iridescent pigments; skin more
clearly transparent than on the rest of the body and intes-
tines visible. Vent tube apparently free of pigmentation.
Dense iridescent pigmentation of the eyes. Dorsal fins and
tail muscle densely dotted with dark brown, interrupted
by several unpigmented patches, especially on the fins. Iri-
descent pigmentation concentrated in a few larger patches

scattered between the dark brown areas. Last third of ven-
tral fins covered with a few dark brown pigment dots, while
the rest of the ventral fins is transparent with neither pig-
mentation nor blood vessels visible.

Variation (9 tadpoles; measurements in mm): All speci-
mens of the same colouration; in some, the pigmentation
on the ventral side of the body is more dense than in others,
as is the iridescent pigmentation in the eyes; BL 4.5 + 0.4;
TAL 11.4 + 0.4; TL 16.0 + 0.7, BW 2.6 + 0.3; ED 0.5 + 0.1;
I0OD 1.4 + 0.2; IND 0.9 £ 0.2; TMW 1.1 + 0.2; BH 1.9 + 0.3;
TMH 1.4 + 0.1; MTH 2.1 + 0.2; ODW 0.8 + 0.1; MP and
SMP length 0.1 + 0.0; LTRF: 0/2, 1/1, 1/2, 1/3, 2(2)/3; density
of keratodonts: o to 42 per mm; position, general morpho-
logical traits, and oral disk only vary in size.

Figure 4. Preserved captive-bred tadpole of Mantidactylus betsileanus at stage 25. Tadpole preserved on 27 October 2012; A: close-up
dorsal view; B: close-up lateral view; C: close-up ventral view; D: overall dorsal view, with the following measurements in mm: BL 4.9;
TAL 12.2; TL 17.1; BW 3.0; IOD 1.5; IND 0.9; TMW 1.3; E + F: close-up ventral view on the oral apparatus (E: dyed with methylene
blue; F: natural colour), with the following measurements in mm: ODW 0.9; MP & SM length 0.2.
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Larval description based on wild-caught specimens

The following description refers to one tadpole at de-
velopmental stage 36 (field number ZCMV 4664 - ZSM
1416/2007; BL 10.6 mm, TL 35.8 mm) from Ambatovaky in
the Ranomafana National Park. The 16S rDNA sequence of
this specimen (GU975167) was 100% identical to reference
sequences of adult specimens of Mantidactylus betsileanus
from the Ranomafana area (see STRAUR et al. 2010).

In dorsal view, body elliptical, maximum body width at
between 2/5 and 3/5 of body length (SBW 55% of BL), snout
narrow and rounded (Fig. 5A). In lateral view, body de-
pressed (BW 156% of BH), maximum body height at be-
tween 3/5 and 4/5 of body length (SBH 76% of BL), snout
narrow and rounded (Fig. 5C). Eyes moderately large (ED
12% of BL), not visible in ventral view, positioned high dor-
sally (EH 76% of BH) and directed dorsolaterally, situated
between 3/10 and 4/10 of the body length (SE 33% of BL),
distance between eyes moderately wide (I0D 59% of BW)
(Figs 5A-C). Nares moderately large and rounded (ND 2%
of BL), with a marginal rim, positioned high dorsally (NH

70% of BH) and oriented anterolaterally, situated closer to
snout than to eyes (RN 88% of NP) and lower than eyes
(NH 92% of EH), distance between nares moderately wide
(IND 59% of IOD), dark spot posterior to the nares absent,
ornamentation absent (Figs sA+C). Spiracle short, sinistral
(SL 14% of BL), directed posterodorsally, visible in dorsal
and ventral views, and obvious in lateral view; inner wall
detached from body and formed so that its aperture opens
laterally instead of posteriorly, opening rounded, situated
between 3/5 and 4/5 of the tail length (SS 65% of BL), lo-
cated high on the body (SH 61% of BH) at the height of the
point where the axis of the tail myotomes contacts the body
(SH 97% of HAB) (Figs 5A-C). Vent tube moderately long,
dextral, inner wall absent (VL 13% of BL), attached to ven-
tral fin. No glands. Tail moderately long (TAL 239% of BL),
maximum tail height higher than body height (MTH 120%
of BH), tail height at mid-tail higher than body height and
nearly as high as maximum tail height (THM 116% of BH
and THM 97% of MTH), tail height at the beginning of the
tail higher than body height (TH 105% of BH) (Figs sD+E).
Caudal musculature moderately developed (TMW 49% of

