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Abstract Frogs ol the genus Manrella (Ramdae) are characterized by severul denved characters, among them
microphagy and presence of skin alkaloids. A comparisen with other alkaloid-containing frogs (helonging 1o the
Dendrobatidise, Myobatrachidae and Bulomdace ) sherwed that, beside the alkaloids, these share several of the apo-
mophines typival Tor Mantello. Since mos| of the derived characters can be explainsd by microphagous and myrme-
cophagous specialization, we postulate the existence of an evolutionary etho-morphological character complex in-
vilving muerophagy. alkalord accumulation from anl prey, aposematic colourdtion, diumal activity, modification of
prey catching behiviour, modification ol tongue shape. reducton of teeth, and modification of several osteclogical
skull characters related with the jaw openmge mechanism.

The existence of such o complex reduces (he value of skin alkalowds and aposemance colouration lor the assessment
ol phylogenetic relationships betwean Mamrella and dendrobatids, so that o sister group relationship of these groups
15 unhikely, We present a [low ditgrom which @mives a possible explanation of a convergent loss of strong mating
atplesus and evelution of complex mating behaviour in both groups. Furthier we discuss the status of the small-
stzed demdrobaind genos Minvobares, whose charactensie allaloid profile and small size may be correlated with
fecding speciahizanon on mites; and we conclude that data support the hypothesis of a small-sized microphagous
ancestor of the bulomd ehaude.

Key words, Ramidae: Mantellinae: Mantelfa. Mantidaeivius; Dendrobaridae; Myobatrachidae; Bufonidae; myrme-

cophagy, mating behaviour, phyloaeny.

1. INTRODUCTION

Amphibians are known 1o conlain loxic agents ol sev-
cral compound classes in their sking the main functions
ol these substuneces may be delense against predators
and/or microorgumisms (Day et al. 1987), Only few
groups of anurans are known o contann alkalond woxins,
which are delined as cychic nitrogen-containing com-
pounds with a hmited distnbution in nature (DaLy et al.
1957). The origin of these amphibian alkalods has Tong
remained enigmatic; only 1n the last years it was demon-
strated that an uptake system from arthropod prey is re-
sponsihle for alkaloid accumulation in the skin (Dary el

al. 1992, 1994, 1994b), CALDWELL ( 1996) indicated for

the most prominent alkaloid-containing anvrans, the
Neotropical potson-dart frogs (Dendrobatidie ), that an
evolutionary correlation exists between alkaloids and
myrmecophagous specialization,

During a phylogenetic study on the Madagascan poison
frogs (genus Mantella), we noted that they mainly feed

on ants and are characterized by several derived mor-
phological, osteological and  ethological character
states similar to those found in alkaloid-containing den-
drobatids. A prion it could not be excluded that these
similarities may be phylogenetically relevant; in fact,
several reptile groups (hoas, iguanas. podocnenmine tur-
tHes) oceur 1in Madagascar and the Neotropis but not in
Adrica nor Asia, indicating that the possibility of Mada-
gascan-South Amencan biogengraphical relationships
must be considered in phylogenetic analyses (Kiude
1991 Frost & ErurrinGr 1989: ERnsT & BARBOUR
| 089: soe also Nusssauy & RaxworTuy 1994,

In the present study we review aspects of morphology,
osteology and ethology of alkaloid-containing frogs.
We comipare the synapomuorphies ol Manrella species W
the states found in the other alkaloid-contaiming anuran
generda; our aim 1s to elucidate whether the states of
Mantelle are mdependent Irom each other. or may be
lunctional adaptations originated by the feeding spe-
cialization. Further we discuss the implication of our
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lindings for the phylogeny of the Ranidae (Mantelli-
nac ). Dendrobatdae, and Bulonidae.

