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Reproduction in Brevicipitid Frogs (Amphibia: Anura: Brevicipitidae)—
Evidence from Probreviceps m. macrodactylus

HENDRIK MULLER, SIMON P. LOADER, WILIRK NGALASON, KiMm M. HOWELL, AND DAVID J. GOWER

An egg clutch of the Tanzanian brevicipitid frog, Probreviceps m. macrodactylus, is
described for the first time. The single clutch consists of 32 eggs and 21 infertile, jelly-
filled capsules, tightly bound together by a thin, tough outer layer. The infertile
capsules are concentrated toward the top of the clutch. The eggs were found in a dry
season, and were perhaps likely to hatch at the onset of the short rains. The specific
identification is confirmed through analysis of mitochondrial DNA sequence data. Eggs
are yolky and large, about 8 mm in diameter (including capsule), suggesting that P. m.
macrodactylus has a direct mode of development. The embryos observed were in an
early developmental stage and showed the early division of the brain and anlagen of
three pairs of visceral arches. Brevicipitid reproduction and development are poorly
known, but a review of the existing literature and parsimonious optimization of simple
characters onto a phylogenetic framework suggest that direct development is a derived

condition characterizing the whole clade.

ECENT years have seen many advances in

understanding of the systematics of African
frogs (Loader et al., 2004; van der Meijden et al.,
2005; Frost et al.,, 2006). However, for many
species, knowledge of life history is limited, and
for some even the most basic biological data are
lacking. One group for which life history data are
scant is the Brevicipitidae (=Brevicipitinae of
some authors), a small but well-defined clade
(Loader et al., 2004) that ranges from South
Africa through East Africa to the Bale Mountains
of Ethiopia. Brevicipitids were long considered to
be a subfamily of the cosmopolitan Microhylidae,
but recent morphological (Blommers-Schlosser,
1993; Wu, 1994) and molecular studies (Darst
and Cannatella, 2004; Loader et al., 2004; Frost
et al.,, 2006) have revealed that they are instead
most closely related to the sub-Saharan Hemi-
sotidae. Loader et al. (2004) and Frost et al.
(2006) have recently used DNA sequence data to
investigate phylogenetic relationships within Bre-
vicipitidae.

Although some species might be partly arbo-
real at times (de Sa et al., 2004), adult brevici-
pitids are typically cryptic and spend extended
periods of time in soil and/or leaf litter (Barbour
and Loveridge, 1928; Poynton and Broadley,
1967; Minter, 2004a). This habit probably
accounts, in part, for the paucity of life history
information. Most knowledge of brevicipitid life
history stems from observations of species of the
most speciose genus, the southern African

Breviceps. Available data show that these frogs
lay terrestrial eggs in an underground chamber
that develop directly into froglets without an
aquatic tadpole stage (de Villiers, 1929; Wager,
1965). So far, very little or nothing is known
about the breeding biology of the other brevici-
pitid genera Balebreviceps, Callulina, Probreviceps,
and Spelaeophryne. We describe here for the first
time an egg clutch and an early embryonic stage
of Probreviceps m. macrodactylus from the East
Usambara Mountains, Tanzania. We discuss the
implications of these data for understanding life
history evolution in brevicipitids and their close
relatives.

MATERIALS AND METHODS

A clutch of amphibian eggs was collected from
Kwamkoro Forest, Amani Nature Reserve, Mu-
heza District, Tanga Region, Tanzania, by staff
working for Frontier-Tanzania. The locality
(5°7'S, 38°38’E, 950 m asl) is in the East
Usambara Mountains of the Eastern Arc. The
eggs are preserved in 70% IMS, catalogued as
BMNH 2000.775 in the collections of The
Natural History Museum, London. There are
no field notes associated with the eggs, but they
were part of a mixed batch of amphibian speci-
mens collected between 13 July and 21 August
1999. The eggs were thus found in the longer of
two drier seasons in Amani, between the March—
May and November rainy seasons (Fig. 1). In
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Fig. 1. Histogram showing monthly rainfall data
for 1999 and averaged for 1967-1999 in Amani.
*Indicates the collection date for the Probreviceps m.
macrodactylus egg clutch.