C

Figure 5. Close-ups and an overall lateral view of a preserved wild-caught tadpole of Mantidactylus betsileanus at stage 36 (Field
number ZCMV 4664 — ZSM 1416/2007). A: close-up dorsal view; B: close-up ventral view; C: close-up lateral view; D: overall dorsal
view; E: overall lateral view; F: close-up ventral view of the oral apparatus, stained with methylene blue.

195



SARAH SCHELD et al.

Table 1. Description of developmental stages 1 to 17 of captive-bred Mantidactylus betsileanus. Stage = stages according to GOSNER
(1960); n = number of individuals in the corresponding GosNER (1960) stage; Age [d] = age in days; Diameter embryo [mm] = dia-
meter of embryo (M + SD) in mm; Notes = observed characteristics per stage, diagnostic traits for each stage according to GOSNER
(1960) are italicised; - = no data available; * = characteristic trait according to GOSNER (1960), not observed in any individuals.

Descriptions are based on specimens from different clutches.

Stage n Age Diameter of Notes

[d] embryo [mm]

-8 - - -

Fertilisation* (stage 1); grey crescent* (stage 2); 2-cell* (stage 3); 4-cell* (stage 4); 8-cell*

(stage 5); 16-cell* (stage 6); 32 cell* (stage 7); mid-cleavage* (stage 8); no individuals found at

these stages

2.0<0.0

Late cleavage; animal pole grey-brownish, vegetal pole light cream coloured; surface rough,

with multiple defined cells visible; egg diameter including gelatinous mass: 6.5 + 2.2 mm

10 2 1 2.1<0.0

mass: 6.5 + 2.2 mm

11 2 0 2.1<0.0

Dorsal lip; surface rough, with multiple defined cells visible; egg diameter including gelatinous

Yolk plug; surface smoothening, only a few defined cells distinguishable; animal pole extending

to vegetal pole; egg diameter including gelatinous mass: 5.0 + 0.9 mm

14 4 1 2.1<0.0

Late gastrula*; no individuals found at this stage
Neural plate*; no individuals found at this stage

Neural fold; neural folds distinguishable from yolk sack, forming a rounded tip where the head

will develop; embryo uniformly grey-brownish; egg diameter including gelatinous mass:

44 + 0.6 mm
15-17

Rotation*; elongation* (stage 15); neural tube*; gill plates* (stage 16); tail bud*; adhesive gland*