2. MATERIAL AND METHODS

Comparing morpholozical, esteolngical and ethologieal char-
acters, we will make reference to anurans belongimg o the
[ollowing [amilies/subtamilies (gengraphic distnbution and
senety considered for the present studv m brackels)y; (1)
Ranidaec: Mantellinae (Madagascar;  genera  Mamtella
Boulenger, 1842 and Mantidacrvlus Boulenger, 1893); (2)
Ranidae: Raninace (Cosmopolitan: genera Rana Linnueus,
1758 and Eupilvens Fitzinger, 1843); (3) Ranidae: Rha-
cophorinae (Asia, Alncy, Madagascar: penera Boopliy
Tschudy, 1838 [Mudugascar| and Rhiacophorns Kuhl & Van
Hasselt, 1822 |Asia]); (4) Hyperolidae (Afrnca and Mada-
aascur, Heterivalns Laurent, 1944 | Muadasascar]); (5) Den-
drobatidae (Middle and South America; genera Alfoebarey
dmmermann & Aimmermann, 1Y8E, Epipedobates Myoers.
1957, Finflobates Duméril & Bibron, 1841, Minyvobaies
Myers, 1987, Dendrobares Wagler, 1830 and Colostethins
Cope, 1866, (6) Myobatrachidae (Australia, gsenus Fsen-
duphervne Filaimger, 18430 (7)) Bufonidae (cosmopelitan,
cenera Meloropinyniscus  Gallardo, 1961 and  Arelopus
Duménl & Bibron., 1841 [S-Americal, Sufo Laurent, 1768
lcosmopolitan | and Capensthugo Grandison, 1980 | Alrica]).

To abbreviate the accounts, we use the erm aposemaric den
drobatids Tor the venera Allebates, Empedobaies, Phollo-
Betew, Mrovodates, anld Dendrobates, although the colourst-
non of single spacies of these gepera may in fact not he
aposernatie. Also we use the penenc name Celosiethus i a

Fig. 1. Pictures of Dendrobates hiserionicus (a), Manrelia
comant (hy, Phyllobares terrifiiles (c) Manrella cl. crocea {d),
showing the large external similanty of Mantella with certain
dendrobauds.

wider sense, including the genern Colosterhis, Aramobates
Myers et al, 991, Mannephrene La Marca, 1992, Nephelo-
Peates La Marca, 19940 und Thidavalay Jimenes de lo Espada,
|87 (see Myiers eral, 1991 T.a Marca 1992, 1094,

For osteological examination specumens were skinned and the
intestine removed as Tar as possible. Specimens were shinned
for hones and cartilage with alizarin red and alcan blue Tol-
lowing the methed of DinGerRUS & UHLER (1977) with somwe
minor moditications (PLGsod 1997, The Nesh of many Man

felfi and dendroband species was dark grey o blackish and
did not clear to transparency. a beter ¢learing was achicyed
in these cases bwv a high concentration of H-O- 1 the [irsi
clearing steps. Studied specimens are deposiied i the Zoolo-
gisches Forschungsinstitut und Museum Alexander Koemg,
Bonn (ZFPMEK) and the Museum National d"Histone Na-
turelle. Paris (MNHN). Osteological data vefer 0 43 Manrella
specimens {13 species; specunens are being listed 1 oa Torth

coming paper on Mantella ostealogy), five species of dendro-
batids (Dendrobates awrars Girard, 1835, ZFME 64145: D,
puntifie Schiide, 1857, ZFMEK 537202 1, wilverstoner Myers
& Dialy, 9749, ZEME 40708, fpipedobates teicofor (Bou

lenger, 18949), ZFMK 32046; Phyllobates vittains (Cope,
18493, AEMK 32031), one species of Pacuwdophiervne (P
Mbroni Ginther, 1858, ZFMEK 28159), and one species of
Melanopleviseny (M aeloner! (Weyenbergh, 87500
ZEMEK 521 16). (ther morphological data refer o specimens
ol the ZFMEK collecnon; specimens exammed for fongue
morphology are listed in Tab. |

