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Abstract

[n a recent paper Raxworthy & MNussbaum (1995} included the Madagascan dwarl chameleons Brookesia
peveierasi and B ruberowfata 1o the synonymy of B mdnima, repanding known hemipenial dilTerences
between B tubercafata and B peyricrost as arlefacts. Our studies demonstrate that the hemipenis
descniption ol B. tuberenlata by Brygoo & Domergue (1975) was largely correct and relerred to unusual but
real structures. The enormous differences in the hemipenis morphology of B ruberonfata (hemipenes of six
specimens examined) and 8. peveierasi (hemipenes of five specimens examined) strongly suggest that thiy
are not conspeeiic, Furthermore, morphological differences in the arrangement of head crests and
expression of supraocular spines were noted between these two taxa and B minima The dilferentiation of
the three taxa 15 furthermore corroboniled by both univariate and multivariate analyses of morpliometric
dala, We therelore propose 10 consider Brookesia minima, B pevrierasy, and B tebercntaig as distinet
species, This conclusion corroborates the vahdity of biogeographic regions as suzgested from the analvsis
ol distnbulion patterns of other Broehesia specics. r

key words: Reptilia, Chamaeleonidae, Brookevia minima group, systematics. genital morphology, external
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INTRODUCTION

In his monograph on the dwarf chameleons ol the senus
Arookesia. endemic to Madagascar, Bryeoo (1978) histed
five very small species (total length up to 43 mm) which
were characterized by Lhe absence of a continuous row
nl dorso-lateral spines, and by the absence of a pelvic
shield:  Brookesta dentata, B minima, B pevvierasi,
B ramanantsoar and B twhercwlata, Bryeoo &
Domergue (1975) created a Brookesia minima group Lo
aecomeodate these species. Each was only known Irom g
single or foew localitics. and 1 no mstance svntopic
oceurrenes ol two speecies ol the group was recorded
(Brygoo, 1978). According o Brygoo & Domergue
(1975) and Brygoo (1978), specics distinction within the
group was mainly based on  genital morphology;
hemipenes were lound to be largely different between
B. peyrierasi (Brvzoo & Domergue, 1975) (type locality
MNosy Mangabe), 8. nberewluta IMocquard, 1894) (tvpe
locality  Muontagne d'Ambre) and B ramananisoui
(Brygoo & Domergue, 1975) (type locality ‘lforét
(" Ambohiboataba’ according to the original descrip-
tion. resp. ‘forét d'Ambohibogtave” according o

Brygoo. 1978) but remained unknown for B siinima
(Boetlger. 1893) (type locality Nosy Bey and B, dentara
(Mogquard,  1900)  (type  locality  Suberbieville).
Brookesta eentara and B ramanantsoat were distingruish-
able tfrom the other three species by having three pairs
of dorso-lateral spiny lubercles.

In 1995, Raxworthy & Nussbaum published an
extensive review of the Brookesiu species of northern
Madaguscar, Beside the description of six new specics,
live tuxa were synonymized: both B twbercidarg and
B. peyrierast were ncluded 1 the synonymy  of
B ominama, B romanantsoal was imcluded  in the
synonvmy of B dentaca, B witoerrae was included i
the synonymy ol B thieli, and B. legendrei was included
in the synonymy of B. ebenaui.

Recently, some authors have raised doubts 4% to the
justification of same of these synonvonzations. Brady
ot af; (1996) continued considering B, anfoctrae as a
valid species. Schimmenti & Jesu (1996) describad a new
species of the minima wroup (B exarmata [rom the
Tsingy de Bemaraha in western Madagascar) and resur-
rected B pevrierast and B, reberculata based on several
morpholoseal difterences.



16 F. GLAW ET AL

In the present paper we present strong evidence for
the specific distinctness of B, ubercwlata and 8. peyr-
ieravi based on hemipenis morphology. We also discuss
evidence for the validiy of all three taxa (B mimima,
B pevrierdasi, and B. iberculuta) hased on differences in
external marphology and provide considerations on the
hiogeography of Hrookesir in northern Madagascar.

MATERIAL AND METHODS

Fversion of hemipenes in Iresh specimens was first done
by finger pressure on the hemipenial pockets at lhe
ventral tail base in cranial direction. subsequently by
injecting the organs with 700 aleohol, in order to get
the musimum turgidity (see also Bohme, 1988). Only
partially everted hemipenes of already lixed and pre-
served specimens were brought to full eversion by using
4 fine Torceps for further mserting the retractor muscie
into the not fully everted organs (se2 also Ziegler &
Bohme, 1997). The method recently apphed by Pesantes
(1994) and Ziegler & Bohme (1997) for eversion of the
inverted hemipenes of already fixed and preserved speci-
mens was not successfully used due Lo the delicateness
of the genital organs. Terminology ol wenital mor-
phology lollows Klaver & Bohme (1956) amd Bohme
(L988): the proximal part of the hemipenis 15 termed
pedicel, followed by the truncus (mesial part) and the
apex (distal part), HPL is used as abbreviation for
hemipenis length, measured from cloacal base-point 1o
tip of apex. Museum abbreviations used are as follows:
VINHN = Muséum  National  d'Uistoire. Naturelle,
Paris: MRSN = Musen Repionale di Scienze Naturall,
Turing; SMF = Forschungsinstitut und Naturmuseum
Senckenberg, Frankfurt: UMMZ = University of Michi-
pan, Museum of Zoology., Ann Arbor; ZFMK=
Zoologisches Forschungsinstitut unid Muscum  Alex-
ander  Keenig, Ronny  ZSM =Zoologische  Staals-
sammnilung, Milnchen

Of the total of 70 exumined specimens, we took
morphometric measurements in a total ol 61 specimens:
six juvemles and two females [rom Sambava, because
no conclusive i priori evidence existed for the specific
attribution of (his population, were excluded Irom
further analysis; morphomelric  comparisons  were
carried out using 53 adult specimens.  Variables
measured were TL =total length; Tal =tail length:
HW = head width: HH = head heighto Eye=horizontal
diameter of eye; ArmL =arm length: body length (BL)
was caleulated by substruction of Tal from TL. All
measurements were made by the same person (M, V. ).