order to confirm the provenance of the egg
clutch, a single embryo was removed and DNA
was extracted using a Qiagen DNeasy kit. One
partial fragment each of the mitochondrial 12S
and 16S mitochondrial genes were amplified and
sequenced using methods reported in Loader et
al. (2004). Both gene sequences were subjected
to a BLAST search via GenBank. The concate-
nated sequences were added to a previous
brevicipitid alignment (Loader et al., 2006) and
subjected to parsimony and maximum likelihood
phylogenetic analyses. Parameter settings for all
phylogenetic analyses were calculated by Mod-
eltest 3.04 (Posada and Crandall, 1998), with the
GTR I + G model selected. For maximum
likelihood analyses, the tree bisection—reconnec-
tion branch swapping (with ten random-addition
sequence replicates) heuristic search option was
used. A branch and bound search option was
used for parsimony analysis. Support for clades
was measured with bootstrap proportions of
10,000 pseudoreplicates for parsimony and
1,000 for maximum likelihood (Felsenstein,
1985). Trees were rooted using the microhylid
Hoplophryne uluguruensis as an outgroup (Loader
et al., 2004). MacClade (vers.4.08, D. R. Maddi-
son and W. P. Maddison, MacClade 4: analysis of
phylogeny and character evolution, Sinauer
Associates, Sunderland, MA, 2005) was used to
establish most parsimonious optimizations of
characters on phylogenies.

From the clutch, the diameters of ten fertile
eggs and ten empty capsules were measured. For
observation of developmental stages, outer cap-
sules were removed from four eggs using
sharpened watchmaker’s forceps, and the gelat-
inous layer gently removed by rolling the egg
onto absorbent tissue paper. Measurements were
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made using a ruler or under a microscope with
an ocular micrometer. Photographs were taken
with a digital camera (Nikon Coolpix 995)
attached to a Nikon SMZ-U stereomicroscope.

RESULTS

Identity of eggs.—For the partial 12S sequence of
the eggs (GenBank Accession DQ457065), the
BLAST search found a 100% match to an East
Usambara Probreviceps m. macrodactylus (voucher
KMH 21399, Loader et al., 2004). For the 16S
sequence (DQ457066) BLAST recovered
a 98.42% match to a different (KMH 21461)
East Usambara P. m. macrodactylus. Phylogenetic
analysis of the 717 unambiguously aligned sites
for the concatenated 12S and 16S sequences
using ML and MP recovered very similar optimal
trees (Fig. 2). Unsurprisingly, given the BLAST
results, all phylogenetic analyses recovered the
egg clutch sample as a member of a clade
otherwise including only samples of adult P. m.
macrodactylus from the East Usambara. In all
other respects, the optimal phylogenetic trees are
consistent with the Probreviceps species relation-
ships reported by Loader et al. (2004, 2006).
DNA sequence data thus strongly support the
hypothesis that this is an egg clutch of P. m.
macrodactylus.

Morphology of clutch and embryos.—The clutch
(Fig. 3) had an irregular shape and was approx-
imately 35 mm in diameter and about 17 mm
high. Some small leaf fragments and other
organic debris were attached to the surface of
the clutch. The clutch was comprised of about 32
seemingly viable eggs and a further approximate-
ly 21 egg capsules that contained only jelly but no
eggs. All eggs and infertile capsules were bonded
strongly together into a single coherent clutch
that was enveloped by a thin but tough outer
coating. All eggs had an outer capsular layer that
surrounded the gelatinous mass immediately
around the egg. The whole eggs, including their
capsules, ranged in diameter from 7 mm to
882 mm (n = 10, mean = 7.95 mm, SD =
0.63). Eggs removed from their capsules were not
perfectly spherical, but slightly compressed along
the animal-vegetal axis, and ranged in size from
420 mm X 392 mm to 5.04 mm X 4.48 mm.
Infertile capsules lacking eggs were more variable
in size, with diameters ranging from 1.96 mm to
462 mm (n = 10, mean = 3.23, SD = 0.98).
These infertile capsules were concentrated on
what we interpret to be the upper side of the
clutch, based on the orientation of the embryos
inside the eggs, with far fewer present on the
underside.
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P. m. loveridgei - KMH 21461 Uluguru
P. m. macrodactylus - KMH 16360 East Usambara