(stage 17); no individuals found at these stages

BW, TMH 74% of BH, TMH 70% of TH and 62% of MTH,
TMHM 47% of THM and 45% of MTH). Tail muscle reach-
es tail tip. Very low fins (DF 62% of TMHM, VF 55% of
TMHM), dorsal fin higher than ventral fin (DF 113% of VF)
at mid-tail (Fig. sE). Dorsal fin begins at the dorsal body-
tail junction, increases regularly to maximum tail height,
and then continues at a constant height to mid-tail where
it starts to decline towards the tail tip (Fig. 5E). Ventral fin
begins at the ventral terminus of the body, extends slowly
to the 3/4 of the tail length, and then gradually decreases in
height towards the tail tip (Fig. 5E). Maximum tail height at
between 1/5 and 2/5 of tail length (DMTH 35% of TAL), lat-
eral tail vein subtle and myosepta recognizable in the ante-
rior half of the tail musculature, at the point where the axis
of the tail myotomes contacts the body in the upper half of
the body (HAB 63% of BH), axis of the tail myotomes par-
allel to the long axis of the body. Tail tip narrow, rounded
(Fig. 5E). Moderately wide, generalised oral disk (ODW
44% of BW), positioned ventrally and directed antero-
ventrally, emarginated, maximum width across the upper
labia (Figs 5C+F). Oral disk visible in dorsal view; the up-
per labium is a continuation of the snout (Fig. 5A). Single
row of marginal papillae interrupted by a very wide gap in
the upper labium (DG 66% of ODW), gap absent in the
lower labium, total number of marginal papillae 72
(Fig. 5F). Twenty-three submarginal papillae, positioned
ventrally and laterally on the lower, and laterally on the
upper labium (Fig. 5F). Papillae short, large, conical, with
rounded tipa; the longest marginal and submarginal pa-
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pillae both measure 0.14 mm (Fig. s5F). LTRF 5(2-5)/2(1)
(formula after ALTIG & MCDIARMID 1999). A single row
of keratodonts per ridge (Fig. sF). A row very long (81% of
ODW). Density of keratodonts varies from 45 to 68/mm,
density on A 65/mm (total 149). Gap in the first anteri-
or interrupted row very narrow (Azgap 10% of A ) (Fig. sF).
Row alignment regular. Keratodonts short (0.09 mm) but
discernible, with distal keratodonts being shorter than
those in the middle; distinct space between marginal pa-
pillae and keratodont rows (Fig. 5F). Partially keratinised
jaw sheath; only the half section close to the edge is black
in colour and the remainder whitish; finely pointed serra-
tions; narrow jaw sheath (JW 28% of ODW) with a very
short, narrow, rounded (MCL 4% of JW), medial convexity
on the upper sheath (Fig. sF). Lower jaw sheath V-shaped,
partially keratinised and partially hidden by the upper jaw
sheath (Fig. 5F).

Discussion

Overall, the larval development of M. betsileanus corre-
sponded at stages 9, 10, 11 and 14 observed in this study
with the characteristic developmental traits proposed by
GOSNER (1960) based on Incilius valliceps.

Muscular response, observed during specimen collec-
tion, was only detected as early as at stage 20 instead of
stage 18 (GOSNER 1960). Heartbeats were not observed in
any embryos because we did not examine live specimens. A
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Table 2. Description of developmental stages 18 to 46 of captive-bred Mantidactylus betsileanus. Stage = stages according to GOSNER
(1960); n = number of individuals at the corresponding stage; Age [d] = age in days; TL [mm] = total length (M + SD) in mm; Notes
= observed characteristics per stage, diagnostic characteristics according to GOsNER (1960) are italicised. Descriptions are based on
specimens from different clutches.

Stage n Age [d] TL [mm] Notes

18 1 2 3.9+ 0.0 Muscular response*; olfactory pits visible*; somites (13 + 1) visible; colour of yolk sack lighter; egg
diameter including gelatinous mass: 5.4 £ 0 mm

19 2 2 4.1 £ 0.0 Heart beat*; gill buds*; somites very distinctive (12); colour of yolk sack becoming increasingly
whiter; egg diameter including gelatinous mass: 4.6 + 0 mm

20 11 2-6 5409 Gill circulation*; tail elongation; embryo growing around the yolk sack; number of visible somites
increasing (12-18); two elevated ridges along dorsal side of head; dark pigmentation appearing
(n = 2); first movements; egg diameter including gelatinous mass: 5.9 + 1.4 mm; diameter of yolk
sack: 1.9 £ 0.3 mm

21 7 3-13 6.6+ 1.8 Cornea transparent; mouth opens; increase in pigmentation (n = 5); tail fins distinguishable (n = 2);
embryos still coiled around yolk sack (n = 10); egg diameter including gelatinous mass:
4.8 + 0.4 mm; diameter of yolk sack: 1.9 £ 0.1 mm