Table 1. Measurements taken trom different frog species.
For euch specimen Lhe culadogue number in the Zoologisches
Forschungsinstitut und Museum Alexunder Koenig (ZFMK).
Bonn, and the vanables snout-vent length (SVL). head width
(HW ), wnzue length (Tol) and (ongue width (ToW) are
miven Ll in mam)

LEMEK Species SVL HW  Tol. ToW
duikde Mamefla viridis 270 80 45 30
AROLT Manrtedla vividis 250 10 40 20
47009 Afanrefla harans 25075 40 30

S0161 Mantella barons 265 15 45 340
SUR20 Manrella bermbards 210 65 45 30
32745 Manrella betsileo 240 7.0 40 30
52749 Mamella luevivata 285 BS5 4353 30U
52750 Mantelly luevigain 200 80 40 3.5
AR1E81 Marrella haraldmeier 235 70 40 30
48182 Mantello haraldmeier 230 70 30 2.5
SYU02 Mantello sp. 279 80 45 3f

39936 Manriduc vl 4000 130 11,0 6.0
fernic o alallies
32720 Mantidnetvlus bowtenger 00 105 700 A0

32584 Manndacivins wirtes 250 BOD 60 35
ST Mantidaciviug aryenteis 270 80 70 40
9854 Miamticfoe iy Tuy aluts 255 10,0 a0 4.0

GO0 Manrdactviuy aergmnadis 300 110 80 6.0
GO Mantidactvivs malagasiny 220 80 45 3.0
FORTH Mantiduetvins malagasine 220 70 560 3.0
25372 Mantidacivius albafrenarns . 300 100D 80 3.0
25373 Mantiductvius albofrenains. 3000 90 70 5.0

Table 1. (Continued).
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Tahle 1. (Contnued)

