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(Phasmatodea: Achrioptera ) From
Madagascar

Frank Glaw ?, Oliver Hawlitschek *, Andreas Dunz *, Julia Goldberg 2 and Sven Bradler #

1 Zoologische Staatssammlung Miinchen (ZSM-SNSB), MiincherGermany,? Johann-Friedrich-Blumenbach-Institut fur
Zoologie und Anthropologie, Georg-August-Universitat Giingen, Gottingen, Germany

Achriopterais a taxon of extremely large and exceptionally colorful sk insects endemic
to Madagascar and the Comoros Archipelago. We studied the pylogenetic position
of the Achriopterini, comprising the generaAchrioptera and Glawiang based on a
multigene phylogeny and concluded that it is a sister groupa other Madagascan
phasmids (Anisacanthidae) rather than to Neotropical or Atralo-Paci c groups as was
suggested in a previous study based on morphology. Our rests also point to unresolved
relationships (potential paraphyly ofAchrioptera), taxonomic issues (elevation ofA.
punctipes cliquennoisito species level), and detection of cryptic diversity (iA. impennis),
demonstrating the need of additional research. A DNA barcadg approach based on COI
sequences of Achriopteraspecies revealed a clear discrimination between closely l&ed
and morphologically similar species. Applying integrattaxonomy using multiple lines of
evidence, we demonstrated that the well-known species witlblue males from Montagne
des Francais and Foret d'Orangea in the far north of Madagast, previously attributed
to Achrioptera fallax represents a new species, which we describe asAchrioptera
manga sp. nov. based on morphological, chromatic, and genetic (mochondrial and
nuclear) differences. We also describe a second new giant gzies from this massif:
Achrioptera maroloko sp. nov. is among the largest insects (females reaching up to
24 cm total length) and differs from its sister speciesA. spinosissimafrom western
Madagascar in morphology, coloration, and substantial DNAarcode divergence. These
magni cent new species con rm the signi cance of the Montagne des Francais area
as a hotspot of biodiversity and microendemism. The biogeogphic pattern of the
species pairA. fallaXA. mangais paralleled by species pairs of reptiles and amphibians
suggesting a similar evolutionary history. Finally, we aigss the sexual dichromatism of
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Glaw et al. Molecular Phylogeny of Achriopterini

Achrioptera species with conspicuous males and mostly cryptic femalesAs possible
reasons, we consider female mate choice and divergent haldtof males and females,
but aposematism combined with toxic substances produced indefense glands or
accumulated in the insect's body from nutritional plants @& more plausible explanations
for this phenomenon.

Keywords: Achrioptera , aposematic coloration, biogeography, DNA barcoding, Mada gascar, mate choice, new
species, multigene phylogeny

INTRODUCTION low number of described species (77 species accordifigcok

et al., 2017Phasmida Species File online) and by the absence
Madagascar is one of the largest islands and a global bisttive of any summarizing paper or book chapter (e.g., this insect
hotspot (viyers et al., 2000; Goodman and Bensteadgroup is notcovered boodman and Benstead, 200Bhe only
2003. Its biota has evolved in isolation from other major exception is the charismatic genAshriopteraCoquerel, 1861,
landmasses for more than 65 million years, making it ayhich is widespread in Madagascar and has one endemic species
prime model region to explore mechanisms of evolutionaryon the Comoro Islands. This genus, which includes the ldrges
diversi cation (\/ences et aI., 200)9 Insular environments insects of Madagascar' was revised}—[w]nemann and Conle
(including large islands) generally favor the evolution(2004) who recognized nine species and provided hypotheses
of unusual morphology and behavior, including extremeon the phylogenetic relationships of the Achriopterini based
sexual dimorphism, miniaturization, and gigantism (e.g..on morphological characters. These authors already studied
Lomolino, 2005; Meiri et al., 2008; Miralles et al., 2017 two Achriopteraspecies from Montagne des Francais in north

Stick insects (order Phasmatodea) are widespread herlsivorgladagascar and identi ed them aé. spinosissimgKirby,

in tropical environments and famous for their excellent plant1897) and A. fallax Coquerel, 1861, respectively, interpreting
mimesis. Walking leaves (family Phyllidae) almost petfect the slight di erences to previously known populations from
mimic green leaves of plants, whereas most other stickther localities as intraspeci ¢ variation. Subsequentieork,
insects are brownish and imitate branches and twigs. Mimesigaptive breeding, as well as additional morphological and
e ectively reduces the predation risk of these insects and-molecular studies, led to the paper presented here. We
together with other key innovationsSQielomi et al., 20}6-  jnyestigate the phylogenetic position and internal phylogeny
mlght have Signi Cantly contributed to the eVO'UtionaryGﬂBSS of the Achriopterini based on a mu|tigene approach and
of the Phasmatodea. Most of the ca. 3,100 known specigpply DNA barcoding for the identi cation of species within
(Bradler and Buckley, 20).&re entirely cryptically colored. this group. Based on an integrative approach, using multiple
The warning colors of the few aposematic taxa are oftefines of evidence, we describe two new giant species from
restricted to the hindwings (alae) and become only visiblghe far north of Madagascar with extremely colorful males

when the insects are threatened and display their open wingghd discuss possible evolutionary scenarios to explain these
(Bedford, 197B This display can be associated with otherynysual traits.

behaviors including stridulation (e.g., &chrioptera or spraying

chemical defense liquids from glands in the prothorax (e.g.,

in Peruphasma schuljeiOnly very few aposematic phasmid MATERIALS AND METHODS

species show their coloration also when undisturbed (e.g.,

Oreophoetes perugngisner et al., 1997 including the adult Morphological Measurements

males of several largichriopteraspecies, which permanently For better comparison, the terminology and morphological

present their extremely colorful bodies to the environmentdescription scheme follows theAchrioptera revision of

Remarkably, their juvenile stages and their much larger fesna Hennemann and Conle (2004)Since these authors studied

are cryptically colored. all available type specimens in the gerAchriopterain great
Over the last decades, substantial progress in the alphdetail, we refrained from re-examining the type material

taxonomy of phasmids has led to the discovery and descriptioand relied on the identi cation keys in this revision for the

of many new species (e.gGonle et al.,, 2071 especially diagnosis of the new species described herBimgg (1997)

from tropical environments, and large-scale molecular s&#8sd was used for clari cation when the de nitions of terms were

of phasmids have started to elucidate their phylogenetianclear. All specimens of the newly described species that

relationships Buckley et al., 2009, 2010; Bradler et al., 2014yere studied are stored in the Zoologische Staatssammlung

2015; Robertson et al., 2018However, the stick insects of Miinchen (ZSM) and the Mention Zoologie et Biodiversité

many regions remain poorly studied and, despite a signi cantAnimale of the University of Antananarivo (UADBA). We used

increase of publications in recent yeargfinemann and Conle, eld numbers of F. Glaw (FGZC) and M. Vences (ZCMV)

2004; Cliquennois, 2007, 200&he knowledge of Malagasy to identify all type specimens and other individuals used

Phasmatodea is exceptionally poor. This is also re ected é thfor this study. For morphological measurements we used a
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digital caliper to the nearest 0.1 mm and a ruler to the neareghe LSID to the pre x http://zoobank.org/. The LSID for

1.0 mm. this publication is: urn:lsid:zoobank.org:pub:8DAFG68FERAB

4511-B9B0-20B7E1CEB3CD. The online version of this work
Molecular Laboratory Work and will be archived and made available from the following digita
Computational Analyses repositories: Biotaxa (http:/biotaxa.org/).

We extracted genomic DNA from eggs or muscle tissue using

the NucleoSpif Tissue kit (Macherey-Nagel) following the

standard protocol provided by the manufacturer. FollowingRESULTS AND DISCUSSION

the protocol used in our previous studieSuckley et al., . .

2009, 2010; Goldberg et al., 2014: Bradler et al,, )2aes DNA Barcoding and Multigene Phylogeny

ampli ed two mitochondrial (COI, COIl) and nuclear gene Of the Achriopterini

regions (H3, 28S), 2.3kb in total, for 33 new samples. The nal DNA barcoding tree Figure 1) comprised 49 sequences

We sequenced COI of 32 further specimens using thef 416 bp each. Base frequencies were not signi cantly dnere

primers Jerry §imon et al., 1994 and TOM1 Ribera from equal (Chi-square testglf D 123;p D 1.0). The nal

et al., 201p with the protocol of Hebert et al. (2003)We alignments are available on DRYAD (http://www.datadryad.

then edited and quality-checked sequences and generated @fg/). ML and Bl topologies were largely congruent, though

alignment of a combination of newly and previously sequence®! did not resolve the monophyly oAchrioptera fallaxvs

taxa (seeSupplementary Tables S1,$2in Geneious v7.0.1 A. mangasp. nov. Otherwise, barcoding data revealed a clear

(available at http://www.geneious.com) and BioEdit v.B05 distinction between all studied taxa including the new spsci