Data were processed with the software package SPSS
for Windows: we carned out analyses of covartance
(ANCOVASs) on the measurements ol adult specimens.
BL was used as covarate to climinate the size fuctor,
Males and lemales were analysed separately. We also
performed a multivariate discriminant analysis, com-
paring males and females both separately and together.

Collectors are given for the type specimens only;
collecting dutes only for those specimens for which the

corresponding collection eatalogues and lubels con-
tained unequivocal information: more detailed data on
the other specimens are availlable m the MNHN,
MRSMN, SMIF, und ZFMEK catalogues, and on reguest
from the authors. The lollowing specimens were cxam-
ted:

Brookesia nimima

SMIT 16512 (lectotype), SMF 16513 (paralectotype),
and ZSM 17/1921 (paralectotype), all from Nosy Be,
collected by €. Ibenau and A. Stumpll, 18R0-1553]
SMF 16514 (Nosy Be): MNHN 1884582 and 188625
(Nosy Be): ZFME 48215 48222, 51390, 51515, and
66ad (1l from Nosyv Be); ZEMK 53965-33969 (Nosy
Be. collected on VIL 1993},

Brookesta tuhercalata

MNHN 1893183  (holotvpe) f[rom Muararaomby.
Montagne d-Ambre, collected by Alluaud and Belly:
MMNHN 1986870, 871, and 873 (all from Montagne
d'Ambre, collected on 10. VI 1972); MNHN 1986874
(logality given as ‘Dicgo’ |=lown ncar Montagne
d'Ambreyr;  MRSN  Rl640  (Montugne d Ambre,
colleeted on TV, 1990); ZFMK 61242 and 6219462195
(all from Montagne d'Ambre. collected on 25, XL
1995).

Brookesta peyricrasi

MNLES 1968190 (holotype), 196X 184 | 968, | 861489,
and 1968191 (paratypes), all from Nosy Mangabe,
collected by A. Peyrieras on 1. 1968; MNHN 1974.236-
247 and 1974.249-250 (all from Nosv Mangabe);
MINHN 1989 3748 (Nosy Mangabe according 1o
attached  labell MNHN  1974.251-252  (Sambava,
collected on X1 1968} MNHN 1986.875 (lorgt de
Fantanendra, north of Maroantsetra, collected on 21
1. 1969): SMF 63808-65901 (Nosy Mangabe), ZFMK
52477-32478 (Nosy Mangabe), ZUMK 60753-60756
and 61242 (all from Nosy Mangabe, collected on 16, V1L
1995); MRSN R1641.1-2 (Nosy Mangabe, collected on
V. 199,

RESLILTS
Descriptions of hemipenes

Rrookesia peyrierasi (SMF 65899: Fig. 1). HPL: 4 5 mm
(partly everted in the resh specimens terming | slructures
broughl 1o maximum eversion posterior to fixation).
Hemipenes strong and slightly elongate. Sulcus spermal-
ticus distinetly forked at the buse of the apex, ils
hranches surrounding the distal lobes. Suleal lips broad.
Apex consists of two semicireular lobes, each showing
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Fig. 1. Sulcal view of the left henupems of Brookesia peyr-
rerast i SME 6389912 scale: 1.3 mm

four mincralized cones at its terminal end, The inner
cones msert maore on the asuleate surface ol the respec-
tive lobe, shehtly separated from each of the ouler three
cones, which are conneécted at their base,

Additionally, penital preparations of four specimens
of B peyrierasi were avallable: MNHN 1986875
(Fig. 23, MNHN 1968.1%0 (holotype of B peyrivras:
HPL 4.5 mm; Fig. 3), MNHN 1974.236 (HPL 5 mm)
and ZEMK 60756, The (left) hemmpems of ZFMK
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BOT56 was only partally everted and was brought o Tull
eversion posterior 1o fixanon. Ilemipenes of the
spectmens correspond excellently o the everted wemtul
przans of SMF 65899, On euch lobe of the hemipenes
four comes were recognized; only the lobes of the right
hemipenis of MNHN 1974.236 bear a very small fifth
cone. In one further specimen (MNHN 1974.242), the
tip of the hemipenis (less than one mm) can be seen
owtside the cloaca; even mm this virtuallv uneverted
organ. the muneralized cones of one lobe are visible

Browlcesia tibercwlata (ZFMK 612420 Figs 4 & 5).
Tul: 14 mm: HPL: 45 mm (freshly everted). Hemi-
penes strong and curved towards the central axis of the
specimen.  Pedicel slender, truncus with conspiouous
lateral bulges. Sulcus spermaticus distinetly forked at
the base of the apex. its branches laterally leading 1o the
end ol the apes, Outer suleal lip sheghtly stronger than
mner suleal hp. Apex herally enlarged, consisting
terminally of two sheht bulges and a hardened. possibly
muicralized crown-like structure at the centre of the
asulcate surface. Both termuinal bulges comprise an
elongute siphon-like structure. The crown-like structure.
wltich 1s open towards the suleate surface, consists of
few rounded tips. Both crown-like and siphon-like
structures (Frgs 4 & S) are commected with the retracior
muscle. | here are no mmerahzed cones.