P. m. macrodactylus - BMNH 2000.775

P. m. macrodactylus - KMH 21399 East Usambara
P. m. loveridgei - KMH 22702 Udzungwa

P. m. loveridgei - KMH 22067 Udzungwa
P. m. loveridgei - KMH 21532 Uluguru

100/95[P. uluguruensis - KMH 21577 Uluguru
P. uluguruensis - KMH 21570 Uluguru

P. m. rungwensis - SCHP 287 Southern Highlands
P. m. rungwensis - KMH 18974 Udzungwa
P. m. rungwensis - KMH 19141 Udzungwa
. [~ P, durirostris - MW 4089 Ukaguru
_|-— P. durirostris - BM2005.1573 Ukaguru
Callulina kreffti - KMH 23534 East Usambara
Hoplophryne uluguruensis - KMH 22723 Udzungwa

2502.31362) of Probreviceps species from

analysis of partial mitochondrial 12S and 16S DNA sequences. Heuristic search settings (as estimated using
Modeltest 3.04 by Posada and Crandall, 1998) are: Proportion of invariant sites = 0.3825, Gamma shape
parameter = 0.6648, 4 rate categorles, Nucleotide frequencies A = 0.31790, C = 0.24320, G = 0.19780, T =
0.3825. Values above branches correspond to Parsimony Bootstrap results (10,000 replicates) and Maximum

Likelihood Bootstrap (1,000 replicates).

All eggs were pale and unpigmented and had
a light yellow color in preservative. The four eggs
removed from their envelopes were at a similar,
carly stage of development. Unfortunately, the
preservation of the eggs was not ideal, and the
embryos appeared somewhat dehydrated, which
made it more difficult to distinguish structures.
The head region was well differentiated. The
brain was divided into fore-, mid-, and hindbrain,
and the forebrain had conspicuous lateral swel-
lings corresponding to the telencephalic lobes.
Anterior to the forebrain was a small, crescent-
shaped depression. Three anlagen of visceral
arches were present on each side of the head
region, and otic vesicles were present close to the
base of the first visceral arch. About seven trunk
somites were differentiated. The area surround-
ing the embryo was slightly darker in coloration
and had a smoother appearance than the vegetal
pole of the egg. Embryos resembled stage I
embryos of Breviceps mossambicus as described by
de Villiers (1929), but seemed slightly more
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advanced as judged by visceral arch develop-
ment.

DiscussioN

Reproduction in brevicipitid frogs.—Although the
egg clutch is not associated with an adult, and
there are no microhabitat data, the egg clutch
can be confidently identified as P. m. macrodacty-
lus based on mitochondrial DNA sequence data.
The amount of yolk supplied in the egg suggests
that P. m. macrodactylus has a direct form of
development.

Eggs and early developmental stages of brevi-
cipitids are poorly known. Previous reports for
Probreviceps are brief and without voucher speci-
mens or pictures (Table 1). Barbour and Love-
ridge (1928) described an adult female P.
ulugurensis found together with 20 eggs in
a burrow. The eggs were cream white and
measured 4 mm in diameter (5.5 mm including
the capsule). Ngalason (2005) reported P.
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Fig. 3. Clutch (A) and embryo (B) of Probreviceps
m. macrodactylus. Arrowheads in (A) point to some of
the empty egg capsules. In (B), the arrowhead
points to the otic vesicle and the arrow to the
visceral arch anlagen. Scale bar in (A) equals 10 mm
and 1 mm in (B).

uluguruensis to lay their eggs in burrows made
beneath piles of leaf litter or beneath grass
tussocks in moist soil. He further reported that P.
uluguruensis provide parental care to the clutch
and may stay with the clutch until hatching.
According to his observations, P. uluguruensis has
a non-feeding and non-swimming larval stage
that develops directly inside the egg capsule.
Barbour and Loveridge (1928) also mentioned
the discovery of a female P. m. loveridgei (as
Breviceps rugosus) in a burrow with 35 eggs, 4—
5 mm in diameter (6 mm including capsules),
and they further reported that this clutch
contained a few opaquely white, and probably
infertile, round or oblong eggs of about 1 mm in
diameter. Parker (1934), likely referring to the
observations of Barbour and Loveridge (1928),
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very briefly mentioned that P. ulugurensis and P.
m. loveridgei lay their eggs in subterranean
burrows and provided mean egg sizes for both
species (5.5 mm and 6 mm, respectively, includ-
ing capsules). Poynton and Broadley (1967)
reported a female P. rhodesianus sitting on top
of a clutch of 20 eggs, approximately 5 mm in
diameter, laid inside a hollow in humus below
a three-inch layer of decaying leaves. Channing
and Howell (2006) briefly mentioned that P. m.
rungwensis deposits its eggs in a burrow.