(Hall, 1999 and then aligned datasets of individual geneglescribed herein. Pairwise sequence divergences are pdovid

in Muscle v.3.6 Edgar, 200} We employed the Akaike Supplementary Table S3

information criteria (AIC) as implemented in Modeltest v35¥4  The multigene tree Rigure 2) consisted of up to 2.3kb of

to select a suitable model of sequence evolution for theuclear and mitochondrial sequence data for each specimen,

combined data. depending on gene coverage. We observed excellent support (1.0
We separately analyzed two datasets: (1) The DNA barcodir8PP) for Aschiphasmatinae, Cladomorphinae, Diapheromerinae

dataset consisting of 49 sequenceé\difriopteraand Glawiana Lanceocercata, Pseudophasmatinae, and Stephanacridini in

with Heteropteryx dilatataas outgroup, and (2) the multigene agreement with previous studiegv{iiting et al., 2003; Buckley

dataset comprising sequences of 71 taxa of Phasmatodea. Fieal., 2009, 2010; Bradler et al., 2014; Goldberg et al5; 201

multigene dataset was rooted with the North American stickBlscher et al., 2018; Robertson et al., 01%®nchodinae

insect taxonTimema which has been repeatedly demonstratedsensuBradler et al. (2014yvere also supported (0.97 BPP). In

to form the sister group of all remaining stick and leaf insec contrast toWhiting et al. (2003) Bradler et al. (2014, 2015)

(D Euphasmatodea)\V{hiting et al., 2003; Klug and Bradler, Goldberg et al. (2015andRobertson et al. (2018Necrosciinae

2006: Bradler, 2009: Tomita et al., 2011; Gottardo et alrepresented bySipyloideaand Oxyartes C Phaenophargs

2013. Phylogenetic trees of both datasets were reconstructedere recovered as polyphyletic. The sister group relationship

with the GTR substitution model selected for all partitionsbetween Lanceocercata and Stephanacridini was supported

using Maximum Likelihood (ML) analyses in MEGA 5.2.2(0.92 BPP) as previously suggestetlidkley et al., 2009,

(Tamura et al., 20)1and Bayesian Inference (Bl) analyses2010; Bradler et al., 20)l4Diapheromerinae as sister group

in MrBayes 3.1.247Rponquist and Huelsenbeck, 200aML  to the majority of phasmatodean lineages (0.96 BPP) is in

analyses used 1,000 bootstrap repeats. Bl used four independaccordance with results obtained byhiting et al. (2003)and

Markov Chain Monte Carlo (MCMC) runs for 10 million Bradler et al. (2014)The early branches are entirely formed by

generations with a burn-in of 25% and a tree samplingvingless taxaTimema Bacillus DiapheromerinaeZehntneria

frequency of 1,000. Trees sampled after burn-in of the fouBpinonemiaand Sceptrophasmiaa pattern also observed by

runs were merged and used to construct a 50% majority rul&Vhiting et al. (2003) Agathemerawas recovered as sister

consensus tree. group to Cladomorphinae (1.0 BPP). The Heteropteryginae
Newly obtained DNA sequences were deposited on GenBankere supported as monophyletic (0.99 BPP). Its subgroups
and are listed irSupplementary Tables S1,S2 Datamini and Heteropteryginae were also well-supported (1.0
BPP). However, Obrimini was recovered as paraphyletic in

Registration of Nomenclature respect of Datamini withHoplocloniaas sister to the latter

The electronic version of this article in Portable Document(1.0 BPP).

Format (PDF) will represent a published work according to the Both the Achriopterini and Anisacanthidae were supported
International Commission on Zoological Nomenclature (IS ~ as monophyletic (1.0 BPP) and as sister groups to each
and hence the new names contained in the electronic versioother (1.0 BPP), as suggested earliBrafler et al., 2015;
are e ectively published under that Code from the electronicGoldberg et al., 2015; Bischer et al.,, J0M/e recovered
edition alone. This published work and the nomenclaturakatt Achriopterini C Anisacanthidae to be a sister group of
contains have been registered in ZooBank, the online negish ~ Heteropteryginae (1.0 BPP). Within Anisacanthidae, theegan
system for the ICZN. The ZooBank LSIDs (Life Sciencé@mphiphasmaand Xerantherixappear to be well-established
Identi ers) can be resolved and the associated informatior(1.0 BPP), whereadseiophasmavas recovered as paraphyletic.
viewed through any standard web browser by appendingVithin Achriopterini, we found no support for a sister group
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A

A. manga sp.nov. (45C)
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A
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manga sp.nov. (47C)
manga sp.nov. (51C)
manga sp.nov. (52C)
manga sp.nov. (A10C)

83/- manga sp.nov. (B5C)

. manga sp.nov. (B6C)

>>>>>0> > >

. manga sp.nov. (B9C)

A. fallax (33C)
A. fallax (35C)
A. fallax (37C)
A. fallax (38C)
A
A

100/1
-/0.99 . fallax (42C)
. fallax (A3C)

A. fallax (B11C)

99/1 | A. spinosissima (Ma113C)
A. spinosissima (30C)
Glawiana glawi (43C)

. maroloko sp.nov. (B10C)

. maroloko sp.nov. (24C)

. maroloko sp.nov. (25C)

100/1

. maroloko sp.nov. (26C)
. maroloko sp.nov. (27C)
. maroloko sp.nov. (28C)

> > > > > > >

. maroloko sp.nov. (32C)

A. magnifica (60C)

A. p. punctipes (34C)
IA' p. cliguennoisi (57C)

LA, p. cliguennoisi (36C)

B — A. impennis (Ma24C)
l A. impennis (Ma39C)

-/0.93

Heteropteryx dilatata

0.020

FIGURE 1 | Phylogenetic tree of 48 individuals oAAchriopteraand Glawiana based on DNA barcode sequences of a fragment of the mitochodrial COI gene
(Bayesian inference)Heteropteryx dilatatawas used as outgroup. ML Bootstrap / Bl Posterior Probabilit support values are given above branches.

relationship betweer\chriopteraand the monotypicGlawiang  Glawianacould not be conclusively established. The remaining
the latter being possibly more closely relatedAoimpennis  Achriopteraspp. formed a well-supported lineage (1.0 BPP)
However, due to lack of support, the phylogenetic position ofvith three pairs of sister taxa (1.0 BPP each): AL)fallax
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Timema knulli

Bacillus rossius

1 Achrioptera impennis (Isalo)

1y Achrioptera impennis (Makay 1)

=== Madagascan taxa Achrioptera impennis (Makay 2)
Glawiana glawi

Achrioptera spinosissima (30C)

Achrioptera maroloko sp. n. (24C)

Achrioptera maroloko sp. n. (25C)

Achrioptera magnifica R .

Achrioptera punctipes cliquennoisi (36C) (> Achriopterini

Achrioptera punctipes punctipes (34C)
Achrioptera fallax (42C)

Achrioptera fallax (38C)
Achrioptera manga sp. n.
Achrioptera manga sp. n.
Achrioptera manga sp. n. (50C)
Achrioptera manga sp. n. (52C)

1 Amphiphasma sp. 1 (lalatsara)
Amphiphasma sp. 2 (Marozevo)
Leiophasma sp. (Ambodiriana)

Leiophasma lucubense

Leiophasma nigrolineatum

Anisacantha difformis

Parectatosoma minus > Anisacanthidae

Paranisacantha sp. (Foret d’/Ambre)

Anisacanthinae gen. n., sp. n. (Anevoka)

Anisacanthinae gen. n., sp. n. (Perinet)

Xerantherix nossibianus

Xerantherix sp. (Anjozorobe)

1 Xerantherix sp. (Bevoloto)

0.91 Mearnsiana bullosa

Aretaon asperrimus

Brasidas sp. (Pulog)

Obrimus bicolanus “Obrimini”
Sungaya inexpectata
Trachyaretaon sp. (Aurora) Hetero-

pteryginae

1 Hoploclonia gecko
- 4@95 guangxiensis Data-
0.99 Orestes mouhotii (” mini
] — Haaniella erringtoniae
Heteropteryx dilatata % Heteropterygini

099 I-| Haaniella deh .
1 ! Abrosoma festi F Aschi-
Dinophasma saginatum [ phasmatinae

1 | 1
1 Phaeg;yp:;égs khaoyaiensis F Necrosciinae part.
1 Carausius morosus
_P Hyrtacus sp.
Chondrosth woodfordi :
0.98 Eurycantha calcarata Lenchodinae
1 | ! T bactron g theri
Neopromachus doreyanus
0.98 Anisomorpha buprestoides
il L Pseudophasma velutinum Pseudophasmatinae
Peruph schultei
Sipyloidea sipylus > Necrosciinae part.

0.95 Eurycnema goliath
Megacrania alpheus Lanceocercata

Extatosoma tiaratum
Macrophasma biroi T
Phasmotaenia sp. # Stephanacridini
Bactrododema sp.
1 Agath sp.
0.96 —|_1: Pterinoxylus crassus F Cladomorphinae
Agamemnon cornutus
1 e Sceptrophasma hispidulum
Spinonemia chilensis
Zehntneria mystica
1 Pseudosermyle phalangiphora " .
1 Diapheromera femorata Diapheromerinae

0.99

0.2

FIGURE 2 | Bayesian phylogenetic tree of 71 phasmatodean specimens siwing relationships of the Achriopterini (based on ca. 2.3tk of mitochondrial and nuclear

sequence data). Bayesian Posterior Probability (PP) is giv as support value above nodes.