ZEME Speaics SVL HW  loL ToW LZEMEK Specics SVL HW ToL ToW
14158 Mantrdaorelus betsifeanus 295% 100 85 5.5 40726 Dendrebares lameaii 16,7 5.4 4 2
52613 Mumtrdactylus wiitei 240 70 540 30 27223 Melanophrvnise iy 4 T& 32 206
82593 Muntsdactylus wiltei 255 80 70 45 rehEivenires
53699 Mantdacrylus Blommersee 190 7.0 40 30 ST219 Melonophevniscas 230 74 42 LE
SXT3T Maniidactyliy bicalvaraiey 220 80 50 43 Atbrivenires
S2740 Mantiddaceylus bicadearains . 290 100 6.0 5.0 45804 Medunophrvniseas stefznenn 2003 750 240 2
S2387 Heterivalus boetteer 200 90 70 a4 45866 Melonophrvnisens stelznert 234 68 31 1 4
Sa6Us Hererivaluy boetreern 290 100 7.5 60 25197 Eseudopiiryne ausivalis |97 0 9 22
SAR4 Boopiis bielimen 26,0 120 a3 410) 2R198 Peowddopivrvie australiy 204 o4 46 2.1
ST407 Boophis boehnes 280 120 53 45 YRIAT Psendopiieyige bibroni 240 76 30 25
573496 Boaphis magor 2L0 9.0 30 4.0 28180 Pseudopfiryie bilicomi 236 72 352 247
STI9L Boophis mafivri 280 90 50 4.0 SO0AE Psepdophiryne corrabaree 207 7.5 4.7 2.2
51344 Coleveeting nubicela 945 63 33 37 SA6 Psemcloptryne corraboree 258 73 30 1Y
4770 Codesiethus el 196 6,3 48 25
46327 Colostetine ineuinealis 241 80 351 34
452058 Codosrerhy el s 247 BO b b
S22 Cedervietines Brinmens 7.1 85 36 30
S220T Colesietine hrunnens 77 60 3B 2148
320606 Colostetins trinitatiy 21,5 80 41 4.2
MGl [ ) “TiiT r TE g 3 E i .
SO Codayled, (i, 22 B . A To compare fonpne shape we measured rongue wideh (ToW).
A5307 Calostetne talamani o 355 =5 50 A% 5 : T et
bt : il tongue length (Tol ), snout-vent length (SVLL) and head width
477705 Codowieths lalagmancae 220 TS5 30 50 W RR [ b riie R lim i S s, i i)
25300 Colestethn sp 117 T3 AR A0 I. LT Ir|1‘L._.'. LTINS DEIZINE Lo 0 SPeCics. 1o _.jr'u
:‘3.1{;'1 2t ; 'Jr' b = 1"3 hhig '4 i ToL measurements were clearly dependent on the stare of any
vy - . _ : by .
ey {ff ORI 5 ) T {40 el s particular specimen, especially s fixaton; single aberrant
37261 Allobates [eroradis 240 8.0 a0 40 T N Nt} lained. as artfErts: althons]
17762 -’!.I'i'.rr.l'u.rh'-.'.,.'"r'rwu'm'.'"-.' 320 70 60 45 measurements can thus be explaned as artifacts, although
RS 23 R i B 2 " most measured specimens were in a comparable stare of fixa
2042 Fprpedobates ivicolor 18,0 60 40 3.0 q Relative - ke TEWISVI bepbi 1
V033 Eppedobaics tricolor 250 7.0 50 4.0 Log, REMWE MIgUy Wil (10 #ie Thd, Jemlife tolighe
gt RO . ' o M o iad lerieth (Tol SV amd relative head wadth (HTW/SVIEL) were
SAS6R Fppedobiies pici 240 7.1 54 2.8 AR A o R L e L L
g B caloulated. If possible, two specimens of cach species were
G222 Fpipedolates pecis 22T G S A R e S S T R
e i = i ) jeasured, ad the mean values of cach species used For fur-
2438 | Bprpedobates prdchrnipectes 21,7 73 4.0 20 TS TIE . R T e i ik athar:
SAARD Forpecobeies pulehrioectes 2100 7.1 16 2 INET anilysis e nbLaned raho values were conpared stialis
if};lf] !'_’I g ;-‘. frrne {‘ Wi SdE :'." 4 ';."i ically with the software package SPSS for Windows osing
710 Fpepedobaies silverstonel 245 7. 1.5 3. | O Eig i
_ _ = 5 Mann-Whinney Uaests and Kroskal-Wallis ANOV As,
27637 Epipedobaies silverstone 4000 130 79 355 K
46431 Epipedabares bassieri WA 9 59 35
46432 Epipedobares bassler s 1L 70 39 I
o e & 45 30 3. REVIEW AND COMPARISON OF
11337 Phyilobates vittatis 225 78 47 35 CHARACTERS
61235 Plollobates bicolor A8 130 &8 3
OS2 Phyilobares lueabrs 215 6B A6 24 Mimtella 1s classified in the family Ranmidae, subfamily
6313 Phvilebates higubris 20,0 67 44 23 Mantellinde (BrovMers-Scim osser 199350 According
F1340 Minvobates mtnuius 13,746 27 1.3 0 GLaw & VENCEs (1994) there are only two man-
= '.l ] r i [ Lal & B | i ¥ =
;l'l :; E"'-'J:‘“;“‘””f”{“"r”" | lI_H :il_ll ol ll telline genera. Manrelln and the non-microphagous
9, cndrabates lefmenni A0 ML al) 235 ; 5 - :
A AR PE R S e s s Muntidactyluy; the latler may be paraphyletic bul very
33VIS Dendrobates letimanni 4.0 .0 7.0 2.0 i i ? : ] 5
e _ : 5 e probably contains the nearest relanves of Manielld
SO53X) Dewdrobaies pamilio 214 hb 37 22 Wt ’ I 1996- pers. obs.). In the Dendrobatid |
56335 Dendrobates pumitio 22 60 4) Ly EAISDnay IOy pessy ohs dn e Dendranatioas, e
46437 Dendrobates trivinans 407 104 7.0 39 non-microphagous Colostetling 1s seen ds sister group
10724 Dendiobites trivitatus AN MG BO 5T of the alkaloid contmning genera (Myrrs et al. 1991
1500 Dendrobates fanasticus 19261 28 1.3 CaALDWELL 1996). In the tollowing we will compare the
41497 Depdrobates faaasticus 20,6 63 30 1.6 states found in Mantélla to those observed in Manri-
50251 Dendrobates granutiferns 195 58 34 1.6 daciviny, Within the Dendrobatidae we will compare
39 Dendrobates granuliferns 208 6b 45 25 the states of aposematic genera to those of Caolosierthies.
o ) JIII,:, L] ; i i i _-.'-' L EI 1_ . , - h_ y . . F
:E:?:j ii”'ﬂ.“ i"“"“ g Tiﬁ :_lj o I"I' Additionally we give the states ogcurring in the remain-
13- R LEN DRI Lo Ay o) byl L i : SR -
S , M 14 : me alkaloid-comtaming senera Pyendophrmme (Myoba-
37135 Dendrobates lamase #4850 33 LS £ : ‘ e = el SR