Various information on egg deposition site,
clutch characteristics, and development is avail-
able for six of the 16 species of Breviceps
(Table 1). Terrestrial development without an
aquatic tadpole stage has been reported for B.
adspersus (Minter, 2004b), B. gibbosus (Wager,
1965), B. mossambicus (FitzSimons and van Dam,
1929), and B. sylvestris (Wager, 1965). Other
species of Breviceps for which data are available
are also known to lay a relatively small clutch of
large, yolk-rich eggs in an underground cham-
ber. Egg clutches are covered by a layer of
infertile, jelly-filled capsules, thought to provide
extra moisture (Wager, 1965). Visser (1979)
documented sizes of ovarian eggs for B. montanus
(3.8 mm) and B. vansoni (3.12 mm) and further
reported a female B. fasciatus with 15 (almost
oviductal, J. D. Visser, pers. comm.) eggs of
3.9 mm diameter.

Probreviceps and Breviceps share several repro-
ductive traits. Species of both genera produce
relatively small clutches of comparatively large,
yolkrich eggs topped with several infertile egg
capsules. The clutch is deposited in a secluded
place, usually a subterranean burrow, and de-
velopment seems to be direct in that a free-
swimming tadpole stage does not occur. No
observations of brooding behavior or life history
have been reported for the other brevicipitid
genera Balebreviceps, Callulina, and Spelaecophryne.
Parsimony optimization of a simple, direct versus
biphasic development binary character mapped
onto the phylogeny reconstructs direct develop-
ment for the common ancestor of Breviceps,
Callulina, Probreviceps, and Spelacophryne (Fig. 4).
We further predict that all species of these four
genera have direct development, including Cal
lulina and Spelaeophryne. For the latter two genera,
this is supported by reports of large (3 mm)
ovarian eggs in C. kreffti (Barbour and Loveridge,
1928; Parker, 1934), and perhaps by ‘‘large eggs”
in S. methneri (Channing and Howell, 2006). The
single species of Balebreviceps, B. hillmani, has not
been included in phylogenetic analyses to date
but it is also likely to have direct development if it
falls within the clade including the other
brevicipitids.
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TaABLE 1. SUMMARY OF PUBLISHED INFORMATION ON CLUTCH AND EGG SIZES, DEPOSITION SITE, AND DEVELOPMENTAL
TIME IN BREVICIPITIDAE.
Taxon Clutch size Egg size Developmental time Deposited in Reference
Breviceps acutirostris 24 6.5-7.8 mm (mean —_ —_ Harrison, 2004
7 mm)
Breviceps adspersus  About 2046, 4.5 mm; 7-8 mm 6 weeks Chamber Minter, 2004b
covered by including capsule 30 cm
smaller mass of below
fluid-filled jelly surface
capsules without
yolk
Breviceps fuscus 42 and 43, each 5 mm; Smm — Chamber Channing, 2001;
topped by layer  including 30-40 cm  Burger, 2004
of 25-30 empty  capsules below
egg capsules surface
Breviceps gibbosus 13 to 30 — — — Harrison and
Minter, 2004
Breviceps 20-25 6 mm; 12 mm 6-8 weeks Spherical  FitzSimons and van
mossambicus including capsule chamber Dam, 1929
Breviceps sylvestris 56 eggs covered — 8 weeks — Wager, 1965
by layer of
infertile eggs
Probreviceps m. 35, plus a few 4-5 mm; 6 mm — Burrow Barbour and
loveridgei opaquely white  including Loveridge, 1928;
eggs of 1-mm capsules Parker, 1934
diameter
Probreviceps m. 32, plus 21 4-5 mm; appr. — — This study
macrodactylus empty capsules 8 mm including
mostly on top capsule
Probreviceps 20 5 mm — Hollow in ~ Poynton and
rhodesianus humus, Broadley, 1967
below a 3-
inch layer
of dead
leaves
Probreviceps 20 4 mm; 5.5 mm — Burrow Barbour and
ulugurensis including Loveridge, 1928;
capsules Parker, 1934;