C A. mangasp. nov., (2)A. magnica C A. punctipesand Identity, Morphology, Coloration, and

(3) A. maroloko sp. nov. C A. spinosissimaWithin this Reproduction of Achrioptera fallax

clade, A. fallax C A. manga sp. nov. are sisters to the aAchrioptera fallaxwas described byCoquerel (1861)from
remaining four speciesA. impennisfrom Makay and from the type locality “Port Leven,” a coastal locality in nortsea
Isalo show distinct genetic di erentiation in both mitochdnial Madagascar, which is apparently close to the small island Nosy
and nuclear genes, suggesting that they may belong ganambiby (124600°%, 49470FE), one of the northernmost
dierent species. The same is true for the two subspecigg|ands in the Nosy Ankao groupGoodman et al., 20)7

A. punctipes punctipeand A. p. cliquennoisiWe therefore Hennemann and Conle (2006puld not trace the male holotype
elevate the subspecies. punctipes cliquennoisio species of A_ fallaxin the collection of the Museum nationale d'histoire
level @. cliquennoigi naturelle (MNHN) in Paris, but the original description by
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Coquerel (1861)s accompanied by an excellent color gure of were collected at Foret d'Orangea, near Antsiranana, north
the holotype (reproduced irFigure 3A), which clearly shows Madagascar in 2007.
its morphological and chromatic characteristics. Photpiof Paratypes: FGZC 4056, adult dried female, collected at
males from Ankarana, Andra amena, and Daraina agree witiVlontagne des Francais (12002°%, 4921%31°¢, ca. 100 ma.s.l.),
the holotype in coloration whereas the populations from furthernear Antsiranana, north Madagascar in February 2004, by F.
north di er substantially in color Figures 3B 4D). Based on Glaw, Jaques, Jaquesamis, M. Puente, and R. Randrianiaina;
the distinctive color di erences of males from northern and FGZC 1334 and FGZC 4057, two adult males, collected in
southern populations, the nam&. fallaxcan be unambiguously the Foret d'Orangea, by F. Glaw, P. Bora, H. Enting, Jaques,
applied to the greenish southern populations whereas no name Kohler, and A. Knoll in March 2007; ZCMV 5356-5358,
is available for the blueish northern form, which will bethree dried adult females, and UADBA uncataloged, adult
described below. female, same locality and collectors as FGZC 1334, callecte
Females oA. fallaxwere rst described byHennemann and in February or March 2007; FGZC 1775, adult male, xed and
Conle (2004) but four of the ve females studied by them preserved in ethanol, collected in foret d'Orangea (pitfaé |
(those from Orangea, Montagne des Francais, and Diego Quare), on 22 February 2008 by S. Megson; FGZC 1896, adult
are from northern populations and therefore refer to the newmale, xed and preserved in ethanol, collected in Montagne
species described below, whereas the remaining fth femade hdes Francais, base camp, on 1 March 2008 by Jaques. The
no locality data. We therefore characterize the only abégla following paratypes were all reared from several eggs laid by
adult female specimen from a southern populatioh. fallax the three females ZCMV 5356-5358 from Orangea and bred
sensu stricto, FGZC 1853 from AnkaranBigure 4Q): total in several generations in captivity by F. Glaw: FGZC 4059-
length (head plus body) 207 mm, including subgenital platet068 and FGZC 4104-4125, all adult females; FGZC 4069-
216 mm. Generally very similar to the females of the northert075, FGZC 4078-4102, all adult males; FGZC 4127-4135,
populations A. mangasp. nov.) as described byennemann all juveniles.
and Conle (2004)but generally with more spines (7 spines DiagnosisFemales di er (according to the identi cation key
on pronotum, 17 spines on head, 4 spines on tergum I, ©f Hennemann and Conle, 200ih which they are treated under
spines on sternum 11, 1 spine on sternum IV, 1 distinct pair of the nameA. fallax) from known females of all otheAchrioptera
spines on sternum 7) and a light brown base of the spines ospecies except. spinosissima. fallaxand A. marolokasp. nov.
head and thorax. Photographs of another female from Darainffemales are unknown fromi\. pygmaeaand A. lobipe} by a
(Bekaraokakigure 4B) show at least 2 spines on the pronotum, pair of small spines on the prosternum (normally present vs.
many spines on head, 4 spines on tergum Il, 4 spines oabsent); fromA. spinosissimandA. marolokaosp. nov. by smaller
tergum lIl, and also a light brown base of the spines on headody length € 220mm) and shorter alae<@0 vs.>50mm).
and thorax. Females ofA. mangasp. nov. dier from those of the most
The female from Ankarana (collected on 13 February 2008§imilar A. fallax by di erences in coloration of the anal region
laid several eggs, which appeared very similar but slighidkén of the alae (proximally blackish with indistinct reticulatis,
than eggs oA. mangaEggs were incubated at room temperature bordered by a dark red band distally vs. proximally gray with
Most juveniles hatched (usually in the early morning) after cadarker reticulations, bordered by a light red band distallyy,
120-140 days and appeared slightly darker and slightly largérreddish base of the spines on head and thoFégu(re 45 vs.
(ca. 19 mm total length) than those 8f manga Juveniles were light brown (Figure 40), and generally by fewer spines (0 vs. 2—7
fed with bramble leaves. Both males and females became ad@ft pronotum, 0-10 vs. 17 on head, mostly 2 (rarely 4) vs. 4 on
as early as 3 months after hatching (faster thanmangd.  sternum I, 0-3 vs. 4-7 on sternum lll, 0 vs. 1 on sternum 1V).
Newly molted adult males were cryptically colored (brown) Males dier (according to the identication key of
and reached the nal coloration (greenish body with yellowHennemann and Conle, 20p4from known males of all
lateral stripe) after ca. 1 week. Two young males secretédher Achriopteraspecies (males are unknown frofn gracilis
a blue liquid (probably hemolyph) from articulations of the andA. griveaudias follows: FronA. impennisby fully developed
limbs for unknown reasons. The rst adult female did not alae (vs. rudimentary, hardly visible alae) and by blue aors
show any spines on the pronotum (in contrast to its mother).body coloration (vs. cryptic brown coloration); froA. pygmaea
Subsequently, all insects died for unknown reason and thand A. lobipesby larger body lengthX 129 vs.<96 mm); from

specimens were lost. A. spinosissimandA. marolokosp. nov. by unarmed pronotum,
prosternum and sterna IV=VI (vs. spinose); from. fallax

Achrioptera manga sp. nov. by blue dorsal body coloration (vs. green), by orange véntra

(Figures 4D,B parts of femora (vs. yellow), and by coloration of anal region

ZooBank LSID: urn:lsid:zoobank.org:act:0D7185AB-E20%f alae (proximally gray, distally light red to rosy, overaittw
4CFC-962F-DB0D681E0471urn:Isid:zoobank.org:act:8RXB-  dark reticulations, becoming less distinct distally vs. proaign
E205-4CFC-962F-DBOD681E0471 blackish, distally dark red, with indistinct reticulatifirfrom all

Holotype: FGZC 4058 (ZSM DNA Bank Pha-FG-058), adulother species (including the junior synonyms intermediaand
dried male in good condition, reared in captivity in 2008 from A. compositaseeRedtenbacher, 1908; Carl, 1)1y short alae
eggs of one of the three females (ZCMV 5356-5358), whicf< 20 mm vs>33 mm).
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FIGURE 3 | (A) Male holotype ofAchrioptera fallaxfrom Port Leven (specimen probably lost) as depicted in thergginal description Coquerel, 1861, PI. 9, Figure 1).
(B) Male paratype ofA. mangasp. nov. (FGZC 1334) from Foret d'Orangea. With the discovgrthat the nameA. fallaxhas to be applied to the green rather than to
the blue species, the epithet “fallax” (meaning spurious$ now nally and truly tting.