trachudac ) and Melanophirniscuy (Butomdac).
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Microphagous specialization. Mantella are micropha-
gous and myrmecophagzous as demonstrated by VENCES
el ul. (i press). Little 1s known aboul prey ol Manii-
dactyius, but the cursorial data indicate that representa-
tives af the genus regularly consume large proy (GLAW
& VENCES 1994 for M. albofrenaris (Miiller, 18921 M.
mocguarndi  Angel, 1929 M. grandidieri Mocquard.
I 8OS, pers. obs, [or M, wleerosuy (Boettger, 1880)).
Lxtensive studies have been carried out on the diel af
dendrobatids (SILVERSTONE 1975, 1976; Tarr 19804
19806, 1995; Sivox & Torr 1991 DoNNELLY 1991
Carpweir 1996). Aceording 1o these papers, Dendra-
Bates, Phvllobates and Lpipedobates are ant specialists.
whereus Minvobates mainly consumes miles. Lprpedo-
ks and Phytlobates are less specialized to ants and
mites than Dendrobares and Minvobares. Allobates and
Colostethus show no microphagous specialization.
Paeticlophrvne is an ant speciabist (PENGILEY 197 1b for
E corroboree Moore, 1953, P dendvi Lucus, 1892, I
bibreni). Little is known on food and feeding of
Melanophrmiseus; Cni (1980) slates that M. stelzneri
mainly prevs upon small arthropods as ants and aphids,
and BIREHAHN (1994 notes that M. rufrriventris (VEL-
LARD. 1947 ) preferred small prey items i caplivity,
Skin alkaloids. Present in Marelia (Y species), absent
i Mandicdectvins (3 species) and other ranids according
to GARRATTO et al, (1993) and Dary el al, {1996}, Pre-
sent in aposematie dendrobatuds except Allobates (only
traces), absent in Codowtetlns (DALY et al. 1987 Myprs
1987, Present in 2 species of Melanophirynivens and
T species ol Pyendophrvne (Garrarro et al. 1993b;
Davy et al. 1990)), absent in other bufonids and myo-
batrachids (DaLy et al. 1987).

Aposematic colouration. Several species of Manrella
veeo. M. auranttaca, M. haveni, M. cowani) clearly have
dorsal aposematic colour patterns (orange, red or vel-
low with black) which are not known in any Manti
dactvluy. Other Mantella are more crypucally coloured
(eo. M. faraldmereri, M. betyilen), In dendrobatids, the
genera Lpipedobares, Mhvilobares, Minvobaies and
Demdrobares contain aposematic specics: of these, al
least Lpipedobaies also contains some more cryphic
forms. Colosterhus are generallv crvptic: the striped
pattern ol Allobares femoraliy (Boulenger, 1883 ) can be
seen as dposemalic (SILVERSTONE 1976 considers the
specics us a possible mimic of Epipedobates pictus
(Bibron in Tschudi, 1838)), but mav also be crvptic
(Cavpwerr 1996), Psewdopliryne conlains highly apo-
scmatic species (P corrobaree and P pengilleve Wells
& Wellington, 1985) as well as more eryptic forms (see
fgures in TyLew 1992 and Osporse et al. 1996}, Simi-
larly, at least some Melanoplirvatseus can be seen as
aposematic {MeDIarMIT 1971: 51),