Additonally, everted hemipencs ol five specimens
Irom the same area were available: ZFMK 62104 (HPL
3 mm), MNHN 1986.870 (HPL 3.5 mm), MNHN
1986.87]1 (HPL 5.5 mm), MNHN 1986873 (HPL 5 mmy;
Fig. 6), and MNHN [986.874 (HPL 5.5 mm). Becituse
of the partly poor preparations (mo masimum turgidily
m the gemital preparations of ZI'MK 62194 and
MMNIIN 1986870, 871 and 873; distended and partly
destroved apex in those of MNHN 1986871 and 874)
the hemipenes partly appear only slightly curved and
conspicuously slender and ¢longate with very slight
lateral bulges at the truncus. However, both the elon-
gate siphon-hke structures within the terminal bulges, as

Fig. 2. Asuleal view of the upex of the hemipeniz of Brookesia pevrigras (IMNHN 1986873} Photograph by B. Kernchen,
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Fig. 3. Sulcal view of the hemipenis of Braokesia pevneras!
tholotype MNTIN 1968, 190) after Brypoo & Domergue

(1968 scales 1.5 mm

Fig. 4. Asuleul view ol the apex ¢l the [eft hemipenis of

Brovkesia niberculara (ZFMK 61242)

Fig. 5. Lell hemipemis of  Brockesia  tubercwlarae (ZFME
612420 scale: L5 mme Lefl suleal, right asuleal view, Due 1o 4
shightly differsnt perspective s4< compared to Fig. 4, not all
terminal tips of the erown-hke structure are discermble. Ex-
ternul openings of siphon-like structures are symbolized by a
black spot (compare Tig. 4), Drawing by T, Ziegler

LT

Fig. 6. Right and lelft hemipenes of Brookesia tnberculan
(MNIHN [8956.873) after Bryvpoo & Domergue (1975); scale:
1.5 mm. Left usuleal, right suleal view
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Fig. 8. Muting couple (male above) of Breobesia mmpue from Nosy Be. Note the slender body and 1he thin legs ol hoth

specimens, and the lack of supraccular spiney 1o the male. Pholograph by Wolfgang Schmide

well us The crown-hike structure at the termingl asolcate
surface are well recognizable, The crown-like struc-
lres consist of several small and rounded tips. The
main structures thus correspond well w the gemtal
preparations of ZFMEK 61242,

External morphology

Carelul exagmingtion of the available material of Lhe
three taxa considered wvielded several characiers which
can be used lor themr distinetion

L) Brookesia perrterast (Fig, 7) is significantly larper

(‘Table 2) and has a more spiny head and body
orpamentation than B sining and B, ruberculata,

(b)) Breokesia mimima (Fig. 8) differs from the re-
maming rwo taxa by details of head omamentation: the
ridge system which is Tound dorsally on the head has a
symmetneal, rather complex but regular pallern n B
fherculora and especially i B pevrrerast. but 1s largely
reduced 1 B mining (g, 9). Especially transversal
patlerns are lnckmye mm most specunens of 8 minima, the
ridge  systems  being confingd to wrregular clements
arringed longitudinally. The mner lonmtudinal ndges
arc mostly conlluent to the supraccular crest i B
minitiiner, whereas in B tnberendorte and B, pevrierasi they
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Table 1. Morphomelne measurcinents {in mm) ul examined spect-
mens of Brookesia minina, B tubercilata und B pepriorasi. Used
yhbroviations: M =male. F=female, [1=juvenile: TL=taal
length: Tal = tail lenpth: HW =head widihy HH = head heights
Fye = honzontil dismerer of ey ArmbL - wrm length

eox TL TulL HW HH Lye Arml

Brigdoesia minimea

ZIME 31525 M 286 118 28 25 17 i3
ZEMEK 23964 MoO30Y 120 3.0 30 1.7 64
FFME 35969 Mo 260 110 2% 27 L1 Al
MMNHN R84 552 E 290 1L3 2% &7 .6 6.0
MXNHMN IREALS I 20 103 27 24 |4 52
SME 16312 F 315 119 33 28 [
SME 16513 F 273 115 XF 2.5 19 "I'_!
SME (6514 I 3ta 129 33 3l 1.7 (7
SFEMIK 48213 Foil3 120 30 30 Ly 64
ZFMEK 48216 F 338 127 33 30 14 &l
AEME 31390 F 297 1186 32 340 .7 6
LMK 33965 F A28 120 32 -3 .6 65
FFEMEK 53467 F 338 1458 3% 3d I8
Z1IME G664 o300 117 30 30 e 8.3
LIME 45217 ) 245 |0 26 22 14 34
ZSM N2 F 38 127 A2 3l & b7
Braok pxicd fubereilara
MMNHN [dY3 1535 M M2 12T AT ¢ S O I
MNHN LOBGETO M 32K 47 36 28 LG 35S
VINHN 1586871 Mo 326 148 36 L3 (T
VIMNHM 1986873 M 348 162 37 29 LT 3B Fig., 10, Adult mule of Brookesio nbercubarn from Montagne d"Ambre, Note the distinet supraocular spines, the clumsy body
MMNHN 1986874 M 315 130 34 il % K shape and the thick leas,
MESHN R 64 M 327 153 30 A9 |4 A
LEEME 671494 M- 252 108 30 27 .4 ~I-:i
LEMK 02145 F 2449 108 40 335 B _ o