Ngalason, 2005

Females or female-male pairs found together
with eggs or froglets have been reported for
Breviceps adspersus (Wager, 1965; Minter, 2004b),
B. gibbosus (Rose, 1962; Wager, 1965), B. mossam-
bicus (FitzSimons and van Dam, 1929), B. sylvestris
(Wager, 1965), Probreviceps m. loveridge: (Barbour
and Loveridge, 1928), P. rhodesianus (Poynton
and Broadley, 1967), and P. ulugurensis (Barbour
and Loveridge, 1928; Ngalason, 2005). The male
remains with the eggs in B. fuscus (Channing,
2001). FitzSimons and van Dam (1929) reported
that female B. mossambicus remain adjacent to,
but outside, a sealed subterranean egg chamber,
while Thompson (in Wager, 1965) observed that
female B. sylvestris removed soil that had fallen
onto the clutch during the opening of the
chamber. All this suggests that some form of
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brood care occurs in brevicipitids, although the
extent and details of this remain incompletely
known.

Reproduction in the Afrobatrachia.—Based on the
most recent and comprehensive analysis of frog
phylogeny (Frost et al., 2006), the clade com-
prising Brevicipitidae and Hemisotidae (Xenosy-
neunitanura of Frost et al., 2006) is the sister
group to the Laurentobatrachia, which com-
prises the traditional Hyperoliidae, Astylosterni-
dae, and Arthroleptidae. All these groups togeth-
er form an exclusively African clade of frogs, the
Afrobatrachia (Frost et al., 2006). In this respect,
the results of Frost et al. (2006) are consistent
with previous phylogenetic hypotheses (Darst
and_Cannatella, 2004; Loader et al., 2004; van
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12 Microhylidae

o Leptopelinae

® Arthroleptinae
o Hyperoliidae
o Hemisus
= Breviceps
? Callulina kreffti
? Callulina kisiwamsitu
? Spelacophryne methneri
® Probreviceps m. macrodactylus
® Probreviceps m. loveridgei
® Probreviceps wluguruensis
? Probreviceps m. rungwensis
= Direct development ? Probreviceps durirostris

=2 Equivocal
o Biphasic development

Fig. 4. Most parsimonious optimization, as
reconstructed by MacClade, of the binary develop-
mental character direct-development vs. biphasic
with aquatic larvae on a phylogeny of Afrobatrachia.
? = development unknown. Framework phylogeny
from current paper, Loader et al. (2004, 2006), and
Frost et al. (2006). Schigtz (1999) suggested direct-
development in L. brevirostris, but this remains
unconfirmed, and we scored Leptopelinae as having
a biphasic development because all other species
have freeliving tadpoles, where known. However,
scoring Leptopelinae as equivocal does not change
the optimization shown here.

der Meijden et al., 2004). Within Afrobatrachia,
direct development occurs in some (but not all)
arthroleptids sensu Frost et al. (2006) and in
brevicipitids (Guibé and Lamotte, 1958; Lamotte
and Perret, 1963; Wager, 1965). Although lepto-
pelines generally have aquatic larvae, Schigtz
(1999) suggested that Leptopelis brevirostris might
have direct development, based on the observa-
tion of relatively large eggs (5 mm) in that
species. Where known, all other afrobatrachians
have free-living tadpoles but show a wide range of
reproductive modes (Schigtz, 1999; Rédel,
2000), ranging from eggs deposited in water
(hyperoliines), outside water on vegetation (hy-
peroliines) or in shallow depressions (leptope-
lines), to egg deposition in a subterranean
chamber with brood care and tadpole guiding
(hemisotids).