In addition to the morphological and chromatic Head: elongate, 1.5longer than wide, cylindrical, slightly
di erences, A. mangadi ers from its sister specie®\. fallax  narrowing toward posterior margin. Dorsal side of head atdan
by distinct dierentiation in mitochondrial and nuclear smooth. Eyes strongly convex and prominently projecting from
genesfigures 1 2). head capsule. Antennae with 28 segments. Scapus and pedicellus
Description of the male holotype FGZC 4@bied specimen almost quadrate, pedicellus smaller than scapus.
in good condition. Total length (from tip of head to end  Thorax: pronotum slightly longer than head, 2.0onger than
of abdomen) 154.7 mm; head length 6.2mm. Body slendewide, and with a pair of lateral gland openings at front margin.
(maximum body width 5.4 mm) with long antennae (slightly hen Pronotum and prosternum without spines. Mesothorax elongate,
43.9 mm, stretched length45 mm) reaching to posterior margin 2.5 longer than length of head and pronotum combined,
of mesonotum. Short tegmina (8.1 mm) and short alae (19.5 mrslightly broadened at posterior margin. Mesonotum antesior!
from insertion of tegmina to end of folded alae). Body suefac with two small spines, mesosternum with ve small spines
glabrous and smooth. posteriorly, and mesopleurae with each one slightly backongrv
Coloration of dried holotype: overall color of body and legsspine in posterior quarter. Metasternum densely covered with
bluish green; ventral surfaces of femora including carinad long pointed spines. Spines of meso- and metapleurae large,
spines bright orange. Tibiae and dorsal surface includingespi slightly backcurving, arranged in one longitudinal line mhe
of femora bluish green. All femora irregularly covered withspines on each side. Tegmina oval, narrowing toward base. Ala
minute white dots. Head with a thin white median line in not reaching posterior margin of median segment.
posterior half, and two lateral lines on each side of which the Abdomen: segments II-VI cylindrical, slightly medially
inner is much more prominent and broader than the outer,constricted. VIl slightly shorter than VI, distinctly medisl
starting above the eyes and running along the complete lengttonstricted and of bone-like appearance. Sternum Il with a
of the head capsule; another very short white line directlyifn®  posterior pair of medium sized, straight spines, and an addéio
the eye. Antennae brownish, scapus, and pedicellus bluish.greésolated spine in the middle of the sternum. Terga VIl strgng
Pronotum with a bold, longitudinal white stripe along latéra widening toward posterior margin, trapezoidal, slightly raor
margins with an incomplete transverse connection, forming d@han half the length of VII. IX 2/3 of the size of VIII. Tergumaé
“H-like” marking. Median segment with indistinct, irregula long as IX, almost 1.5 longer than wide, posterior margin raised
whitish markings. Eyes brownish. Folded tegmina yellowigh w and with a broad but at medial notch. Cerci obtuse, slightly
a brownish lateral margin, broadening knob-like distafplded  projecting over abdominal tergum X. Vomer broad, triangular
alae yellowish with broad brown margin. lateral margins raised.
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FIGURE 4 | Living specimens of the newly described species oAchrioptera (A) A. fallax adult male, captive-bred, reared from eggs of a female frorAnkarana
(FGZC 1853);(B) A. fallax mating couple from Daraina (Bekaraoka) (photo by Louis Nbaumer);(C) A. fallax adult female with exposed wings from Ankarana
National Park (FGZC 1853)(D) A. manga, adult male paratype (FGZC 1334) from Foret d'OrangedE) A. manga, adult female;(F) A. spinosissima adult male reared
from eggs collected at Marofandilia, near the type localitin west Madagascar (photo by Bruno Kneubuhler){G) A. maroloko sp. nov., adult male paratype (FGZC
4052) reared from eggs collected at Montagne des Francais idorsolateral view;(H) A. maroloko, adult female paratype (FGZC 4055), bred in captivity fromneestors
of Montagne des Francais (photo by Moritz Grubenmann).

Legs: all slender, mid-legs projecting over tergum lllslightly lobe-like apical tooth. Ventral carinae of metagibiwith
hind-legs reaching posterior margin of abdominal tergumseveral minute teeth in apical half, dorsal carinae smoottsdvie
VII. Carinae of profemora raised and smooth. Probasitarsuand metabasitarsus longer than the following two tarsorsere
longer than following two tarsomeres combined. Mesofemora&ombined, ventral carinae usually with a single, minute tooth
laterally compressed, ventral carinae with seven largegudar Description of the female paratype ZCMV 535iBied
spines, postero-dorsal carina with ve spines. Ventral cainaspecimen in good condition. Total length (from tip of head to
of mesotibiae very minutely tuberculate, dorsal carinaeatin. end of subgenital plate) 204.1 mm; head length 9.8 mm. Body
Metafemora broadened, ventral carinae with 8-10 verynoderately slender (maximum body width 8.8 mm) with long
prominent, long and pointed spines, dorsal carinae each witlantennae (slightly bent 46.1 mm, stretched lengt#8 mm:; left
3—4 spines in basal half. Each dorsal carina with an enlangeéd aantenna partly missing) almost reaching to posterior margin of
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mesonotum. Short tegmina (13.2 mm) and short alae (29.4 mr6—4 spines in basal half. Each dorsal carina with an enlarged
from insertion of tegmina to end of folded alae). Body suefac slightly lobe-like apical tooth, that of the postero-dorsalicar
glabrous, thorax spinose. larger. Ventral carinae of metatibiae with ve spines in apica
Coloration of dried specimen after several years ohalf, dorsal carinae smooth. Meso- and metabasitarsus fonge
preservation in ethanol: general color of body and legs irthan following two tarsomeres combined, ventral carinae of
various shades of brown and gray. Head brown with sevemetabasitarsus usually with a single, minute tooth.
white longitudinal lines, region between the eyes browrhouit Variation: the color of the dried specimens, which were
lines. Eyes brownish. Antennae, scapus, and pedicellus browgriginally preserved in alcohol (FGZC 1334, 4056, 4057, 5356,
Pronotum largely light gray to whitish with ve longitudina 5357, 5358), has faded to cream with distally yellow alae. The
brown lines in the posterior half. Mesonotum brownish, darkercolors of specimens still stored in 70% ethanol (FGZC 177%K)18
than abdomen, posterior region with whitish speckles. Spimes chave faded to dark brown. The coloration of the freshly dried
body orange brown with dark tips. Tegmina and alae brown withspecimens is mostly similar to the types described in detail. |
distinctly lighter yellowish veining. addition to the orange or deeply yellow ventral surfaces ef th
Head: elongate, 1.7 longer than wide, cylindrical, slightly femora their basis can have a red band. The number of spines
narrowing toward posterior margin. Dorsal side of head aton the head is always 0 in males (0-10 in females) and on the
with one distinct spine. Eyes strongly convex and prominentlypronotum always 0 in males and females. A pair of spines on
projecting from head capsule. Antennae with 29 segmentshe prosternum is present in mogt. mangafemales, but can
Scapus and pedicellus almost quadrate, pedicellus smalkso be absent (this character is used in the identi cation &&
than scapus. Hennemann and Conle, 20D4The body length varies from 129
Thorax: pronotum slightly shorter than head, 1.9onger to 157 mm in males (total length 135-164 mm) and 176—209 mm
than wide. Pronotum with a pair of lateral gland openingsin females (total length 189—227 mm).
at front margin, without spines. Prosternum with a pair of Eggs: eggs were already described, measured and gured by
small spines. Mesothorax elongate, 2.8ombined length of Hennemann and Conle (200hased mainly on 14 eggs from
head and pronotum, slightly convex in dorsal view, broadest i a female from Montagne des Francais (FGZC 4056) and one
middle, all over and densely set with numerous pointed spineslehydrated egg extracted from the ovipositor of a female from
Metasternum very densely covered with long pointed spine€rangea, both here attributed 2. manga
Spines of meso- and metapleurae large, slightly backcurving, Etymology: the specic epithet “manga’ is an adjective
spines of metapleurae arranged in two longitudinal lines sése in Malagasy language and means blue, referring to the
spines on each side, spines of ventral line pointing downwardgredominantly blue body color of males. It is used here as an
Tegmina oval, narrowing toward base. Alae reaching exactipvariable noun in apposition.
posterior margin of median segment. Distribution and conservation statusAchrioptera manga
Abdomen: segments II-VI cylindrical, parallel-sided, Istly  has a small distribution range and is currently only known
decreasing in width posteriorly. VII slightly shorter thanl.V from Montagne des Francais (50 Kjnand the adjacent Foret
Sternum Il with a posterior pair of medium sized, straight sgine d'Orangea (16.4 kR) in far northern Madagascar. Both areas
Sternum Il similar, but only right spine visible, very smdéft are covered by deciduous dry forest and were threatened by
spine indistinct. Sternum VIl with narrow pair of distinct spis.  heavy logging until several years ago, but now Montagne des
Tergum VIII mediolaterally compressed, slightly less thaifh Frangais appears to be a well-protected communal reserve (F.
the length of VII. IX slightly less than half size of previous.Glaw, pers. obs. in August 2016) and recently the Orangea
Tergum X as long as IX, with a clear median keel in posterioregion was protected as “Nouvelle aire protégée Oronjia’
half, slightly truncate. Cerci not reaching posterior margif  (http://www.fapbm.org/bene ciaires/nouvelle-aire-projee-
abdominal tergum X. Subgenital plate keeled, but becomindoronjia), indicating thatA. mangamight not be “Critically
more attened toward pointed apex, projecting over tergumEndangered” at current.Hennemann and Conle (2004)
X by almost the length of the three terminal terga combinedmapped an additional (unvouchered) locality &f fallaxin the
(projecting part 15.1 mm). Sambirano region, which might indeed refer fa fallax if it
Legs: all slender, mid-legs projecting over tergum lll, Rlags  can be con rmed. These autors also listAd fallax specimens
projecting over posterior margin of tergum VI. Antero-dorsal from two additional localities, in particular one male from
carina of profemora strongly raised and with ve rough, triate  Tsivory and one male from Toirory and located both locatie
serrations, postero-ventral carina with 11 medium-sizechgpi in southern Madagascar. Tsivory is indeed a large village in
Carinae of protibiae raised and smooth. Probasitarsus longesoutheastern Madagascar 24.068419 46.074708, whereas
than following two tarsomeres combined. Mesofemora lalgral we could not locate the position of Toirory. For biogeograjthic
compressed, ventral carinae with 8 large, irregular spimgsr@  reasons we consider these southern localities as unlikely t
dorsal carina with 2 and postero-dorsal carina with 4 (I&t)/ refer to A. manga but we cannot exclude that (1) species
(right) spines. Each dorsal carina with an enlarged sliglothe-  morphologically similar toA. fallax and A. mangaoccur in
like apical tooth. Ventral carinae of mesotibiae with ve dima southern Madagascar, (2) localities with these names axist i
spines in apical half, slightly serrate in basal half, doraghee the north or (3) the historical localities were misspelledheT
smooth. Metafemora broadened, ventral carinae with 9-19 veilocalities Port Leven, Daraina, Andra amena and Ankaraeger
prominent, long and pointed spines, dorsal carinae each witho A. fallax
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Reproduction and behavior in capitivity: eggs laid by thexed and preserved in ca. 70% ethanol (grandparents collected
three females ZCMV 5356-5358 in February/March 2007 werat Montagne des Frangais), reared in captivity by Moritz
incubated at room temperature and most juveniles hatchesraft Grubenmann from parthenogenetically produced eggs laid by
120-140 days, with the exception of one juvenile, which onlgither FGZC 4050 or FGZC 4049.
hatched more than 8 months after egg deposition. Both males Additional material: FGZC 4054 (ZSM DNA Bank Pha-
and females became adult ca. 4.5-5 months after hatchingyNe FG-032), juveniles, preserved in ethanol, captive-bred
hatched adult males were cryptically colored (brown) andyful (mother from Montagne des Francgais); two dried juveniles
reached their blue coloration after ca. 1 week when they alssithout number (o spring of FGZC 4053, hatched in
started rst mating attempts. We assume that most (or evendanuary or February 2004); 6 eggs (one of these eggs
all) A. mangacurrently in culture are descendants of the threesampled: ZSM DNA Bank Pha-FG-027), ospring of
paratypes ZCMV 5356-5358, which represented three di ereftGZC 4053, hatched in January or February 2004; 5 boxes
COlI haplotypes (se€igure 1). When threatened or disturbed, with numerous eggs (partly hatched), ospring of FGZC
both males and females can open their colorful alae and produet53, one of the eggs unsuccessfully sampled (ZSM DNA