22 16 5-11 83+ 1.6 Tail fins transparent, fin circulation (n = 12); no longer coiled around yolk sack (n = 15); gelatinous
layer melted into mass with gummy surface, in which embryos move freely; iris and pupils distin-
guishable, iris darkening; early signs of iridescent pigmentation (n = 4); tissue of embryo overgrow-
ing cranial side of the yolk sack, yolk sack oval; width of yolk sack: 1.9 + 0.4 mm

23 14 6-12 10.3 2.7 Operculum covers gill bases*; labia and teeth differentiate; jaw sheaths distinguishable (n = 3),
development of lower tooth rows and papillae (n = 2); fin circulation completed, tails increasing
in height; pigmentation resembling typical larval pigmentation of M. betsileanus; blood vessels on
head and yolk sack visible; embryos hatch into water (n = 5); width of yolk sack: 1.6 + 0.4 mm

24 10 - - External gills atrophy*; operculum closes on the right*; no individuals found at this stage

25 27 13-45 15.5+ 2.2 Mouthparts obvious; spiracle forms on left; all embryos in the water; yolk sack completely atrophied;
intestines visible; appearance of coloured iris pigmentation

26 2 2-54 22.0 3.5 Hind limb buds discernible (L < % D); dorsal elevations gone

27 4 24-44 20.9 £ 1.0 Hind limb buds increasing in size (L > % D)

28 3 24-44 235+ 1.5 Hind limb buds increasing in size (L > D)

29 13 31-36 25.0 £ 1.4 Hind limb buds increasing in size (L > 1% D)

30 7 34-46 26.4 + 1.7 Hind limb buds increasing in size (L > 2 D); appearance of dark pigmentation on hind limbs (n = 1)
31 11 34-54 29.6 £ 1.8 Foot paddle develops; appearance of pigmentation on foot paddle; blood vessels visible on foot paddle
32 3 40-52 29.7 £ 0.8 Indentation between toes 4 and 5; visible blood vessels on hind limbs increasing in number

33 4 43-57 31.3 = 1.5 Indentation between toes 3 and 4; beginning and expansion of pigmentation, dark and light brown,
on hind limbs

34 7 46-60 30.8 3.6 Indentation between toes 2 and 3; development of iridescent pigments on hind limbs

35 14 46-66 34.1 +2.8 Indentation between toes 1 and 2; blood vessels in toes also visible; knee joint discernible

36 12 55-89 34.4 + 2.8 Toes 3-5 separated; pigmentation expanding onto toes

37 17 52-88 37.1 £ 1.8 All toes separated; femur elongating; individual lengths of toes increasing; hind limbs thinning and
elongating

38 4 64-70 38.5+ 1.7 Metatarsal tubercle; hind limbs bent; light brown pigmentation on hind limbs increasing; striped
pattern distinguishable

39 19 61-88 39.1 + 1.7 Subarticular patches

40 16 64-87 39.1 £ 1.9 Foot tubercle; vent tube present; striped pattern on whole hind limb; iris fully pigmented

41 19 68-89 38.7 £ 1.3 Mouthparts atrophy*; forelimbs visible; vent tube gone (n = 18); mouthparts still prominent

42 12 71-95 38.6 + 3.0 Mouth corners anterior to the nostrils*; forelimbs emerge; right forelimb emerging first (n = 12);
typical stress posture, feign death when touched; marginal papillae decreasing in number

43 3 85-93 34.3 +£2.5 Mouth corners beneath nostril and eye; tail atrophies; mouthparts completely resorbed; pigmenta-
tion changing slightly towards red/orange in colour, skin seems thicker; typical posture of adults;
exploring terrestrial parts

44 2 78-80 28.0 7.8 Mouth corners beneath eye; tail greatly reduced

45 4 91-93 - Mouth corners posterior to eye; tail stub; physical appearance resembles adults; terrestrial lifestyle;
preying on Drosophila flies
46 5 89 - Tail resorbed; metamorphosis complete
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major deviation from the classical GOSNER (1960) classifica-
tion was observed during stages 18 to 25. Embryos at those
stages showed no development of external gills, a phenom-
enon previously described and known from other mantel-
lid tadpoles, too (BLOMMERS-SCHLOSSER 1975, 1979a).

