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Stumpffia diutissima ZCMV 15077 Marojejy
Stumpffia diutissima ZCMV 2082 KC351471 Marojejy
99| Stumpffia diutissima ZCMV 2067 KC351470 Marojejy
Stumpffia diutissima FGZC 2751 EU341075 Marojejy
93 Stumpffia diutissima FGZC 2742 KC351469 Marojejy
Stumpffia diutissima FGZC 2730 KC351468 Marojejy
Stumpffia pardus FGZC 4239 KC351437 Ambodivoangy
_— Stumpffia edmondsi FGZC 2677 EU341076 Vohidrazana
L Stumpffia tetradactyla ZCMV 3396 KC351405 Nosy Boraha
Stumpffia garraffoi DRV 5621 KC351461 Mahasoa forest
tumpffia spandei ZCMV 8802 KC351472 Mahasoa forest

85 Si
{_,: Stumpffia jeannoeli ACP 2251 Betampona

Stumpffia nigrorubra FGMV 2002163 KC351411 Ranomafana
L Stumpffia makira ZCMV 11257 KC351460 Makira Fotsialanana source
61 r— Stumpffia dolchi ZCMV 885 KC351484 Nosy Mangabe
92r Stumpffia sp. Ca11 ZCMV15214 %
68 — Stumpffia sp. Ca11 MRSN A2583 AY594082 Ambolokopatrika
Stumpffia kibomena AND 020 KM881485 Andasibe
Stumpffia grandis FGZC 2820 EU341078 Marojejy
99'— Stumpffia grandis FGZC 2828 Marojejy X
91 ,— Stumpffia fusca FGZC 4253 KC351369 Ambodivoangy
| Stumpffia analanjorofo ZCMV 2178 KC351365 Nosy Mangabe
69 Stumpffia achillei FGZC 2729 EU341079 Marojejy Camp Mantella
99 Stumpffia achillei ZCMV 2095 KC351401 Marojejy below Camp Mantella
99 Stumpffia achillei ZCMV 15143 Marojejy
Stumpffia achillei FGZC 2750 Marojejy Camp Mantella
54| Stumpffia achillei FGZC 2765 KC351400 Marojejy Camp Mantella
Stumpffia achillei ZCMV 861 KC351402 Marojejy Camp Mantella
Stumpffia achillei ZCMV 866 KC351403 Marojejy Camp Marojejia
Stumpffia betampona ACP 1870 Betampona
Stumpffia miery ZCMV 5868 KC351448 Ambohitsara
Stumpffia miovaova FGZC 3675 Sorata
Stumpffia obscoena FGZC 2666 EU341073 Andasibe
— Stumpffia davidattenboroughi ACP 2004 Betampona
Stumpffia meikeae DRV 6169 KC351388 Tsaratanana
99— Stumpffia hara FGZC 1293 GU989210 Nosy Hara
R — Stumpffia megsoni FGZC 1951 GU989213 Ampombofofo
Stumpffia be FGZC 1643 GU989228 Ankarana
Stumpffia staffordi FGZC 1601 Montagne des Francais
Stumpffia analamaina ZCMV 11432 KC351446 27 km NE Antsohihy
ss'— Stumpffia yanniki DRV 6412 KC351453 southwest of Bealanana
Stumpffia madagascariensis FGZC 390 GU989234 Mt Ambre
Stumpffia pygmaea MV 2001F21 EU341065 Nosy Be
Stumpffia psologlossa FGMV 2001G42 KC351418 Nosy Be
Stumpffia larinki FGZC 1620 GU989206 Ankarana
agl,— Stumpffia angeluci FGZC 436 GU989216 Montagne dAmbre
56 L Stumpffia maledicta ACZC 1644 KC351452 Montagne dAmbre
9L Stumpffia huwei ZCMV 13620 Montagne dAmbre
Stumpffia mamitika FGZC 2725 EU341074 Andrakata-Andapa
Stumpffia gimmeli FGMV 2001.G6 KC351412 Benavony
— Stumpffia iharana AMNH A167359 DQ283411 Vohemar - Bezavona
Stumpffia sorata FGZC 3617 Sorata
Stumpffia cf. sorata (Ca7) ZCMV 15070 Marojejy Camp 0O
Stumpffia cf. sorata (Ca7) FGZC 2728 KC351477 Marojejy Camp Mantella
Stumpffia cf. sorata (Ca7) ZCMV 15050 Marojejy Camp 0
9 Stumpffia cf. sorata (Ca7) ZCMV 15167 Marojejy Camp Simpona
Stumpffia cf. sorata (Ca7) FGZC 2826 EU341083 Marojejy Camp Simpona
(