stridulating noises. Bank Pha-FG-029).
Diagnosisfemales di er (according to the identi cation key
Achrioptera maroloko sp. nov. of Hennemann and Conle, 20p4rom known females of all
(Figures 4G,H other species oAchriopteraexceptA. spinosissimaA. fallax
ZooBank LSID: urn:lsid:zoobank.org:act:52DC7014-DEB7and A. manga(females are unknown from\. pygmaeand A.
4095-B56C-2C2D9AB2B26B lobipe} by a pair of small spines on prosternum (vs. no spines

Remark: the two wild-captured female paratypes fromon prosternum) and fromA. gracilis(155mm), A. griveaudi
Montagne des Frangais (FGZC 4053 and 4051) and some @85 mm),A. impennig144-182 mm), and. magni ca(156.5—
their eggs were already described and depictetibynemann 176 mm) by larger size (206—219 mm body length). In addition,
and Conle(2004 Figures 81, 82) in their section “Variation” they can be distinguished from the poorly known griveaudi
of Achrioptera spinosissim@ihese authors already noticed thatby the presence of 4-6 spines on the pronotum (vs. absence),
these two females dier from the holotype @&. spinosissima and from A. p. punctipesand A. p. cliquennoisby numerous
(and photographs of further females) from the Morondava regiordi erences in the coloration of body and wings (e.g., dorgahes
in western Madagascar by (I) fewer spines of the mesothoragn body yellowish vs. bright green). They di er from. fallax
(2) posterior spines of head indistinct or lacking; (3) spine onand A. mangasp. nov. by reduced alae (vs. fully developed) and
posterolateral angle of abdominal terga [I-VI more prominent from A. spinosissimay anal region of alae with dark proximal
(4) smaller number of serrations on the postero-ventral mari zone vs. regular pattern of light and dark blotches throughou
of the profemora; (5) white longitudinal line on costal regiof  both proximal and distal zones; possibly by fewer spines on the
alae indistinct, bold white markings instead and (6) patt@fn mesothorax and slightly more colorful body. Further di eregs
anal region of alae less regular, darker toward bases an#t blain comparison to the holotype o&. spinosissimaere noticed by
markings of anal areas 1-2 more prominent. Furthermore, thélennemann and Conle (2004nd are provided above.
pronotum of both specimens lacks the posterior pair of spines Males dier (according to the identication key of
and in one even lacks the anterolateral spines, both seen ennemann and Conle, 20p4from known males of all
the holotype. other species ofAchrioptera (males are unknown fromA.

Holotype: FGZC 4049 (ZSM DNA Bank Pha-FG-025),gracilisand A. griveaudi as follows: fromA. impennisby fully
adult dried female, reared in captivity from eggs of thedeveloped alae (vs. rudimentary, hardly visible alae) and by
female paratype (FGZC 4053), which was collected in 200&llow dorsal base coloration on body and limbs (vs. cryptic
at Montagne des Frangais (1B%5°% 492023%, 100-200m brown coloration); fromA. pygmaeaand A. lobipesby larger
a.s.l.), north Madagascar. body length & 150 mm vs< 96 mm); and from all other species

Paratypes: FGZC 4053, adult female, originally xed anaf Achrioptera(including the junior synonymsA. intermedia
preserved in ethanol (coloration faded) and subsequentlgdri and A. compositaseeRedtenbacher, 1908; Carl, 1) &XceptA.
collected at Montagne des Francais (1#45°% 49202FE,  spinosissimhby spinose pronotum, prosternum and sterna [V-VI
100-200 m a.s.l.), north Madagascar in February or Marct820Qvs. unarmed). The single male &. maroloko (Figure 4G
by F. Glaw and Jaqueamis; FGZC 4051 (ZSM DNA Bank Pha-F@i ers from A. spinosissimgFigure 4P by strong di erences
028), adult female (slightly damaged by ants), originallgd>and  in coloration (dorsal coloration in life of body and all fema
preserved in ethanol (coloration faded) and subsequentlydiri predominantly yellow vs. blue, sdégures 4F,G mesonotum
collected at Montagne des Francais (southwest of Andavakoefwith yellow spines vs. red spines), dorsal side of head without
no coordinates available), north Madagascar on 28 Februagpines but with a single minute and indistinct tubercle (vs.s#br
2004 by F. Glaw, M. Puente, R. D. Randrianiaina and Jaquesde of head with 5-9 distinct spines of red coléigures 4F,G,
FGZC 4050 (ZSM DNA Bank Pha-FG-026), adult female, rearepronotum with single pair of yellow spines (vs. pronotum with
in captivity from eggs of the female FGZC 4053; FGZC 4052-7 red spines); and anal region of alae with dark proximal zone
(ZSM DNA Bank Pha-FG-024), adult male, reared in captivityvs. regular pattern of light and dark blotches throughout tbot
from eggs of the female FGZC 4051; FGZC 4055, adult femajsroximal and distal zones.

Frontiers in Ecology and Evolution | www.frontiersin.org 10 April 2019 | Volume 7 | Article 105



Glaw et al. Molecular Phylogeny of Achriopterini

In addition to the morphological and chromatic downward. Alae almost reaching posterior margin of abdominal
di erences, A. maroloko diers from its sister speciesA. tergum lll.
spinosissimaby distinct di erentiation of mitochondrial Abdomen: segments 1I-VII cylindrical, parallel-sided. VII
genesfigures 1 2). slightly shorter than VI. Sterna Il to VII with 2 pairs of mediu

Description of the female holotype FGZC 4846d specimen sized, straight spines. Sternum IIl similar, but only rigipire
in good condition. Total length (from tip of head to end of visible, very small, left spine indistinct. Sternum VIl witamow
subgenital plate, body slightly bent, subgenital plate #iigh pair of distinct spines. Terga II-V with a prominent spine on
bent upwards) 226.4 mm (approximate total length 232.0 mm)the posterolateral edge. Tergum VIII mediolaterally compeek
head length 10.9 mm. Body moderately slender (maximum bodgbout 2/3 the length of VII. IX slightly less than half size of
width 12.1 mm) with long antennae (50.4 mm, incomplete) notprevious. Tergum X 1/3 longer than IX, with a moderately
reaching to posterior margin of mesonotum. Short tegminadistinct median keel in posterior half, slightly broadeniiogvard
(18.4mm) and fully developed alae (62.1 mm from insertiorapex, posterior margin rounded. Cerci distinct, spine-likef no
of tegmina to end of folded ala). Body surface glabrousprojecting over posterior margin of tergum X. Subgenital plate
head and thorax densely spinose, abdomen smooth dorsallgeeled, but becoming more attened toward pointed apex,
spinose ventrally. projecting far over tergum X.