Activity. Manrella are diurmal frogs, with [ew excep-
lional ebservations of nocturnal activity (see VENCHES ot

al, 1996}, Many Mantidaeiviny are mamly noctlurnal,
and 1n most species activity takes place at least partly
during the mght (excepl some species of the subgenera
Cephyromantis Methuen, 1920 and possibly Pandanu-
sicolg Glaw & Vences, 1994 sco Graw & VENCES
19945, All sposematic and most non-aposematic den-
drobatids are diwrnal (Myeers & Dary 1983 Myrrs et
al, 1991; 27). As faras known, Melanophrvniscus are at
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Fig. 2. Schematic drawing of different prey catching be-
haviour observed 10 anurans (tedrawn from high-speed pho-
tographsy (a) Prey catching jomp with simullanons longue
protrusion at angles of 1807 in Kana lessonae (1eft), Hvle ar-
Barea (ubove) and Diseoglossus padeanor (nght), (b) longue
protusion with simultanous foreward lunging, hindleel re
maining m contact with substrate, in Rewna lessonae, (¢)
longue protrusion with simultanous lorewsrd lunging, hands
loosinge only slightly contact with substrate, in Mantella au
rantiaca; (d) tongue protrusion without or with very shght
fereward lunging, fore- and hindlect remamng i contact
with substrate, in Dendrobates rincrovius (tight) and Bufo
calamita (lell).

least partly diomal (Cer 1980 for M. stelzneri; Mc-
[arnin 1971 531). Pyendophrine show some diormal
acnovity: males of B cormbores call (from reluges) dur-

ing dav and night (PEXGILLEY 1971a), and a lemale of

P ocorreboree was observed feeding at Y h am.
(PesGILLEY 197 1h: 101 ),

Prey catching behaviour (l1g. 2). The typical prey
catchmg behaviour of Manrella difters from that ob-
served o other ramids (Runa: SCHNEIDER 1954, VENCES
1938, Nistikawa et al. 1992; Eupllvetis: ALTEVOGT el
al. 1987; Rhacophorus: pers. obs.: no data on Marnii
doctyis). Several species ol Kang very often jump 1o-
wards the prey, with mouth opening and tongue protru-
ston occurring during the jump. On the contrary, Man-
tella penerally sl perform small hops to reach the
prey, and tongue protrusion s generally not accompa-
nied by jumping: at most, the hands loose contact o the
substrate while the body 1s lunped slichtly for- and up-
wards. In dendrobanids, we observed prey catching
Jumps with tongoe protrusion in Epipedobates tricedor,
but not in Dendrobaies lewcomelas Fitzinger in Stein-
dachner, |86 nor 0. tinctorins (Schoeider, 17993, Fol-
lowing our personal observations on captive M,
stelzneri, also Melanmophrvniscus lack prey catching
jumps with longue protrusion as do other bufonids:
Bufo (Vences Y88 Nisingawa et al, 1992 and Arelo-
pus (LOTTERS, pers. comm. 1997). No data on Pyen-
dophirvire are available.