% 94 Stumpffia cf. sorata (Ca7) FGZC 2827 KC351479 Marojejy Camp Simpona
s Stumpffia cf. sorata (Ca7) FGZC 2870 KC351478 Marojejy Camp Simpona

99 Stumpffia cf. roseifemoralis FGZC 4238 KC351380 Ambodivoangy
Stumpffia cf. roseifemoralis FGZC 4250 KC351379 Ambodivoangy
Stumpffia roseifemoralis FGZC 2858 EU341072 Marojejy
Stumpffia roseifemoralis ZCMV 15172 Marojejy
Stumpffia roseifemoralis FGZC 2047 KC351378 Marojejy
99| Stumpffia roseifemoralis FGZC 2808 KC351376 Marojejy
Stumpffia roseifemoralis FGZC 2883 KC351377 Marojejy
Stumpffia roseifemoralis ZCMV 2047 Marojejy
Stumpffia contumelia FGZC 4248 KC351372 Ambodivoangy
Stumpffia tridactyla ZCMV 15285 Marojejy Camp Simpona
99| Stumpffia tridactyla ZCMV 15290 Marojejy
99| | Stumpffia tridactyla ZCMV 15284 Marojejy Camp Simpona
Stumpffia tridactyla FGZC 2844 EU341080 Marojejy
Stumpffia tridactyla ZCMV 15227 Marojejy high elevation
Stumpffia tridactyla ZCMV 15282 Marojejy high elevation
5 Stumpffia tridactyla ZCMV 15283 Marojejy high elevation
Anilany helenae FGZC 2101 Ambohitantely EU341070
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Figure 1. Maximum Likelihood tree inferred from 598 bp of the mitochondrial 16S gene, with all available samples of Stumpffia occur-
ring in Marojejy (coloured), plus one sequence each of all other nominal species of the genus. Numbers at nodes are support values in
percent from a bootstrap analysis (2000 replicates; only values >50% are shown). Specimens assigned to S. sorata are shown in a grey box.

118



Stumpffia frogs on Marojejy massif, Madagascar

750 m (restricted to bamboo forests), and S. diutissima
from 310-750 m. Stumpffia roseifemoralis was found mostly
at 1330 m around Camp Simpona, but one record (in need
of confirmation; see Discussion) exists from at 481 m, and
is therefore possibly distributed over this wide elevational
range. Stumpffia grandis and S. sp. Ca11 were found only
at 1330 m, S. sorata was found from 310-1330 m, and S. tri-
dactyla from 1330 m to the peak at nearly 2300 m.

We analysed genetic differentiation related to elevation in
two of these species, S. tridactyla and S. sorata, the elevation-
al ranges of which both span over 1000 m a.s.l. In S. sorata,
specimens from low elevations shared a unique haplotype
that differed by at least two steps from high-elevation speci-
mens in Rag-1 sequences (Fig. 4). Additionally, four speci-
mens from 1326 m a.s.l. differed by two mutations from
three specimens collected between 310 and 481 m a.s.l. in a
short segment of the mitochondrial 16S rRNA gene (Fig. 5).
In S. tridactyla, three specimens found at 2026 m a.s.l. dif-
fered by 1-2 mutations from four specimens collected be-
tween 1326-1573 m a.s.l. in the same 16S fragment (Fig. 5).

Discussion
Phylogeographic origin of Stumpffia species on Marojejy

A previous phylogenetic study included various
Stumpffia species from Marojejy (WOLLENBERG et al.
2008) and placed two of these Marojejy lineages into a
clade (S. grandis and S. sp. 4, the latter corresponding to
S. achillei), suggesting that these might represent an event
of in-situ diversification on the massif. The wider analysis
of RAKOTOARISON et al. (2017) confirmed by additional
data herein (Fig. 1) uncovered and described an unprec-
edented number of additional species of this genus, and
revealed that the sister lineages of the Marojejy Stumpffia
species all are allopatrically distributed, not occurring on
this massif.