Coloration of dried holotype: general color of body in variou  Legs: all moderately slender, hind-legs projecting over
shades of brown and gray. Head cream with a median white linposterior margin of abdominal tergum VI. Antero-dorsal aaai
on vertex and each one white line running from posterior edgeof profemora with 5 distinct serrations, postero-ventral oari
of eye to posterior end of head on each side. Eyes brownistith 10 medium-sized spines. Inner carina of profemora smeoth
Antennae dark greenish, scapus, and pedicellus slightlyeight with one proximal small spine. Carinae of protibiae raised,
Pronotum cream, with one indistinct dorsolateral band of rao undulate. Probasitarsus longer than following two tarsoeser
than 1 mm width per side. Mesonotum reddish brown, lightercombined. Mesofemora laterally compressed, ventral carinae
than abdomen, with one indistinct white, narrow mid-dorsal with 6-8 large, irregular spines, dorsal carinae with 7-8dar
line. Abdomen greenish brown. Coxae reddish ventrally. Prospines. Ventral carinae of mesotibiae with 6—7 minute spines,
and mesotibiae, and pro- and mesotarsi dark green; tibiadorsal carinae slightly undulate. Metafemora broadenentrae
and basitarsi with numerous irregular white spots. Pro- andccarinae with 9-10 large spines, dorsal carinae each with 8-9
mesofemora olive green with indistinct white dots arranged spines. Ventral carinae of metatibiae with 9-10, dorsalneezi
one regular line between carinae. Metatibiae and metatansi d smooth. Meso- and metabasitarsus longer than following two
olive green with very indistinct white dots. Metafemora darktarsomeres combined, ventral carinae of metabasitarstis 2vi
brown. Spines on mesonotum with dark base, darker tip, andninute teeth.
orange ring in between. Spines on head and pronotum similar, Description of the male paratype FGZC 4@bzd specimen
but less distinct. Costal region of tegmina white (positidne in moderate condition (right ala damaged, right protarsus
laterally in folded wing), anal region brownish proximally, missing). Medium-sized, total length (from tip of head to end
whitish distally. Costal region of alae reddish with lightesy of abdomen) 155.1 mm; head length 7.4mm. Body slender
blotches. Anal region dark brown, slightly transparent anthw (maximum body width 6.6 mm) with long antennae (48.5mm,
numerous transparent pale turquoise spots arranged in ir@gul incomplete) reaching beyond posterior margin of mesonotum.
transverse bands; spots becoming larger and more numero&hort tegmina (14.9 mm) and fully developed alae (49.8 mm from
toward the outer margin. Anal regions 1-2 with two distinct, insertion of tegmina to end of folded ala). Body surface gaby
elongate rectangular blackish markings. head smooth, thorax densely spinose, abdomen smooth darsally

Head: slightly elongate, 1.4 longer than wide, slightly spinose ventrally.
narrowing toward posterior margin. Dorsal side of head with  Coloration of dried paratype: body and legs with areas of dark
ve spines on each side. Eyes strongly convex and prominentlgreen and of dull orange to brown, legs covered with minute
projecting from head capsule. Antennae broken, left antennahite spots. All femora dull orange. All tibiae with shades of
with 16 segments. Scapus and pedicellus almost quadratigrk green and of dull orange, portion of orange higher in
pedicellus smaller than scapus. pro- and metatibiae than in mesotibiae. All tarsi dark green.

Thorax: pronotum slightly longer than head, 1.6ongerthan  Head with a thin white median line in posterior half, and two
wide. Pronotum with a pair of lateral gland openings and 4white lateral lines on each side. Upper line starting above the
spines at anterior margin and a pair of spines near the middlesyes, much more prominent and broader than lower but fading
Prosternum with a pair of small spines. Mesothorax elongatdapward posterior end of head. Lower line starting at posterior
2.0 combined length of head and pronotum, parallel sidedend of eyes and running along complete length of head capsule.
slightly broadening posteriorly, all over and densely sehwit Antennae dark green, scapus and pedicellus slightly lighter.
numerous long and pointed spines. Spines on metasternuronotum with a bold, longitudinal white stripe along latéra
arranged in ve partly irregular pairs. Spines of meso- andmargins with an incomplete transverse connection, formimg a
metapleurae large, spines of metapleurae arranged in twncomplete 'H-like' marking. Distinct brown blotch betweehet
longitudinal lines of six spines on each side, posterior mogt paeyes. Eyes brownish. Mesonotum dull orange dorsally, green
reduced, spines of ventral line pointing downwards. Tegminaoward the lateral margins. Mesopleurae yellowish. Mesostarn
oval, narrowing toward base, costal region always foldedreen laterally, wine red ventrally. Metanotum dark brown,
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metasternum green laterally, ventrally with a very darkzede  holotype. The number of spines on the head of females varies
covered with darker red spines. Costal region of tegmina evhitfrom 6 to 10 and on the pronotum from 4 to 6. The three dried
(positioned laterally in folded wing), anal region brown via  female paratypes vary in body length from 206 to 219 mm, and
distal whitish to turquoise marking. Costal region of alamev in total length from 227 to 242 mm. The single male paratype
red with lighter rosy to whitish blotches increasing in sitistally.  (FGZC 4052) is described in detail above.
Anal region dark brown, slightly transparent and with numaso Eggs: eggs were already described, measured and depicted by
transparent pale turquoise spots arranged in irregular trars¥ Hennemann and Conle (200based on eggs from Montagne des
bands; spots becoming larger and more numerous toward therancais, here attributed t#&. maroloko
outer margin. Anal regions 1-2 with three distinct, elorgat  Etymology: the speci c epithet “maroloko” is an adjective in
rectangular blackish markings. Distal part of right wing daged. Malagasy language and means colorful, but is used here as an
Head: slightly elongate, 1.5longer than wide, cylindrical, invariable noun in apposition.
slightly narrowing toward posterior margin. Dorsal side afdd Reproduction and behavior in capitivity: ca. 20 eggs were
atand smooth, with a single minute and indistinct tubercleyes obtained from the female captured in February/ March 2003
strongly convex and prominently projecting from head capsule(FGZC 4053) and incubated in a plastic dish on a wet sponge
Antennae incomplete, 17 segments in left antenna. Scapus aatlroom temperature. Almost exactly 1 year later four brown
pedicellus almost quadrate, pedicellus smaller than scapus.  juveniles hatched, but two of them died a few days later.
Thorax: pronotum slightly longer than head, 1.5longer The two remaining juveniles were fed successfully withdsav
than wide. Pronotum with a pair of lateral gland openings atof bramble, dog roses and in later stages also with oaks.
front margin, with one dorsal pair of spines, prosternum with Larger juveniles were brown with branch-like skin textureda
one ventral pair of very small spines. Mesothorax elongate, 2displayed a characteristic resting position (resulting in msise
combined length of head and pronotum, slightly broadened abf a branch): the mid legs (mesofemora and mesotibia) were
posterior margin, all over covered with numerous long pointedfolded and adpressed along the body and both front legs were
spines (paired on mesosternum). Metapleurae and metasternustretched forward in parallel. In this position the insects dmae
densely covered with long pointed spines, spines on metasternuvery similar to a small branch and almost disappeared from
longer and directed ventrally. Tegmina oval, narrowing &/  human perception. After the penultimate ecdysis of the two
base. Alae reaching abdominal tergum IV. female juveniles rudimentary spines became recognizablbeon
Abdomen: segments |I-VI cylindrical, slightly medially head. All juvenile stages displayed a cryptic brown, brana-li
constricted. VII as long as VI, distinctly medially consted  coloration, but after the last ecdysis the insects becanwfabl
and of bone-like appearance. Sterna II-VIlI with a pair ofwith fully developed spines. Disturbed adult females opened
medium-sized spines at the middle of the segment, 1I-VI with a their colorful alae and sometimes also lifted their frontdesnd
additional pair at posterior end of segment. Pleura [I-VI orlea secreted liquid from the prothoracic defense glands, but did no
side with a single small lateral spine at posterior end, redare longer show the mimetic resting position of the juveniles.
VI. Terga VIII half the length of VII, strongly widening towa The rst female (either FGZC 4049 or FGZC 4050) had
posterior margin, trapezoidal. IX 3/4 of the size of previousjts penultimate ecdysis on 1 July and the ultimate ecdysis
narrowing toward posterior margin. Tergum X longer than VIII on 28 July €5 months after hatching). It started laying
and IX, distal margin concave, with a slight dorsal mediaalke of (parthenogenetically produced) eggs 38 days later (on 4
Cerci spiniform, directed ventrally, not projecting overgem  September) and laid ca. 504 eggs in the following 198 days
X. Vomer indistinctly triangular, lateral margins lightawnish,  (resulting in an average of 2.5 eggs per day) until its death on
slightly raised. 20 March 2005, more than 12 months after hatching. The second
Legs: all slender, hind legs reaching to anterior margin ofemale (ultimate ecdysis ca. 28 August) started egg laying o
abdominal tergum IX. Antero-dorsal carina of profemora with 11 October and laid at least 449 eggs in the following 198 days
four rough serrations, postero-ventral carina with 10 longda (on average 2.27 eggs per day) until its death on 26 April 2005,
straight pointed spines (decreasing in length toward apex ahore than 13 months after hatching. The parthenogenetically
femora). All carinae of protibiae indistinct, without setiens  produced eggs of these two females partly hatched, but the
or spines. Mesofemora laterally compressed, carinae with 54dveniles refused to feed and died quickly. However, attleas
large spines. Ventral carinae of mesotibiae with six veryllsmeaone of the parthogenetically produced juveniles (FGZC 4055)
spines, dorsal carinae smooth. Ventral carinae of metafamomas successfully reared to an adult female by M. Grubenmann
with 7-9 prominent, pointed spines. Dorsal carina of right ledand returned to the ZSM after its death. Eggs obtained from
with irregularly arranged spines, of left leg almost smootthw the female FGZC 4051, collected on 28 February 2004, were
2 minute spines. Ventral carinae of metatibiae with 6-7 mediu initially incubated at room temperature and later transfsrto
sized spines, dorsal carinae smooth. Meso- and metabastarsan incubator for reptile eggs. Seven juveniles hatched legtwe
longer than following two tarsomeres combined, ventraimae 11 January and 6 April 2005, ca. 10-13 months (but mostly 12
usually with a single, minute tooth. months) after egg laying. Most juveniles refused to feed aed d
Variation: the colors of the two dried females that werequickly, but FGZC 4052 was successfully reared to an adué.ma
originally preserved in alcohol (FGZC 4051 and 4053), andl tha Distribution and conservation statuAchrioptera maroloks
of FGZC 4055 (still stored in 70% ethanol) have faded. Theurrently only known from Montagne des Francais in northern
coloration of FGZC 4050 (a dried female) is similar to theMadagascar Higure 5. This limestone massif is covered by
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deciduous dry forest and was threatened by heavy logging may be more bene cial than mimesis in this case. However,
until a few years ago, but now appears to be a well-protected at least for the blue males é. mangaand A. spinosissima
communal reserve (F. Glaw, pers. obs. in August 2016). Despiteit appears unlikely that their coloration can provide any
intensive surveys of this massif by the rst author and other substantial camou age in the foliage.