Size. Mamella are relatively small frogs (adult size
range 18 30 mm), Marnfielactyluy also containg many
small species, bul also large forms (adult VL range
15-120 mm: (aw & VENeEs 1994). SVL is 15-50
mim in Dendrobates (SILVERSTONE 1975), 1220 mm in
Mimvobates (MyYErRs 1987), 1947 mm in Phyvllobates
(SuwvErsTONE 1976 Myers et al. 1978), 15-50 mm in
Epipedoboies (MYERS 1987), 20-33.5 nun i Allobhares
(SILVERSTONE 1976 as Phivllobaies femoralivy, 20-62 in
Cedostethus (MYERS g1 all 1991 ), In Psendophirvne SVL
ranges [rom 18238 mm (Tyieer 1992), in Melano-
pitrvniscits from 25-45 mm (Cei 1980)),

Body shape and habitus. All Manrella have a simolar
and characteristic general appearance. Only few Manti-
deaciviug (of the subaenus Chonomantis Glaw & Vences,
1994) have a similar habitus. The appecarance of Man-
teller 15 strikingly paralleled by cenain aposematic den-
drobatids (Fig. 1) A different, wad-bke appearance 1s
tound i Peendophrime and Melanophrmisens. Mean
relative head width 15 sigmbcantly lower in Manrella
than in Mantdaciving (U-test, p < 0.001) although
some Maniidectviuy have values similar to Mantella. In
dendrobatids, the largest mean relative head width was
found in Phyvllobares, the lowest in Dendrobates, agree-
ing with the lindings of TorT (1445). Our data support
senus-specilic  differences  in relative  head  width
(Kruskal-Wallis-ANOVA, p < 0.05) within the Dendro-
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Fig, 3. Schematic drawing of tongue shape in several studied
frog specimens.

hatidac. Mean relative head width of Melanophrniveus
is similar o that found in Mamella, whereas Pseu-
dophryne have somewhat broader heads.

Tongue shape. The tongue of Mantella s distally very
shightly forked (g, 3), whereas all Manfdaoryfus have
a chstinctly bifid tongue (pers. obs.) as it is tvpical for
ranmd  frogs excepl very [ew genera (BLOMMERS-
SCHLOSSER [993; pers. obs. ). Dendrobatids and myoba-
trachids (BLOMMERS-SCHLOSSER 1943), and bufonids
(pers. obs ) have unforked entire tongues, as verifled in
all specimens listed in Tab, 1. Detmled arrangement of
longue musculature has not been studied in Maniella,
but Dendrobares. myobatrachids (including 4 specics
of Psewdophryne) and bulomds (Bufo and Capensi-
fufa) show a complex form of the genioglossus muscle
not found in other anurans (HORTON 1982),

Relative tongue width and relaiive tongue length of
Manrella differed significantdy (p < 0.001; U-tests)
From values of Manitdactylus, The seatterplot in Fig. 4a
shows that Manrella had relatively narrower and
shorter tongues than Mantidacnyliy, the values of Man-
frdactyfus were suntlar to those of other ranoid genera
as Heterixalus (Hyperoliidae) and Seophis (Rhaco-
phorinac), OF the remaning considered genera (Fig.
db), only Colostethus, Allobates, one Epipedobatey and
one Phvllobates had values as those found in Manvidae-
rviug. Al Dendrobates, Minvobares, Psewdophryne,
and Melanophryniscus ditfered from this state either in
having a shorter or narrower tonoue (mostly in hoth
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Fig. 4. Scarterplot of relative tongue length (ToL/SVL) und
relative ongee width (ToW/SVL) in dendrobatid genera,
Pseudophrine, and Melanopivrvniseus (a), and in Manrefla,
Maniidaciyiuy and two other ranod genera (h). Each symbol
represents one species. Black svmbols represent species of
non-microphiagous eenera, white symhbols species ol mi-
crophagous genera, Transitionary genera are represented by
grey symbuols.

variables). In dendrobatids, data support a transition
from long and broad o short and narrow tongues in the
direction Allebares-Colostethus-Epipedobates-Fhvllo-
hates-Minvobates-Dendrobates. The  genus-specific
differences mn relative tongue width and length within
the Dendrobatidae are significant (p < 0.01 and p <
0.05, respectively, Kruskal-Wallis-ANOVA).