Many of these occur to the south of Marojejy, i.e., in the
Makira-Masoala lowland forest (localities Ambodivoangy
and Nosy Mangabe) or the adjacent Ambolokopatrika for-
est, while S. sorata is found in Sorata to the north. All of
these sister lineages occur in the north-eastern or north-
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Figure 2. Stumpffia species occurring in Marojejy National Park: (a) Stumpffia sp. Ca7 (here considered as S. cf. sorata: ZSM 555/2016
(ZCMV 15182); (b) Stumpffia roseifemoralis, ZSM 529/2016 (ZCMV 15172); (c) Stumpffia grandis (not assigned to voucher speci-
men); (d) Stumpffia diutissima, ZSM 547/2016 (ZCMV 15117); (e) Stumpffia sp. Call, ZSM 551/2016 (ZCMV 15214); (f) Stumpffia
cf. sorata, ZSM 544/2016 (ZCMV 15181); (g) Stumpffia tridactyla (specimen collected, but specimen number uncertain); (h) Stumpffia
achillei, ZSM 536/2016 (ZCMV 15149).
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Table 1. Morphometric measurements of Stumpffia cf. sorata from Marojejy (all in mm). ND: Not Determined

Collection number (Field nr) Sex SVL HW HL TD ED END NSD NND FORL HAL HIL FOTL FOL TIBL
ZSM 379/2005 (FGZC 2826) ND 146 51 49 11 16 13 09 21 79 27 211 100 6.0 74
ZSM 537/2016 (ZCMV 15047) ND 114 42 46 12 20 11 09 14 76 24 168 87 50 64
ZSM 538/2016 (ZCMV 15048) ND 113 41 46 11 19 10 09 12 77 23 169 87 52 6.3
ZSM 539/2016 (ZCMV 15049) ND 140 47 48 13 20 11 11 12 85 27 205 89 60 064
ZSM 540/2016 (ZCMV 15050) ND 126 48 44 12 20 11 09 16 68 28 193 89 52 63
ZSM 541/2016 (ZCMV 15069) ND 116 42 47 12 20 11 08 11 75 29 167 88 52 64
ZSM 542/2016 (ZCMV 15070) ND 120 45 47 12 20 11 10 14 7.7 27 208 87 52 64
ZSM 543/2016 (ZCMV 15168) ND 148 60 49 12 22 14 09 19 67 29 207 98 67 6.6
ZSM 544/2016 (ZCMV 15181) Male 146 53 50 12 22 14 09 15 86 32 224 116 68 7.7
ZSM 545/2016 (ZCMV 15182)  Male 151 50 52 1 25 12 11 16 61 29 223 103 58 6.8
ZSM 550/2016 (ZCMV 15212) ND 151 51 52 11 24 12 11 15 60 28 221 101 55 6.5
ZSM 554/2016 (ZCMV 15281) Juvenile 85 32 34 03 15 09 08 1.1 43 19 127 57 29 40
ZSM 555/2016 (ZCMV 15187) ND 144 51 46 09 25 15 09 14 75 30 ND ND ND ND
ZSM 556/2016 (ZCMV 15167) Juvenile 9.2 34 35 03 17 08 08 1.1 45 20 139 61 36 44

ern geographic regions of Madagascar (BRowN et al. 2016)
at distances <200 km, suggesting a mechanism of regional
diversification (WOLLENBERG et al. 2008) in allopatry, pos-
sibly in part via divergence in montane refugia (RAXWOR-
THY & NUSSBAUM 1995).

Of particular interest is the occurrence of S. sorata both
in Marojejy (here reported as S. cf. sorata) and the Sorata
Massif revealed here. We have recently published several
species descriptions arising from a herpetological survey
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of the Sorata massif, undertaken in 2012 (SCHERZ et al.
2015, 2017, 20183, b, RAKOTOARISON et al. 2017, PROTZEL et
al. 2018). In the majority of these cases, a close affinity has
been suggested between the taxa of Sorata and Marojejy;
several species have their sisters lineages on Marojejy (e.g.
Gephyromantis (Duboimantis) grosjeani sister to G. (D.)
tandroka; Rhombophryne longicrus sister to R. minuta),
while others are apparently conspecific across the massifs
(e.g. Calumma uetzi, Gephyromantis (Vatomantis) lomo-
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Figure 3. Schematic graph showing known elevational distribution of species of Stumpffia on the Marojejy Massif, along with photos
of the habitat at various elevations and the elevational profile of the track up the Marojejy summit, with the collection sites mentioned