While the early tadpole stages of frogs of most of the
major clades (families) have external gills, a strong reduc-
tion or absence of external gills is found in at least one
very basal taxon, Ascaphus truei (Ascaphidae), as well as
in some derived neobatrachians, such as the direct-devel-
oping Oreobates barituensis (Strabomantidae) (GOLDBERG
et al. 2012, NOBLE & PUTNAM 1931). WARKENTIN (2000)
experimentally observed the regression of external gills
during the development of Agalychnis callidryas and sug-
gested that the ontogenetic reduction of external gills in
this species may be due to an increased exposure to oxy-
gen (WARKENTIN 2000). However, in contrast to the nat-
ural oviposition sites of, e.g., Ascaphus truei, namely cold
fast-flowing water, those of M. betsileanus are not charac-
terised by particularly high oxygen concentrations, sug-
gesting that, in this species, the absence (or extreme reduc-
tion) of external gills might be a phylogenetic constraint
rather than an adaptation. The apparent absence of exter-
nal gills in embryos of M. betsileanus and other mantel-
lids points to a general lack of studies on the physiological
relevance of these structures in early anuran stages. BLom-
MERS-SCHLOSSER (1975, 1979a) recorded a lack of external
gills in larvae of Boophis madagascariensis and B. micro-
tympanum. ARNOULT (1966) also reported a development
without external gills in the larvae of Mantella aurantiaca.
Hence, external gills might be absent or extremely reduced
in all mantellids, and given the presence of external gills in
larval salamanders, caecilians, lungfish and basal actino-
pterygians (CLEMENS 1894), their reduction must be con-
sidered a derived state.

In the development of M. betsileanus, correlation with
GOSNER stages 18, 19, 20 and 23 was only possible due to
somitogenesis (stages 18 and 19), differentiation and elon-
gation of the tail (stage 20), and differentiation of labia
(stage 23), while the other traits would have pertained to
the gills and muscular responses (Tab. 2). Due to the ab-
sence of external gills, stage 24 could not be assigned to
any embryo. On the other hand, stages 21, 22 and 25 agreed
well with stages 21, 22 and 25 of I valliceps. Pigmentation
began to show at stage 20 and therefore earlier than re-
corded by GOSNER (1960) (stages 23-25) and pigment pat-
terns of advanced tadpoles had formed by reaching stage
23 (compared to stage 32). Differentiation of the oral disk
during stages 23 to 25 corresponded with the develop-
ment in I valliceps, and tooth rows also developed grad-
ually (GOSNER 1960). In M. betsileanus, the tooth ridges
of the lower labium became discernible only at stage 23,
and tooth rows only during stage 25, whereas in I valli-
ceps, tooth rows starting differentiating at stage 23 (GOSN-
ER 1960). Nevertheless, the tooth rows differentiated grad-
ually in both species. Hatching in M. betsileanus occurred
during stages 23—25, i.e., later compared to most other spe-
cies, which hatch between stages 17—20 (GOSNER 1960).
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On reaching stage 25, the yolk sack had also disappeared
in all larvae, marking the transition from embryo to feed-
ing tadpole, just as in I valliceps (GOSNER 1960). Identifi-
cation of the earliest appearance of hind limb buds was dif-
ficult, due to their being of small size and undifferentiated
colour at stages 26—27. Nevertheless, as far as was discern-
ible, hind limb development corresponded well with the
proposed stages by GOSNER (1960). Total length increased
gradually until tadpoles reached stage 41, and from this
stage onwards, TL decreased as tadpoles began their meta-
morphosis and the tail was being reduced. Metamorphosis
was similar to I. valliceps only to some extent. Forelimbs
only became visible at stage 41, so that their early develop-
ment could not be properly monitored, and they emerged
at stage 42. Unlike tadpoles of I. valliceps, the mouthparts
of M. betsileanus were still prominent up to stage 42 and
only resorbed during stage 43.