| - ) ——— By —————— ebvious m all photographs ol hve specrmens avatlable
TF:;};TIEH:;::{I:-J'::J” M OIE6 157 38 34 L8 Tl I H":ih .:a--«::;l-- Lo u.a-: :{nii WS H,I‘!I'i.ﬁlﬁl .'m addimenal specimens -L‘-hs.Frvcd_
MNIIN 1968188 M 37.1 164 39 34 LY 0OH ! |k e s T in the I'It::'ld Hi:l"ﬂrl.:".-.t.'-l., due to the cx!rumu]y small size ol
MNHN 1968190 M 380 165 42 36 15 72 R - ‘“1 ! the species, this dillerence 15 very diflicult to be reliably
MMIINIS T, M 33 AL 4 A M :6 /ooy % pi measured 1n preserved specimens,
NNHN tﬁzﬁ:{: :*1 1#? :513.' JI'i :‘; f: 73 o ) gl % ) Morphometrically, there are significant differences
t:]JTr*:T:[rr': E‘F:'—}:;—l:l by ‘“;:."i 177 33 37 1§ 78 == —_—____if: — ___'{1____3 between the three taxa. Table | shows measurements of
VMNEIN (9742460 M 398 174 39 X4 LB T e B studied specimens, whereas differential characters are
MNHN 1974247 M 353 155 38 34 18 038 T = = ' summanized 10 Tahle 2
h}"::—;"d :1;5::;-‘:1; ::r: :iz‘: :hl:; 1: :3 {E -:-; Fig, 11. Drawines of head profiles: (a) Broofesra sunimg male Browkesta peyrierasi dilered Irom the remaining Laxa
rh:*ih!-'[;-' I.H'H'-}.'.i*':’;*llfa :"v! 1-t~'- Ij.ﬁ -H *-" IQ -;;, (ZEMK 339660 (W B wbercnling male (ZFMEK 62194, !}}i a constantly larger swee, withoul -;wi:‘rl';lp im BL values
SMF GaRau M & 1R) 41 35 A0 T3 showing supraocular spine e males, and very hittle overlap m female values
ZEME 60735 M 364 157 39 &5 18 73 (Table 2), Size differences of males and females of
LEME r’ll““_[’ o i'i*-'; |21 %t J[':: }[_; I . pevrierasi were significant (sexes tested separately; -
:m:-m }tii:;::l : 1E:I: ;R-E j; -_ll:u 8 T4 generally curve anleriorly towards the contre. No B test; P<(0L001) to those of B minima and B tbercudar
MNIIN 1968187 1 W2 |54 41 37 148 18 prgitinae spectmen wiy observed with the repular and  cxeept in the fermale comparson B peveierasi 8 pber-
MNHN 1968181 F 418 o8 47 42 21 840 distimel head crest ornamentation patlern typical for B ewlara (only one female of the latter avatlable; P=<0.07)
Mh’;-l A% I‘l:]EJ'"T;?: ) w :PL H.3 =: :g E.T i: twheroufata and B peyricrasi as shown in Fig. 9. About By paimmise ANCOVA  compansons, differences
:}EHE Hiﬁh}r lL :3-: :1: j“ 19 18 1% one-tifth of the B peyrierasi specimens (muostly males)  between males were as follows: B prinima differed from
MMHEN 1974245 F 339 140 390 3§ L7 74 show a weak expression of this pattern, but all B B (wberewlata by o relatively narrower head (P < 0.003),
MNHN (974250 F 245 142 4 328 |1& 77 tbercilane and all excepl one B pevrierasi, had enther  and relatively shorter tail (P<0.01), Brookesia minimin
AN luy'%slﬁ P a8 b2 44 3'[,], _Ej:]' gr; recognizable transversal elements or longitudinal crests differed from B peyrierasi by a relatively narrower and
t;;:l:J{l ;_J,r:}lf?' |; _{LLI {;; jE i 19 78 which at the [ront curve towards the centre. One single  lower head (P<0L005). shorter arms (P<0.05} and tail
MRENRIGHZ 1 322 131 3% 35 19 17 B. peyrierasi specimen (MNHN 1974.247) could not be  (P<0.003), and larger eyes (P<0,05). Brovkesia tuber-
SME 638U8 o398 158 44 45 20 77 distmguished from B mirima by head crest ornamenta-  cwflara differed from B peveierasi by relatively shorter
ZEMK 60733 F 3490 :5 ! -_H h:.ﬂu —:f’ :1‘ tion alone. prms (P < 0.001) and lower head (2 < 0,001)
ﬁ::.t:t :‘5421 Ir _H:: {—1-,- 4:5 4 l EI."J hi l'L.:] Br-_u.u'i.'a'.':'f:r. fbercidata _[I'Is'_1.|.1'.:"1'. (Fig. [0 difler 1n nlTerences  bepween  females were as  follows:
MNHN 1974238 ) 285 115 %6 32 1lea 93 having one distinet, protruding spime om each supruo- B ominima differed from B tuhercudara by a relatively
MNIIN (97423 1 271 113 33 29 L7 6.3 cular crest (Fig. L1 absent in females). which are clearly  narrower and lower head (£=<0.001), and relatively
T J fl—'q ¥ 3 il ;é shorter m B pevrierasi and much shorter in B, minfma,  longer arms (P < 0.005), Brookesia miinima differed from
;H}fﬂgiw : E.hr'l': Elrﬁ :.L ;g }f A3 Addmonally, B wberculara differs from B minimia by B, pevrierasi by a relatively narrower and lower heud

more robust and clumsy body shape and thicker legs  (£=<0.001). and shorter arms (F<0.001) and tail
(sce Figs 8 & 10). The thicker constitution of the legs is (P<0.05). Bronkesia tebercularg differed from B peve-
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Pable 2. Moarphology and dilferential churacters

{ body leneth BL o Arookesid i,

s und rumiee (in parentheses). Marphomestne s
analysis) Body length (BL, i ma) calculared as 'L, Tal

B tiberentaia and B peyrievasi. Closed

! - ATTETUE sasyrements anid ratios
i Brookesio mnini, B tberowdan andd B pevererast, Measure a e
alues calenlited from datn in Table 1 juvenies excluded 1ro

. it
(3 males. 12 lemales)

B. pevrieritsi

B. ruherculata i
(15 males, 13 females)

(7 mules, 1 female)

14.7 (1530 8.1

1|88 (15.52L.1)

0 70066 0.T3)

.65 (0,59 1).75)

13,34 (0,.33-D.35)

(3,33 (0),20-0,36)

76 0, 19)

017 (0150, 18)

01600 [ 500 18)

U LG (0, 14101 G

Smull

Indistinet: transviersal
clementy reduged

Iradisfinet

Abhzenl

LIy

BL {males)

BL ifemales)
Tal/BL (males)
Tul/BL {lemales)
ArmL/BL (males)
ArmL/BL (temales)
[TW/BL (males)
FHW/BT. (lemales)
TTH/BL (males)
HH/BL (femules)
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ITempoms
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Smadl
Distimet, regular pattern
with transversal elements
Chstincet
Ollen present
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17 (A0 1)

1), 21}

Large

Distincl, regular patier
with transversal clemeants

lndisunet

Albseni

Crown-like and siphon-lke
afruelured, ne Canes

ferasi by relatively shorter arms (F<(L001) and tadl

(B =0.05)