Given current phylogenetic understanding,
the taxonomic distribution of reproductive
modes within Afrobatrachia suggests that direct
development evolved independently in brevicipi-
tids and some arthroleptids (and possibly Leplo-
pelis brevirostris). Where known, females of all
species of the only hemisotid genus Hemisus
deposit and guard eggs in subterranean burrows.
After hatching, females open the chamber and, if
necessary, dig a slide to the nearest water body or
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possibly transport tadpoles on their backs (van
Dijk, 1985; Rédel et al., 1995; Kamiskz et al.,
1999). If rainfall is insufficient at the time of
hatching, tadpoles remain inside the brood
chamber and can arrest their development for
up to 66 days (Rodel et al., 1995). Clutch size in
H. marmoratus ranges from 88 to 242 eggs, each
49 to 7.3 mm in diameter, including capsules
(Rodel et al., 1995; M.-O. Roédel, pers. comm.).
Rodel et al. (1995) further reported that several
of the clutches found were surrounded by
infertile eggs and that the clutches had a “‘parch-
mentlike” thin but tough cover, and Roédel
(2000) reported that clutches of H. marmoratus
are usually covered by a layer of infertile eggs. In
these respects, hemisotid clutches resemble
those of brevicipitids.

Although data are incomplete, it seems that
Hemisus and brevicipitids share the derived
reproductive characters of large to moderately
large eggs, infertile egg capsules on the outside
of the clutch, deposition in terrestrial subterra-
nean burrows, and probably brood care. Based
on outgroup comparison, the terrestrial eggs,
parental care, and aquatic tadpoles of Hemisus
might be retention of the ancestral hemistoid +
brevicipitid condition. The hemisotid condition
also represents a plausible intermediate evolu-
tionary step between the plesiomorphic afroba-
trachian biphasic life history and the completely
terrestrial development of brevicipitids. Several
of the characters seen in Hemisus, such as jelly
filled, egg-less egg capsules to prevent desicca-
tion or physiological changes in nitrogen excre-
tion of the tadpoles while in the terrestrial nest
chamber (Grafe et al., 2005), might have served
as a preadaptation to the fully terrestrial life
history of brevicipitid frogs.

ACKNOWLEDGMENTS

We thank the staff of Frontier—Tanzania for
collecting the reported clutch. We further thank
J. Visser and M.-O. Roédel for more detailed
information on their previously published ob-
servations. HM has been supported by a Ph.D.
studentship from the The Natural History Mu-
seum’s (NHM) Department of Zoology, which is
gratefully acknowledged. SPL and D]JG were
supported by an MRF award from the NHM.

LITERATURE CITED

BARBOUR, T., AND A. LOVERIDGE. 1928. A comparative
study of the herpetological faunae of the Uluguru
and Usambara Mountains, Tanganyika Territory
with description of new species. Memoirs of the
Museum of Comparative Zoology 50:87-265.

Cust # CH-06-187R1



732

BLOMMERS-SCHLOSSER, R. M. A. 1993. Systematic
relationships of the Mantellinae Laurent, 1946
(Anura: Ranoidea). Ethology, Ecology and Evolu-
tion 5:199-218.

BURGER, M. 2004. Breviceps fuscus Hewitt, 1925, p. 176—
177. In: Atlas and Red Data Book of the Frogs of
South Africa, Lesotho and Swaziland. L. R. Minter,
M. Burger, J. A. Harrison, H. H. Braack, P. J.
Bishop, and D. Kloepfer (eds.). SI/MAB Series #9.
Smithsonian Institution, Washington, D.C.

CHANNING, A. 2001. Amphibians of Central and
Southern Africa. Cornell University Press, Ithaca,
New York.

CHANNING, A., AND K. M. HOWELL. 2006. Amphibians
of East Africa. Chimaira, Frankfurt am Maim,
Germany.

Darst, C. R, AND D. C. CANNATELLA. 2004. Novel
relationships among hyloid frogs inferred from 12S
and 16S mitochondrial DNA sequences. Molecular
Phylogenetics and Evolution 31:462—475.

DE SA, R. O., S. P. LOADER, AND A. CHANNING. 2004. A
new species of Callulina (Anura: Microhylidae)
from the West Usambara Mountains, Tanzania.
Copeia 2004:219-224.