The larval development of M. betsileanus took much
longer than in I wvalliceps. Tadpoles of I valliceps had
passed metamorphosis after about 277 days (GOSNER
1960), whereas M. betsileanus tadpoles took more than
three times as long and passed metamorphosis only after
about 89 days. Furthermore, the embryonic and larval de-
velopmental periods, as well as the time required for meta-
morphosis, differed from GosSNER (1960).

Duration of embryonic development from stages 1 to 19
was similar in the two species, with an average duration of
two days in M. betsileanus and 1.7 days in L. valliceps (Gos-
NER 1960). However, compared to the entire developmental
period, the embryonic development in M. betsileanus was
more rapid, taking only 2% of the time as opposed to 6% in
I valliceps (GOSNER 1960). Likewise, tadpoles of M. betsi-
leanus metamorphosed faster, spending only 7% of their
whole developmental time on metamorphosis as compared
to 25% of the time needed by I valliceps (GOSNER 1960).
While larvae of M. betsileanus spent on average about 20%
of their whole developmental time at stages 20—25 and
about 70% at stages 26—40, the larvae of I. valliceps spent
only 12% of development time at stages 20—25 and 58% at
stages 26—40 (GOSNER 1960). This longer developmen-
tal period almost certainly correlates with the fact that
M. betsileanus larvae develop in quite stable streams rather
than in shallow lentic waters as I. valliceps does. Thus, there
is no pressure on tadpoles to complete metamorphosis be-
fore ponds or streams dry out, which has been reported to
decrease larval developmental times up to metamorpho-
sis for other anuran tadpoles (DENVER et al. 1998, LOMAN
1999, NEWMAN 1989). Low food and spatial resources have
also been reported to decrease this period (GRoMKo et al.
1973, REQUES & TEJEDO 1995). However, this does not seem
to be of relevance for the M. betsileanus tadpoles in our
study, as they were kept at low densities and had unlimited
access to food in the Makrolon-box. A distinct variation in
development period was detected among the individuals of
this study. Tadpoles from the first clutch discovered at Co-
logne Zoo in particular showed a prolonged development
in comparison to the tadpoles of the two following clutch-
es, which both originated from the same terrarium.
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Captive-raised larvae of M. betsileanus at stage 25, de-
spite similar body sizes, showed variation of the kerato-
dont row formula, as was already reported by KNoLL et al.
(2007) for wild-caught specimens. KNOLL et al. (2007) ob-
served a keratodont row formula of 1:3+3/1+1:2 for tadpoles
at stage 25, whereas we documented fewer keratodont rows
for this stage, ranging from o/2, 1/1, 1/3 to 1:1+1/3. As ascer-
tained by VENCEs et al. (2012) for another mantellid tad-
pole (Boophis luteus) and also known from other species
of frogs (e.g., “Bufo” americanus, TuBBS et al. 1993), kerato-
dont numbers per row and number of anterior keratodont
rows are more strongly correlated with body size than with
developmental stage, i.e., new keratodonts and keratodont
rows are added as the tadpole grows, independently of its
developmental stage. Additional variation of similarly-
sized specimens as observed herein might be also due to
environmental effects (e.g., nutrition, temperature) which
might affect the duration of the larval development and
thus delay the development of larval traits such as differen-
tiation of tooth rows and keratodonts (DENVER et al. 1998,
GROMEKO et al. 1973, LOMAN 1999, NEWMAN 1989, VENCES
etal. 2002).
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