Within taxa, intersexual differences were _h.iuucf i
B herewiata (ArmL. P=<005 HH, £ <000 _'Iu]_.
pe05) wund B pewvierasi (HH, P<OAH; Tal.,
P <(003), One constant sexuully dimorphic patiern
found in all three taxa (although not ::Lmiﬂicu]ly §1g-
nificant in B minine) was relative tail length Tm‘h were
celatively shorter in females (Fig, 12) excepl lor oné

male specimen of B peyrierdss (MNHN 1974242

which possibly had a mutilated el Pemales were

penerally larger than males, although this difference
tested only significant in B pevrieras (3L, r-tesl
P (), 005) _
A multivariate digeriminant analysis using data
Table | grouped specimens of all threc taxa widely
separated. Simlar results were achieved _hn[h for m:ll_::.-.
and females when analysed separately (g, 13). und for
a combined analvsis of both sexes, indicating thal Lhe
interspecific differences arg more important than sa_'-;uul
dimorphism. Standardized canonical diserminant func-
ton cocflicients are given in Table 3. Discrimnand
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Fig. 13, Scatterplot of the first anul secomd discriminant function in Sroakesia mimima (@), B miberewlata (W) and B B VHeTaNi
(A ) females (a) and males (b}, based on a muluvariate discriminant analysis of data in Table |

Table 3. Standardized canomcsl dscrinunant Tunction cocfli-
cients from a multiple diserimmant function analysis of mea-
surements in Table | tor Brovkesta niinima. B tuherendaia und
A peveierast. Data are given [or separate analyses of mules
and females. The two characters with the relatively greates
discrminanog power for the first two diserimmant funcrions
(I2Fs) mn cach analysis are marked by a superseripted ranking

DF | Dr2
Mailes
Armil. (L 467 1,975°
Fve (1131 0.420
HH {603 159
HW 0.03] 1,130
SVL 0.092 0.L37
Tal 0.220 [.021
Females
ArmL (). 944 _{).758"
Eye (0,431 040
ImTH (.145 (04942
TTW |.255 (1,260
SVL 1036 (1.1 86
Tal. ).394 (), 166

analysis predicted correctly group membership for all
mules with a probability >99.99%, and for all females
with a probability > 99.999% when sexes were separately
analysed.

DISCUSSION

Hemipenial differentiation

Raxworthy & Nussbaum (1995 revarded Brookesia
pevrievasi and B, wherculata as synonvms of B. minina

due to the presumed lack of differential characters,
concluding that “there is no evidence to diagnose more

than ome mindma group Brookesia in northern Muada-
gFasear, .. .

However, Bryvgoo & Domcergue (1969, 1974) had
provided a diagnosis of both taxa based on genital
morphology. Raxworlhy & Nussbaum (1995 528)
quoted the pubhshed differences as tollows: “The hemi-
penmis of Aroofesio mbercndata lvom Montagne d Ambre
has a single apex beanng three short horns (Bryeono &
Domergue, 1975), while the hemipenis of B peviierass
from Nosy Mauangabe and Fantanendra (north of
Maroantsetral has a bi-lobed apex each bearing a
papillate crest of 46 papillae (Brygoo & Domergue,
1970 .

In the hemipenes of their material (specimens UMMZ
203617-8 and 203622, from the castern locuhlies
Marojejy and Musodla. respectively), they observed
sunilarities 1o the hemipenes of B pevrierasi, On the
contrary, they disrcparded the differences o the
hemipenes of B, mbherculare as they were described
by Brygoo & Domergue (1975). stating that the organs
of the pertinent specimens (MNHN 1986.871 872)
are “hadly deformed und do not appear w be fully
everted’. The unusual structures of the hemipems of
B. tuberculara had previously been discussed by Brygoo
& Domergue (1975) and Klaver & Béhme (1986) who
also considered the possibility that they constitute
artetacts.

The new matenal desenibed o the present study
allows for the lest tme definitive clarifications ahoul
the genital morphology of B. tuberculaia. The hemipenis
preparations of Z'ME 61242 are totally everted and
fully developed, whereas those described by Brveoo &
Pomergue ( [973) are obviously slender and not comple-
wely turgmd (MNHN 1986.873). Nevertheless, the most
mmportant structural churuclers are clearly recopnizable
in the latter (Fig. 6), and were largely correetly describad
and ligured by Hryvpoo & Domergue (1975), Tlus
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regurds the bateral truncal bulges 1I'rcnﬂemcnt hémi-
sphérigue’), the two termmimal siphon-like structures, -fmn’:
the crown-like structute at the contre of the terminal
asuleate surface (‘une zone apicale. contfusement divisee
entrins eléments dont le médian esr legerement d{:-:crup_é
en trois denticules’). A difference is that in the hemi-
pencs of ZFMEK 61242 the crown-hike structurg shivws a
few more rounded tips than m Brygoo & Domergues
(1975) ficure, This may reflect real individual differ-
ences. whereas (he clongate gencral appearance {"le
comps...cest un eylindre irregulier) ;mdt the |'¢:I'L-}t1w11;
strongly projecting termunal struciures of the hemipenes
of MNHN 1986.873 and ZUMK 62194 are prutmhll:-,'
artefacts due to the lack of turgidity. The left hemmpenis
of MINLIN 19R6.873 as ligured by Brygoo & Domerguc
(1975) shows an apical swelling not rzcc}gmzuhh: n
ZFME 61242 which may be an artefacl as often occurs
when liquid is directlye injeeted mto the tal hase wiﬂihuul
prior manual eversion of the organs (Ziceler & Bdhme.
1997): the swelling may also represent the apically
shifted Laveral bulges. _
The detailed description of  the hemipenes ol
B. pevrierasi (Brygoo & Domergue, 1969, Fig. 3) 15
largely corroborated by our abservations excepl [or the
aumber of terminal cones: ‘chacun d’eus porte deux
groupes d'ergots épinenx issus d'une base commune; le
demi-eregot sternul le plus developpe. est compose e
frois on quatre epines verticales, le demi-ergot tergal
nlen a gu'une ou deux, égalemen| verticales According
to the duta presented herein. each lobe generully bears
foar mneralized cones, Only in one exceptional case, we
ohserved o very small fith cone on both lobes of one
hemipenis (MNHN 1974, 256). _ -
Summuarizing, Lhere are very distinet hemipemal dil-
lerences hetween 8 peveierasi wnd B tuberculata. The
hemipenes of B. pevrierast are apically largely character-
ized by two sermcireuliar lobes with mineralized cones at
their terminal ends. whereas those of 8. tuberculata
show terminal siphon-like structures within both (erm-
inal bulees, and a crown-hke structure at the centre ol
the terminal asuleate surlace
It also can be excluded that the observed differences
miy be dug to seasonal varation. Material studied
includes B pepricrasi specimens colleeted m the dry
season (lune: ZFMK 60756) and in the rainy scason
(Tanuary:  holotype  MNLN - L968.190;  Pebruary
NMINHIN 19R6.875). Same regards B tuberewlata (Junc:
VINHN 086,870, R71 and 873; November: ZI'MK
62194 and 62195), An explanation ol the observed
dillerences by seasonal variation 18 also not probable
due 1o the existence of hardened, very probably 111i}1|:r=
alized or caleilied structures on the hemipenis of B
peyricrast (terminal cones) and probably also H fuﬂlw'm-
Jara  (crown-like slrocturc). Seasonal  variation, s
sometimes ohserved 1 the [amily Chanmeleonidas and
i1 other saurians. has so far only been demonstrated to
alfeet fleshy or horny outer gental structures { Bf'.'rhme,‘
198871 whereas occurrence of seasonal modifications of
mineralized or calcified structures is not probable {see
also Ziecler & Bohme. 19497).