DE VILLIERS, C. G. S. 1929. Some features of the early
development of Breviceps. Annals of the Transvaal
Museum 13:142-151.

FELSENSTEIN, . 1985. Confidence limits on phyloge-
nies: an approach using the bootstrap. Evolution
39:783-791.

FrrzsiMoNs, V., AND G. VAN DaM. 1929. Some observa-
tions on the breeding habits of Breviceps. Annals of
the Transvaal Museum 13:152-153.

Frost, D. R., T. GRANT, J. FarvovicH, R. H. BAIN, A.
Haas, C. F. B. HAppAD, R. O. DE SA, A. CHANNING,
M. WILKINSON, S. C. DONNELLAN, C. J. RAXWORTHY,
J- A. CampBeLL, B. L. Brotro, P. MOLER, R. C.
DREWES, R. A. NUssBauM, J. D. LYNCH, D. M. GREEN,
AND W. C. WHEELER. 2006. The amphibian tree of
life. Bulletin of the American Museum of Natural
History 297:1-370.

GRrAFE, T. U., S. K. KAMINSKY, AND K. E. LINSENMAIR.
2005. Terrestrial larval development and nitrogen
excretion in the afro-tropical pig-nosed frog,
Hemisus marmoratus. Journal of Tropical Ecology
21:219-222.

GUIBE, J., AND M. LAMOTTE. 1958. Morphologie et
reproduction par développement direct d’un
Anoure du Mont Nimba, Arthroleptis crusculum
Ang. Bulletin du Muséum National d’Histoire
Naturelle Paris 30:125-133.

HARRISON, J. A. 2004. Breviceps acutirostris Poynton,
1963, p. 170-171. In: Adas and Red Data Book of
the Frogs of South Africa, Lesotho and Swaziland.
L. R. Minter, M. Burger, J. A. Harrison, H. H.
Braack, P. J. Bishop, and D. Kloepfer (eds.). SI/
MAB Series #9. Smithsonian Institution, Washing-
ton, D.C.

HARrisON, J. A., AND L. R. MINTER. 2004. Breviceps
gibbosus (Linneaeus, 1758), p. 177-180. In: Atlas
and Red Data Book of the Frogs of South Africa,
Lesotho and Swaziland. L. R. Minter, M. Burger,
J- A. Harrison, H. H. Braack, P. J. Bishop, and D.

Copeia cope-07-03-20.3d 17/7/07 13:52:43 732

COPEIA, 2007, NO. 3

Kloepfer (eds.). SI/MAB Series #9. Smithsonian
Institution, Washington, D.C.

Kamisky, S. K., K. E. LINSENMAIR, AND T. U. GRAFE.
1999. Reproductive timing, nest construction and
tadpole guidance in the African pig-nosed frog,
Hemisus marmoratus. Journal of Herpetology
33:119-123.

LAMOTTE, M., AND J.-L.. PERRET. 1963. Contribution a
I’étude de Batraciens des 1’Ouest africain. XV. Les
développement direct de I’espece Arthroleptis poeci-
lonotus Peters. Bulletin d’Institut Francaise d’Afri-
que Noire 25:277-284.

LOADER, S. P., A. CHANNING, M. MENEGON, AND T. R. B.
DAVENPORT. 2006. A new species of Probreviceps
(Amphibia: Anura) from the Eastern Arc Moun-
tains, Tanzania. Zootaxa 1237:45-60.

LOADER, S. P., D. J. GOwrRr, B. T. CLARKE, K. M.
HOWELL, N. DOGGART, M.-O. RODEL, R. O. DE SA,
B. L. COHEN, AND M. WILKINSON. 2004. Phylogenet-
ic relationships of African microhylid frogs in-
ferred from DNA sequences of mitochondrial 12S
and 16S rRNA genes. Organisms, Diversity and
Evolution 4:227-235.

MINTER, L. R. 2004a. Genus Breviceps Merrem, 1820
(Family Microhylidae), p. 168-170. In: Atlas and
Red Data Book of the Frogs of South Affica,
Lesotho and Swaziland. L. R. Minter, M. Burger,
J- A. Harrison, H. H. Braack, P. J. Bishop, and D.
Kloepfer (eds.). SI/MAB Series #9. Smithsonian
Institution, Washington, D.C.