herpetologists in the period 2000-2016, including numerou8. Aposematism combined with toxic substances produced

nocturnal search excursions, we encountered only two fesal
(although a third female was discovered by N. Cliquennois,
pers. comm.), suggesting that this splendid stick insect tnas |
population densities and/or a very cryptic habits, perhaps in the
canopy of higher trees. However, based on additional loealit
listed in Hennemann and Conle (2004and photographs on
the internet, the species complex includi®g marolokoand

A. spinosissimanight be widespread in the dry forest areas
of northern and western Madagascar. Photographs taken by
C. Foucault in the Anjajavy reserve 15.005819, 47.23413) in
northwestern Madagascar (see http://www.inaturalistiesg/
429526-Achrioptera-spinosissima), showing a dark proximal
zone of the alae and a relatively colorful body of femalezgest
that this population might belong t&. marolokorather than

to A. spinosissimaA “giant green and redd\chriopterawalking
stick” was mentioned byPreston-Mafham(199% 203) for the
Ampijoroa Forestry (Ankarafantsika National Park) and abul
also refer toA. maroloko However, the actual area of occupancy

and the range limits of both species are unknown and can only bé.

clari ed by future studies. We therefore suggest consitgthe
IUCN conservation ofA. marolokostatus as Data De cient.

Sexual Dichromatism in  Achrioptera and

the Conspicuous Coloration of Males
Most phasmids resemble sticks and, typically, their coloratio

in defense glandsAchrioptera species possess a pair of
prothoracic defense glands, which is a de ning autapomorphic
character of Phasmatodea and is supposed to be present in all
stick and leaf insect8(adler and Buckley, 20).8These glands

are usually well-developed in species exhibiting aposematic
coloration [e.g.Qreophoetegtisner et al., 1997Peruphasma
(Stolz et al., 20)p and contain repellent substances
synthesized by the insects. When disturbed or threatendd, bo
male and femaléchriopteraopen their colorful wings and
often produce stridulating noise simultaneously, which might
confuse potential predators and warn them about defensive
substances. However, this does not explain why males are
conspicuously colored when unthreatened whereas females
and juveniles show a cryptic coloration. Parectatosomaa
member of the closely related Anisacanthidae, highly ewvecti
defensive substances are produdedssey et al., 20),but no
studies have been conducted yet to detect potential repulsive o
toxic substances iAchriopteraspp.

Aposematism combined with accumulation of toxic
substances from nutritional plants: cryptically colored
organism groups like phasmids or frogs are under strong
coloration-based selection pressure and accordingly,r thei
freedom in the evolution of deviant colorations is usually
very limited. Some frogs (e.g., in the Neotropical family
Dendrobatidae and in the geniMantellafrom Madagascar)

is highly cryptic. Only very few species show conspicuous are famous exceptions and display a wide variety of
coloration when undisturbed, though some use their COnspicuous and aposematic color pattefvie(ces et al,
conspicuously colored wings to startle potential predators. 2003a; Brown etal., 20 Several studies have demonstrated
The genusAchriopterais an exception, since the males of most that the aposematically colored frogs contain potent skin
large species permanently present their extremely colorful toxins (e.g.paly etal., 1996and their chemical components
bodies to the environment and potential predators. There are @re ingested and accumulated with their food (e.g., ants and

several possible explanations for this phenomenon, including termites). Their conspicuous coloration therefore serves a
the following: warning signal of toxicity and enables these frogs relbtisafe

diurnal activity. A similar mechanism could be hypothesized
for the conspicuous coloration oAchriopteramales. Many
species of toxic plants occur in the dry forests of Madagascar
including Montagne des Francaisgvranos et al., 200and
Achriopteramight have acquired the ability to digest toxic
leaves and to accumulate toxic substances in their bodies,

selection. However, there is no behavioral data that SU§ges  5ing them uneatable for most predators and allowing them
any form of female mate choice Achriopteraand without an to evolve extreme body colorations like the blaemanga

e cientdefense mechanismthe cpnspicuous coIoration_wouI(_j Blue body color has also evolved in Neotropical poison frogs
be prone to strong natural selection by predators, making this (Wollenberg et al., 200@nd such a color change can, at least

explanation unlikely. , , , in frogs, happen rather rapidly in aposematic specigsiig
. Cryptic functionality of aposematic coloration combined _ 4 chaer 2008

with di erent habits of males and females: while appearing

conspicuous to the human eye, the green and yellow-blackhe mechanisms producing warning colorations are diverse an
male colorations oA\. fallaxand A. maroloko(Figure 49 may  phenotypes are often multifunctional, and subject to biotizlia
also have a cryptic function for individuals moving amongabiotic selection pressureBr(olat et al., 2018 In the absence
leaves. In searching for mates, males may be more vagiléh whiaf substantial data on mate selection, habits, predatorsrabt
reduces the e ect of the stick mimesis that works well for thefood plants, toxins produced by defense glands and possible
more sedentary females and juveniles. Disruptive colanatioaccumulation of toxins of anyAchrioptera species, nding

1. Female mate choice: only adult malesAchriopteraspecies
are conspicuously colored, while females and juveniles show
the typical brown colors that have a strong camou aging
e ect and help them mimicking sticks. This could indicate
that the male coloration has a signaling function in sexual
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FIGURE 5 | Distribution of Achrioptera fallax A. mangasp. nov., A. marolokosp. nov., and A. spinosissima The localities Ankarafantsika and Anjajavy are uncertain
Orange (dry forest) and green (rainforest) show remainingimary vegetation in 2003—-2006, modi ed from the MadagascaVegetation Mapping Project (http://www.
vegmad.org).

evidence for these ideas and hypotheses, may prove di cult and015. Furthermore, a second genus of the Achriopterini,
substantial e orts would be required, also because more tittan  Glawiang was described{ennemann and Conle, 20)4and the
factor may have played a role in the evolution of this remahkab Achriopterini was discussed either as sister group to the ralrst

conspicuous coloration. Pacic Stephanacridini or to the NeotropicaPterinoxylus

. . . (Cladomorphinae) lennemann and Conle, 20p4We found
Origin and Systematic Position of no support for a close relationship okchriopterato either
Achriopterini and Anisacanthidae of these groups, namely tdlacrophasmaC Phasmotaenia

Traditionally, the genuéchriopteravas considered to represent (Stephanacridini) or tdPterinoxylugCladomorphinae). Instead,

a monotypic tribe, Achriopterini, among the species-richAchriopterini is strongly corroborated as a sister group to
subfamily Phasmatinaés(inther, 1958 However, Phasmatinae Anisacanthidae. With both taxa being endemic to Madagascar
has been demonstrated to represent an arti cial assemblagand the adjacent Comoro Islands, this nding makes sense
recovered repeatedly as polyphyletic in numerous phylogenetftom a biogeographic point of view. Nonetheless, this resilt i
studies (Vhiting et al., 2003; Bradler, 2009; Buckley et al.particularly noteworthy, since Anisacanthidae and Achreti
2009, 2010; Dunning et al., 2013; Bradler et al., pOInt are considered to belong to the two dierent suborders
more recent molecular phylogenied\chrioptera is placed of Phasmatodea, Areolatae, and Anareolataénther, 1953;

as a sister group to the likewise Malagasy stick inseetompro, 2004; Cliquennois, 2007, 2008This traditional
lineage Anisacanthidae3(adler et al., 2015; Goldberg et al.,subdivision is based on the presence (areolate) or absence
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(anareolate) of the area apicalis, a demarcated trianguksa a corroborate this assumption, as Mesozoic forms were rather
located ventrally on the apex of the tibia&i{nther, 1958  small, ranging from 24 to 56 mm, and lacked noteworthy sexual
Numerous previous studies demonstrated that neither Aieela dimorphism (Nel and Delfosse, 2011; Wang et al., 2014

nor Anareolatae are monophylectié¢/iting et al., 2003; Bradler,
2009; Buckley et al., 2009; Kémoto et al., 2011, 2012; Tomi
et al., 2011; Bradler et al., 20Q,1ylet a close relationship between
the anareolate Achriopterini and the areolate Anisacardakitias
never been assumed before based on morphological evidedce

Laarge-ScaIe Biogeography
A sister-group relationship between Heteropteryginae and
Achriopterini C Anisacanthidae indicates a single colonization of
. - amadagascar after transoceanic dispersal from the Asianmegio
comes as a major surprise. . . )
. . - as demonstrated before for various plant and animal species
Remarkably, the sister groups Achriopterini and

Anisacanthidae display an obvious lack of balance irgWarren etal,, 2009

the dearee of solitting at the genus and subfamily level However, this sister group relationship was not suggested
Y pitling g . - y . %‘efore, andradler etal. (2015ecovered a monophyletic lineage
Although branch lengths between terminal taxa in the stddie