According to Klaver & Bihme (1986), Tllli.’! apical
ornamentation of Malugasy [Brookesia] species consists
ol two papillate or denticulate crests or LTESIIJ{].‘ lubes,
sormewliat unequal i size”. Henee, b, peviterasi tits well
into the observed variation within the genus, whereas
the unusual structures of B fubercadato may iepresent o
derived state.

Morphological differentiation

It is a genersl problem in Brookesin systematics and
specihe  diagnosis  that morphelogical diffumlncﬂr;
between species are often low and morcover somelimes
difficult to describe, In the tiny species of the B. mintma
group, many characters are largely |'n=;duc_:cd u-.lrhli:h‘ in
larger Brookesia can be used Tor species identihcaton
(dorsolateral spines, pelvic shield. head srnlcull:mﬁ},

One peculiarity of many letrapod species at lhlf:
lower size limit i the retainment of pacdomorphic
features. which often results in a reduced development
of external characters such as Imgers and toes (Hanken
& Wike, 1993), With up to 34 mm resp. 35 mm total
leneth (Table 1) B minine and B iuhercufara vange
among the smallest reptile species i the world (Glaw
& Vences, 1994), The luck of dorsolateral spines. pelvie
shicld and distinet head crests in the H. milnime group
species can be seen as retained paedomaorphic features.
In lact. Brookesia species with distinet body and head
ornamentations show a less distinet expression of adull
characters in their juvenile state (F. Glaw. pers. s,
for B stump(fi ), This is reflected by the fact that m two
cases, specimens belonging to the B. minima group may
have been mistaken with juveniles ol larger species:
GGlaw & Vences (1994) stated that one paratvpe of
B hurchei (MNHN 1992159) possibly belongs 1o a
species. of the £ mininw group, and Raxworthy .&.
Nusshaum (1995) found that one paratype of B thieli
(MNHN 1968.139) is in fact a speaimen of B. dentata,

Increased maintenanee of paedomorphic characters
may explam why the small B, nintimd shows less disupﬂl
head ridges than B pevrieras;, and the larger expression
of spines and tubercles n B peyrierasi may 1o Lhis
seheme be related to its larger size. However, the large
supraocular spines of B tuberendita (nol [ound in the
larger B peveierast) contradict this explanation and
mdicate that mainienance of paedomorphic characters
hus affected the three taxa inoa different way.

['his also points to another fact which may be con-
sidered in the context of Lhe large hemipenial differences
hetween B peprierasi and B tberenlota. Until present
no attempl of a phyvlogenetic analysis of the genus
Brovicesio hus been published. and no derived characters
except the small size are known which would support a
monophvletic origin of the B minima group. Hence.
although unprobable, it can not be excluded that some
species of the group evolved independently from lurger
aneestors by retainment of puedomorpluc features, as
has already been demonstrated in minute animals
(Hanken & Wake. 1993).
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Tuxonomy

The differences i hemipenial morphology of Brovkesia
pevrierast and B fuberonlara clearly mdicate specific
distinetness of both taxa. This example confirms the
results of many other studies which have demonstraited
that gemital morphology can contribute mportant data
lo laxonomy of squamale reptles (e g Zicpler &
Bohme. [997). especially m groups with conspicuous
interspecttic differences of hemmpenial structures (often
croups with absence of femoral pores as chameleons,
veckos of the genus Uroplariy, varanids, snakes, and
others). Unfortunately, no henvipenial data of material
from Nosy Be, the type locality of B mimima, are
available. Since B mingne was histonieally the first
species of the group to be deseribad, this name 15 clearly
valid hased on priotity, whereas either B, tuherculara or
B pevrierasi could be synonvmous with B minini
considering henupemal argumentation alone,
Dur investiganons on Malagasy anurans (e g Glaw
& Vences, 1994) have shown that a significant number
of (often syntopic) species are nearly indistinguishable
when preserved, although therr specific distinetness s
evident by differences in advertisement calls. life col-
ouration and habls, A smmilar situation may be present
m severdal groups of Malagasy reptiles, in which mor-
phological differences are weak. as in some species of
the Zonoesanruy aenenws group (Vences et ad. 1996). Con-
silening Lhe dilferential characters presented in Table 2,
and the morphometric differences as revealed by discri-
minant analysis (Fig. 13), we conclude that a specific
status of all three taxa 1s currently the most plausible
hypothesis, although additivnal duly are required to
determine the extent of dilTerentiation of B. minima Lo
the other two taxa. We therefore reject the synonymiza-
nons applicd by Ruxworthy & Nusshaum (1995) and
regard all Lhree taxa B minimu, B mibercwdara and
B. pevrierasi as distinet species. Due 1o the very small
size and lack of premunent external charucters ol the
speties, d rehable dingnosis of single specimens is rather
ditficult. However, in the material that we cxamined, it
18 possible to correctly identify all male specimens and
most female specimens (except a few smaller, possibly
subadult B. peveierasi) using the following dentification
key:
la Larger species imale BL > 19 mm; [emale BL 19-25
mumn: pelvie spine mostly present — B peviierast
My Smaller species (male BL < 19 mm; female BL 16-21
mm): pelvic spine always absen| — 2
Za Slender species with thin extremities (see Fig. 8);
dorsal head ridges as iregular pattern without disting
transversal elements (see Fig. 9): male without SUPrHO-
culur spine (see Fig. 11) — B miinimu
26 Stout species with rather thick extremities (see 1ig.
10); dorsal head ridges as regular puttern with distinct
transversal elements (see Fig. 9) male with distinet
supraccular spine (see Fig. 11) + B ruberculata
The synonvoueation of #  raomanantsoni with
B. denfate by Raxworthy & Nussbaum (1993) also
needs comments, While the native forest in the region
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Fig. 14 Drstribution of Brogkesie naiminn, B nibercdato and
B peveierast on Madagasear Localities ave listed and is-
cussed m the text.