MINTER, L. R. 2004b. Breviceps adspersus Peters, 1882,
p. 172-173. In: Atlas and Red Data Book of the
Frogs of South Africa, Lesotho and Swaziland. L. R.
Minter, M. Burger, J. A. Harrison, H. H. Braack,
P. J. Bishop, and D. Kloepfer (eds.). SI/MAB Series
#9. Smithsonian Institution, Washington, D.C.

NcaLAsoN, W. 2005. Reproductive biology and
ecology of anurans on the Lukwangule Plateau,
Tanzania. Unpubl. M.Sc. thesis. University of Dar
es Salaam, Tanzania.

PARKER, H. W. 1934. A monograph of the frogs of the
family Microhylidae. British Museum of Natural
History, London.

Posapa, D., AND K. CRANDALL. 1998. Modeltest: testing
the model of DNA substitution. Bioinformatics
14:817-818.

PowTON, J. C., AND D. G. BROADLEY. 1967. A new
species of Probreviceps (Amphibia) from Rhodesia.
Arnoldia (Rhodesia) 3:1-3.

RODEL, M.-O. 2000. Herpetofauna of West Africa. Vol.
1. The Amphibians of the West African Savanna.
Chimaira, Frankfurt am Maim, Germany.

RODEL, M.-O., M. SpPIELER, K. GrRABOW, AND C.
BOCKHELER. 1995. Hemisus marmoratus (Peters,
1854) (Anura: Hemisotidae), Fortpflanzungsstrate-
gien eines Savannenfrosches. Bonner Zoologische
Beitrage 45:191-207.

Rose, W. 1962. The Reptiles and Amphibians of
South Africa. Maskew Miller, Cape Town, South
Africa.

ScHipTz, A. 1999. Treefrogs of Africa. Chimaira,
Frankfurt am Maim, Germany.

VAN DER MEIDEN, A., M. VENCES, S. HOEGG, AND A.
MEYER. 2005. A previously unrecognized radiation

Cust # CH-06-187R1



Copeia cope-07-03-20.3d

MULLER ET AL.—REPRODUCTION IN BREVICIPITID FROGS

of ranid frogs in Southern Africa revealed by
nuclear and mitochondrial DNA sequences.
Molecular Phylogenetics and Evolution 37:674—
685.

VAN DER MEIJDEN, A., M. VENCES, AND A. MEYER. 2004.
Novel phylogenetic relationships of the enigmat-
ic brevicipitine and scaphiophrynine toads as
revealed by sequences from the nuclear Rag-1
gene. Proceedings of the Royal Society B 271:
S378-S381.

VAN Dyx, D. E. 1985. Hemisus marmoratus tadpoles
reported to carry tadpoles. South African Journal
of Science 81:209-210.

VISSER, J. 1979. Calling and spawning dates of south-
western Cape frogs. Journal of the Herpetological
Association of Africa 21:21-28.

WAGER, V. A. 1965. The Frogs of South Africa. Purnell
and Sons, Cape Town, South Africa.

17/7/07 13:52:44 733

733

Wu, S.-H. 1994. Phylogenetic relationships, higher
classification and historical biogeography of the
microhyloid frogs (Lissamphibia: Anura: Brevicipi-
tidae and Microhylidae). Unpubl. Ph.D. diss.,
University of Michigan, Ann Arbor, Michigan.

(HM, SPL, DJG) DEPARTMENT OF ZOOLOGY, THE
NATURAL HISTORY MUSEUM, LONDON SW7 5BD,
UNITED KiINGDOM; (HM) INSTITUTE OF BIOLOGY,
LEIDEN UNIVERSITY, KAISERSTRAAT 63, 2311 GP,
LEIDEN, THE NETHERLANDS; AND (WN, KMH)
DEPARTMENT OF ZOOLOGY, UNIVERSITY OF DAR ES
SaraAaM, P.O. Box 35064, DAR ES SALAAM,
TANZANIA . E-mail: (HM) henm@nhm.ac.uk.
Send reprint requests to HM. Submitted: 8
Aug. 2006. Accepted: 18 Jan. 2007. Section
editor: M. J. Lannoo.

Cust # CH-06-187R1