Achriopterini are generally similar or even longer than ineth comprising Anisacanthida€ Achriopterini C further Malagasy

studied Anisacanthidae~{gure 2), Achriopterini includes only species a_md some Af_rlca_n and SOUth American taxa, which
. . . . could indicate a colonization from Africa (most recently also
two genera whereas the studied Anisacanthidae includes six

described (plus one unnamed) genera and is furthermore divid czrrlcc))bcgrnategf bgﬁggggfggezt 3\/';5223(“8:;?]2'20; altl:ygggﬁe%rtzfs drift
into three dierent subfamilies (Anisacanthinae includingp ylogeny P y

AnisacanthaParanisacanthaParectatosomaand a presumably vicariance Gunther, 195§ Lately, this view was challenged by

) : . - . : molecular clock analyses3(ckley et al., 2009; Bradler et al.,
unnamed genus; Leiophasmatinae - includismphiphasma 2019, favoring a much younger origin of extant taxa (probabl
and Leiophasmaand Xerantherinae includingKerantheriy. ' 9 young 9 P y

. e after the Tertiary—Cretaceous transition or K-T boundary,

Future studies are needed to clarify if this lack of balance . -

correlates with conservatism of morphological evolutiorttie 66 Ma). Consequently, a high number of transoceanic dispersal
events must have shaped the present distribution of stick aafd le

Achriopterini or indicates shortcomings of the current taamy . S ;
DA . insects. The historical biogeography of Malagasy phasmatmsde
of these groups (e.g., due to oversplitting in the Anisacat®). - A .
9eeds to be addressed in future studies including a more

Furthermore, both groups have traditionally been placed 8tomprehensive taxon sampling from Africa and Madagascar, two
di erent taxonomic levels (as family in Anisancanthidae aasl P ping 9 X

tribe in Achriopterini), and should be adjusted to the samecle largely understudied regions in regard; of phasmd syst_mmat
. . . . Apart from unpublished observations (Cliquennois pers.
once their relationships are su ciently resolved. . . .
. omm.) Achrioptera griveaudis the only known Comoran
Furthermore, we recovered the areolate Oriental . . .
. . species of the genus. Itis only known from two female specimens,
Heteropteryginae to be a sister group of the Malagas

Achriopterini C Anisacanthidae, leading to the assumption hich were extracted from the stomach of a bifeptosomus

of an independent secondary loss of the area apicalis icrjIISCOIO) at Moheli Island Paulian, 196)) The volcanic Comoro

. S N ! %rchipelago consists of oceanic islands surrounded by deep
Achriopterini. The presence of the area apicalis is considere . .
waters, excluding past physical contact to other land masses

to represent the plesiomorphic condition among stick insect - .
(Bradler, 200p The hypothesis of a close relationship betwee?nhmngh uctuating sea levelsfences et al., 200MAside from

Anisacanthidae and Heteropteryginae, with Anisacanthinf(";in gg:gglyrgerﬁiarigfwﬁgnztr;;lseﬁgg bl}/;“adls g}diév?:é);s
forming a subgroup of Heteropteryginae, is oldi{nther, 1953; g prey 9€g 9 .

Klante, 197§ but was revised b¥ompro (2004)who excluded d|spersal_from nor;h Madagascar is thus the '.“OSt pl_au3|b|e
. 7 . . . -~ hypothesis to explain the presence of this endemic and ighktles
Anisacanthini from Heteropteryginae. This assumption gdine

. 2 . species on the Comoros and its similarity wahmaroloko This
gcceptance In subsequent studiesquennois, 2007, 209@nd dispersal mechanism was also used by many other Comoran
is also supported here.

Hennemann and Conle (2004rgued that Achriopterini endemics, including amphibians and reptiles, and is fatdda

“s an evolutionary rather old and unspecialized group otby prevailing ocean currents/énces et al., 2003b; Hawlitschek

Phasmatodea” due to the animal's large size, long abdome%t, al., 2017a)

strong sexual dimorphism, and presence of wings. These aaithor

proposed a middle to late Jurassic origin of the AchriopteriniRegional Biogeography and Conservation

when Madagascar was still connected to India, Antarcticd anNorthern Madagascar is a mosaic of dierent geological
Australia. In contrastBradler et al. (2015gstimated a much formations, including old limestone massifs, volcanoemstal
younger divergence time of 50-35 my between a phylogengticaands, and other structures. Depending on the topography,
highly subordinate Achrioptera and Anisacanthidae. Our climate and vegetation vary substantially as well, rangiog f
phylogenetic analysis also resolved Achriopterini to be deeplrassland and dry deciduous forest at low altitudes to moata
nested among Phasmatodea as part of a previously unexpecteihforest at high elevations of Montagne d'’Ambre. These
Malagasy radiation. Large size and strong sexual dimorphisand other factors have contributed to a remarkable species
as exhibited by Achriopterini might represent a secondarydiversity and endemism in this area. However, the region of
modern trait rather than the plesiomorphic condition within Montagne des Francgais/Orangea has an exceptionally higlkedegr
Phasmatodea. Recent descriptions of fossil stick insedfsefur of microendemism, including many species of plants, amphibian
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and reptiles ((avranos et al., 200D'Cruze et al., 2007; Glaw AUTHOR CONTRIBUTIONS
et al., 201}, and even one microendemic family of blind-snakes
(Wegener et al., 20).3The distribution maps ofA. fallaxand FG, OH, and SB designed the study. FG, OH, AD, JG, and SB
A. manga(Figure 5) point to the existence of a biogeographicalcollected the data and wrote the paper. FG, OH, AD, and JG
border between the Montagne des Francais/Orangea regidialyzed the data. Allauthors read, commented on, and approved
in the north and the adjacent limestone massifs (Ankaranathe nal version of the manuscript.
Andra amena-Analamera) further south. Similar distribah
patterns of numerous allopatrically distributed sister spegiairs FUNDING
suggests a general biogeographic border for di erent organis
groups, such as geckos of the gefasoedura(Jackman et al., This work was nancially supported by the Volkswagen
2009, snakes of the genudadagascarophigSlaw et al., 2013; Foundation, the European Association of Zoos and Aquaria and
Ruane et al., 20)6and dwarf frogs of the genuStumpa by Act for Nature to FG, and by the German Science Foundation
(Kohler et al., 2010 (DFG grant BR 2930/2-1 and BR 2930/5-1) to SB.
The Montagne des Francais region is currently a hotspot
for conservation priorities. The massif was unprotected andACKNOWLEDGMENTS
a ected by heavy logging until several years aga(uze et al.,
2007, but is now an apparently well-protected community- We are grateful to numerous friends and colleagues: to Moritz
based reserve. The hitherto unprotected, degraded forest Gfrubenmann for rearing parthenogenefic marolokgto Olivier
Orangea is now being transformed into the National ParkArnoult, Nicolas Cliquennois, Moritz Grubenmann, Bruno
Oronjia. The protection of this area is of particular concernKneubuhler, and Louis Nusbaumer for providing photographs;
not only for the survival of the microendemi&. manga but to Neil D'Cruze, Falk Sebastian Eckhardt, Arne Hartig, and
also harbors the highest density of critically endangeesatiles  Bruno Kneubiihler for providing crucial tissue samples; tof&iar
in MadagascarJenkins et al., 20)4nd is home toLepilemur Bora, Neil D'Cruze, Hildegard Enting, Michael Franzen, Jagque
septentrionalisone of the most threatened primate species in thelaqueamis, Peter Kappeler, Angelika Knoll, Jérn Kéhler, Marta
world (Ranaivoarisoa et al., 2013 Puente, Steven Megson, and Roger-Daniel Randrianirina for
The two new giant insects described in this paper are amongpeir help in the eld work; to York Pareik for his hospitality;
the most spectacular insects in the world. The biemanga  to Nicolas Cliquennois, Oskar Conle, Frank Hennemann, Bruno
hitherto known asA. fallax has become one of the most famousKneubuhler, and Miguel Vences for stimulating discussidos;
stick insects after its rst successful husbandry and biegedt ~ Tanja Kothe and Bérbel Stock for the preparation of numerous
is highly desired in the phasmid community and has alreadypecimens and to Klaus Schonitzer for access to the coltectio
served as a model for artwork, paintings, T-shirt prints andWe are grateful to the Malagasy authorities who kindly issue
others during the past few yeass. marolokg perhaps even more research and export permits.
impressive because of its enormous size, its large spinestsand
splendid coloration, might be similarly attractive. Theptesdid SUPPLEMENTARY MATERIAL
phasmids could therefore be used as agship species to promote
local ecotourism in their habitats, awareness of the uniqu&he Supplementary Material for this article can be found

biodiversity of Madagascar, and the need for its protection. online at: https://www.frontiersin.org/articles/10.388vo.
2019.00105/full#supplementary-material
DATA AVAILABILITY Supplementary Table S1| Specimens and samples used for DNA barcoding

(COI) GenBank accession numbers.
The datasets generated for this study can be found iBupplementary Table S2| Specimens and samples used for the multigene
NCBI GenBank, https://www.ncbi.nlm.nih.gov/genbank/ €th phylogeny with GenBank accession numbers for each gene.
numerous single accession numbers are to be found iBupplementary Table S3| Pairwise genetic distances among sequences of

Supplementary Tables S1, $2 Achrioptera taxa in the COI DNA barcoding fragment.
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