of the tvpe locality of B deéntatu is dry deciduous forest
(Raxworthy & Nusshaum, 1995) the tvpe locahty of
B, vamanariseal (Ambehiboataba forest: altitude 1300
m) and other localties like Andasibe (altitude ca. 900
m) are in the area of mid-altitude rainforest, Currently
there s no other known species of Brookesia which
oceurs 1 ramforest areas as well as in decduous dry
Forest (cacept, perhaps. B wiwmp/in. T should theretore
be myestigated whether B, dentara and B ramanantsoai
represent closcly related sibling species rather than
SYTICILYINS.,

Biogeographicul considerations

Although new data are necessary to clarify definitely the
distnbution of Brookesia wiimima, 8B peyrierasi and
B tubereudate, ar current state (Ulp. 14 the known
localities (after Gilaw & Vences, 1994 und Raxworthy &
Musshaum, 1993) can be assigned as follows to the
taxa: B minimu: Nosy Be, and possibly Manonganvo
B. inbervndata: Montagne &' Ambre. B. pevrierasi: Nosy
Muangabe, Fanlunendra, Masoala. Marojezy, and pos-
sibly Sambava and Anandrvola. The specimen [rom
Fantanendra belongs to B pevelerasi based on the
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hemipenial data presented herein; thoge from Masoal
and Marojery awre hemipemally similar according 1o
Raxworthy & Nusshaum (1995), and therefore are here
wesiumed W B pevtivrasi. Specimens from: Sambava
agree in size und morphometry with B peveierasi
Raxworthy & Nussbaum (1993) defined areas of
endemism in northern Madagascar based on the bio-
seogruphy ol Brookesia. They identified five differen
hingeographic regions: Norlhwest, Montagne d Ambre,
Tsaratanana. North-cast and East. According (o their
dula (Raxworthy & Nusshaum, 1995 map in thew fig.
3, sight species ol Brookesia are restricted to a single
region. ‘The sume applics to B griveandi (testricted (o
the repion North-gast). although this species 18 erro-
neously reported on the mup *Distribution ol Brovkesio
known from multple reglony

The remaining six specics oceur in two of the regions
ol northern Madagasear (8 wvhenwd, B, berseln,
B superciliariy, B stpoptfi, some ol them additionally
clsewhere) or in one region ol northern Madagascar
and elsewhore (ff thied). Only 8 miniea (including
B. tuberculate and B peyvrieras! Gy svnooyms) 1s sug-
gested to oceur in four of the five remons proposed in
northern Madugasear (all except Tsaratanana).

Recognition of 8. whmima, B peveierasi and 8 ruber-
et as distinet species, and (heir distobution patterns
as shown in Fig. 14, largely conlitm the hingeographic
remons praposed by Raxworthy & MNossbaum (1993),
Using their definitions  of  blogeographic  regions,
B, minima s restricted to the North-weslern region,
B auberciiura to  the Montagne d'Ambre region,
anidd B peveierasi occurs n the Eastern and Nortth-
SHsLETT TE2ONS,

Another aspeet ol interest is 1l altitudinal range of
Brookesia species. Raxworthy & Nussbaum (1995) state
that “wlmost all the northern  Brookesia species are
restricted to rumlorest and occopy a relatively narrow
clevational range’. This restriction to narrow glevalional
ranges may reflect the real sitnation, but it should be
noted that there are sigmificant inconsistencies mn Rax-
worthy & Nusshaum's daty

For Brookesia smompthi. Raxworthy & Nussbaum
(1995 §52) indicate an alutude range between O and 700
m above seu level whereas in their 1994 paper (page 67)
the same authors give 630 1200 m as the alllude range
for the same species i Montegne d’Ambre Nabonal
Park. A similar discrepaney applies to Brootesia ebenand
(1 700 m n Raxworthy & Nussbaum, 1993 650800 m
m Raxworthy & Nusshaum, 1994 67). Brookesiu sp.
nov. | in Raxwarthy & Nusshiaum (1994) probably

Table 4 Number of forest dwelling amphibian and reptile
specios recorded ut the 1ype localities of Brookesfa mininma
(Nosy Be) B rberenlore (Montagne &"Ambre) und B peir-
ferayl (Nosy NMangube), and number of specics not known
from the olher Lwo localities (10 parentheses)

Losea ity Amphibians  Reprles Total

Nosy Be 16149 M(17) SU(26)
Montarne d'Ambre 24 (14 45_ g 7241
Naosy Mangabe T2 (1R 16.(8) R (26)

refers (0 B antedearane which was deseribed m Rax-
worthy & Nusshaum (1995), as can be concluded by the
similar range (630 1200 m) of both. The range ol
Brookesio sp, nov. 2 (equals B. ambreensis) s given as
630 m in Raxworthy & Nusshaum (1994) and as 630
1150 m in Raxworthy & Nugshaum (1995). Still another
diserepancy regards B. valerfeae: Raxworthy (1991: 17)
stated that the holotype was found at an altitude of 350
m: Raxworthy & Nusshaum (1995) corrected this state-
ment and gave an clevational range between 500 und
700 m for the species. Regardless of such indiserepancies
it seems evident that B. smrindme (sensu Raxworthy &
Nusshaum, 19935) is among the speciey with the largest
elevational range (0-900 m), vccurring in habitats of
siomificantly different climate. Recognition ol B, tadie-
eudara and B pevrierasi as valid species chunges this
sitnation, esch specics of the B minima group being
restricted 1o a4 more limited altitudinal range as typical
for Broekesfa.