in the text and Supplementary materials.
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rina, G. (Duboimantis) schilfi, and possibly also Rhombo-
phryne vaventy). The variability in genetic differentiation
between lineages found on Marojejy and Sorata, from con-
specific populations with low degrees of genetic differ-
entiation, to distinct species with high degrees of genetic
and phenotypic differentiation, suggests a long and possi-
bly on-going history of recurrent vicariance and biotic re-
connection of these rainforests. A detailed dating of these
events is not possible due to the lack of thorough time-cal-
ibrated phylogenies for the majority of the taxa concerned,
but will be a promising endeavour for future studies.

Stumpffia cf. sorata (Ca7)

)

Camp 0
Camp Mantella

Camp Simpona
Stumpffia sorata

Figure 4. Haplotype network based on Rag-1 sequences (335 bp)
of 12 specimens of S. cf. sorata from Marojejy, and 4 specimens
of S. sorata from the Sorata Massif, showing separation of their
haplotypes by a single step, and high variation within S. cf. sorata.
Note that low-elevation specimens of S. cf. sorata (Camp 0/Man-
tella) share an exclusive haplotype.
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Figure 5. Haplotype networks based on 221 bp of the mitochon-
drial 16S gene. The networks show a low but consistent differ-
entiation between samples of S. tridactyla and S. cf. sorata from
different elevations on the Marojejy massif, respectively. Note that
this is a different 16S fragment than used in the phylogenetic tree
in Figure 1.

Stumpffia sorata is among the species apparently shared
between the Sorata massif and the Marojejy massif. Par-
ticularly noteworthy in this case is that S. sorata is not re-
stricted just to high elevations like other species shared be-
tween these two sites, but instead occurs across almost 1
km elevational range in Marojejy. Whether or not the spe-
cies formerly occurred over such a broad range in Sorata is
unknown, but forest below 1300 m is practically eradicated
on that massif, so low-elevation populations are probably
extinct there. They may, however, persist on the neigh-
bouring Andravory massif. Although S. sorata occurs from
300-1330 m a.s.l. on Marojejy, the lineage genetically clos-
est to that in Sorata is found at 1330 m a.s.l. At elevations
around 1120 m a.s.l. there is continuous (and forested) con-
nection between these massifs, which constitutes roughly
the minimum possible single-elevation distance between
the localities. At higher elevations there is no continuity,
while at lower elevations, there is continuity, but the dis-
tance travelled is greater, encompassing the perimeter of
additional, lower massifs. Anthropogenic deforestation has
also recently broken continuity in some areas, especially
at lower elevations. Thus, gene flow between populations
on these two massifs, as in S. sorata, is probably currently
greatest or at least easiest at 1100-1330 m a.s.l. This pattern
could be explicitly tested in the future based on population
genomic data sets and resistance mapping and least-cost
path analysis (CHAN et al. 2011). Major climate transitions
may have pushed species toward and away from the ‘opti-
mal’ elevations for gene flow, and the timing of divergence
between sister-lineages from Sorata and Marojejy should
be compared to identify whether the degree and timing of
differentiation are correlated.

Stumpffia sorata is also the only Stumpffia species
present on the Marojejy massif that belongs to a clade that
has its biogeographic centre of diversity and probable ori-
gin in northern Madagascar (RAKOTOARISON et al. 2017).
Marojejy represents a southeastern expansion of this clade,
and we consider it likely that S. sorata originated in Sorata
and arrived in Marojejy via dispersal along the connecting
mountain chain.

Bioacoustic and morphological divergence
in syntopic Stumpffia on Marojejy

Biogeographically, the available data suggest that the com-
munity of Stumpffia species on Marojejy is due to commu-
nity assembly through independent colonisations rather
than in-situ diversification. However, the species making
up this community show a clear differentiation in mor-
phology and bioacoustics, suggesting community assem-
bly may not have been random. Marojejy National Park
is home of six nominal species (S. tridactyla, S. grandis,
S. roseifemoralis, S. diutissima, S. achillei and S. sorata) and
one candidate species (S. sp. Ca11). Morphologically, the
Marojejy Stumpffia species are remarkable by the presence
of the miniaturised species S. tridactyla (8.6-10.6 mm) and
the large sized species S. grandis (19.3-23.7 mm). The four
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