Raxworthy & Nusshaum (1995) state that almost all
ihe northern Brookesin species are restricled to ram-
forest’. This mav be partially true, although we
observed specimens ol the Brookesia minima group in
plantation-like sccondary forest around Sambava, and
found the mighest densities ol B stwmpfft in similiar
habitats at Nosy Be (Glaw & Vences. 1994). Bryvegoo
{(1978) reported Hrookesia rumanantsoai from eastern
Madagascar (Andasibe} in degraded evucalypt forest, It a
seneral restriction of the B minima group to torested
aveas is true. fragmentation of forest due w climatic
changes m the pust could have constituted a significant
reinforcement ol speciation, und would provide an
explungtion of specitic distinctmess of the B minina
group taxa occurnng in different hiogeographic regions
of northern Madagascar.

The three Brovkesie taxa considered m the present
study (B miinima, B, peprierasi, B therodala) were
described from well defined localities which all consti-

Tuble 5 Simikiity coelficients between the forest herpetofaunss of the type loculiies of Brgokesic ninimu {(Nosy Be),
K iufiereudar (IMontagne A" Ambre) and B perricravi [Nosy Mungaba). Based on species tumbers in Iahle 4

Amphibiins

Compurison Nis2 ( 5

Moy Be Amhbre 14 7 0,21
Norsy Bo-Doosy Muangalbe K ( Iy
Ambre Nosy Mangabe 43 3 0,057

Reptiles Amphibians and reptiles
My C & Nysa & 5
s 14 (.21 112 2 (2,21
-+ {y (.14 52 fi (.07
E) 5 (.09 102 8 (LR
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tute protected areas i the present (Nosy Be, Montagne
d"Ambre, Nosy Mangabe); as mentioned above. these
lovialiles ure referable to three different hiogeographical
reqions as proposed by Raxworthy & Nusshaum (1995),
We compared the torest dwellmg amphibian and reptile
species communitics rom these localies (data from
Glaw & Vences, 1994 and unpublished: Raxworthy &
Nusshaum. 1994). The numbers of specics known trom
cach locality are summarized in Table 4. Coefhcients of
similarity (8= C/N 2 where C 18 the number of species
in common and N 1§ the total number of species
found at both locahtics. see Raxworthy & Nussbaum.
1990) shows thal the herpetofaunas of Montigme
d'Ambre and Nosy Be have much closor similanties
than each to the herpetofaunn of Nosy Manpabe
(Table 5). It should be tested in the future whether this
pattern may also be reflected i closer relationships
between B ogiiing and B tubercidara than between
B owminima and B, peveierasi, or between B tuborenfaiu
and # peveierasi However, each ol the three localities
has a relatively large number of species nol ogeurrting al
the other localities (= 50%:).

MVMISCELLANEOUS NOTES

1. In therr Brookeste review Raxworthy & Nusshaum
(1995) used the spelling Chamaeleontidag as Tamily
name for chameleons. The same spelling 15 used in the
Zoological Record, We here reler 1o the etyvmology
provided by Klaver & Bohme (1997) and consider
Chumaeleonmdae ws correct lammily namie for chameleons,
2. According to Brvgoo (1978), Glaw & Vences (1994,
Raxworthy & Nussbaum (1995), and Klaver & B&hme
(1997), Brookesia peveierdasi was deseribed in Brveoo &
Domergue (1973). However, already in their 1969
pubheation, these authors had proposed the name for
the Nosy Mangabe specimens, 1o be used i these would
be recognized as distingt species m the futore, Since this
proposal was not accompamied by a differential diagp-
nosis nor by a type designation, Brookesia peviierasi
Brveoo & Domergue, 1969 ig w be sesn as nomen
pudum. Brygoo & Domergue (1975) must be considered
the source [or the onginal deseription of the speeies (not
as designanion of @ new name as wrongly staled hy the
authors by usage of the abbreviation son. nov. ),

Yo Brookesia minima was described hy Boettger (1893
123) based on three specimens Irom Loucoubd (= nature
reserve Lokobe) on the islamd Nossibé (= Nosy Be)
which were donated by C. Ebenau and A, Stumpff in
380 und 1885, Mertens (1967) designated SMF 16512
us lectotype. Brygoo (1978: 49) gives the [ollowing
[somewhat contusing) information: Types: récoltes de
C. Ebenau et A, Stumpff, 2 spécimens au Natur-
Museum Senckenberg 16.513" and also ligured ‘paratype
SMFE 16.514 Senck. Mus.. However, on page 50 he
states that he has examined the paraiype 16512 from
Nosy Be and another spectmen (16.514) from the same
locality collected by A. Voeltzkow. Since in the original
description Boettger (1893) only mentioned Ebenau and

Stumpit as donators of the type specimens, SMF 16514
15 neither paratype nor paralectotype. However, we
recently discovered a specimen in the “Zoologische
Staatssammlung Minchen' (ZSM 17/1921) which was
recetved [tom the SMF in 1921 {probably in exchange).
The specimen s labelled as cotvpe and its arigin is given
as “Insel Nossibé bei Muadagascar, 1880, C. Ebenau leg:’
We conclude that the three type speamens of Brookeyia
mintna arce as tollows: SMLD 16512 (lectotype), SMFE
6513 (paralectotype) and ZSM 17/1921 (paralecto-
tvpe).
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