Maxillary teeth (Fig. 5), Mantetia lack maxallary teeth
which are present in Mantidactyfus (pers. obs.. GUIBE

i _ Mantidactylus pulcher
T o MK

A ., Mantidaotyius lWlsus
ST T T T e ZFMK BT 2

Lt - Marnteila virtgis
i — — =7 ZFMK 62708

L e .. Mantajla lapvigata
R S o=t MNHM 1373-535

- Manteila harsidrmealan
b o T T == MHHM 1373508

G el . Phylicbates vittalus
g . _----'_: 0 ZFMK 32051

i e Dengrobales auratus
e TTm e ZFMEK 84145

- _ Moianaphryniscis sfeiznen
S e === ZFMK 82116

e Fesidophryna bibron
) ZEMK 28159

Fig. 5. Schematic drawine of maxilla (lateral view) in stud-
ied specimens (left side = snouat). Not 1o scale.

197K}, Teeth are absent in Dendrobates, Minvobaies and
some Epipedobares, presenl in Phvillobates, Allobates,
some Epipedabaies, and Colostethus (Myegs 1987; Sil -
VERSTONE 19735, MyERs et al. 19491 pers, obs. ). They are
absent in Pseudophrvae and Melanophiryniseus (LyNCH
1971 Crr 1980; pers. obs. ),

Palatinal apophysis of maxilla (Ig. 5). Most Manti-
dactvlus are characterized by a distinet palatinal apoph-
yais ol the maxilla, which s generally absent in Man-
tella except rudiments in some specimens (Guise 1978,
pers. obs.), A palatinal apophysis is present in FPhnvilo-
bates virtatus but lacking in Dendrobates anranis (pers.
obs.). Accordimg to the drawing of Myers ctal. (1991
It 1s present in Aromabafes. No apophysis was found in
Preudophryvite and Melanophryniscus, but the latter had
an anteriorly very deep maxilla (pers. obs.).
Squamosal shape (Lig. 6), One characteristic of Man-
tella 1s the radimentary zvgomatic process of the
sqquamosal, which s well developed ilthough always
shorter than the posterior process) in Mantidactylus
(Guise 1978: pers. obs.). The zygomatic process is pre-

Mantidactyius Mantidactyius Mantoactyius
bicalcaratus pulcher luteus
ZFMK 14166 ZFMEK 14176 ZFMK 52721
| = \
MMantela Martala Manteila
virldis taepigala haraldrmegian
ZFME 62709 MMNHMN 1973-535  MNHN 1973-508
A *.I
< | B
Phylicbales Dendrobates Lendrobarcs
vittatis sliver=inna Aldratus
ZFMK 32031 ZFMK 40709 ZFMK 64145
.
| I
: b
Fseudophyne Mealanophiniscus
Bibran steizneri
ZFMK 28150 ZFMK 52116

Fig. 6. Schematic drawing of squamosal shape in stodied
specimens (left side = anterior), Not 1o scale,

sent (hut not longer than in Mameflay in Flvllobares
and some Dendrabates, absent in other Dendrabates
(pers. obs. ). The zveomatic process cun be very short i
Colosrethus (pers. obs, in C. nubicoda Dunn, 1924, but
s relanvely lomg m Arvomobates (Daly et al. 1991 ),
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Melanophriiseuy Tack o zyeomance process (MoeDy-
ARMID 19T 1. pers. obs.): in Pyeudopiirvne 18 1s reduced,
knob-like (LyxncH 1971) or nearly absent (pers. obs.),
Vomers and vomerine teeth. Yomerine teeth lack in
Muntella tahsence of the dentigerous process) but are pre-
sent in most Mantidactylus (GUIRE 1978; pers. obs. ). Thev
are venerally absent in dendrobatids (S versToNe 1975),
The vomers lack completely in Pseadophrine (LyNCH
1971). Vomerine teeth are absent in Melanaphryniscus as
generally i bulonids (McEArRMID 1971 ).

Palatines. Described as "asscz redmtes™ in Manefla by
Guipte (1978): n fact slightly smaller than in Manii-
dactylus (pers. obs.). Lacking in dendrobalids except
some Coloviethuy (SuverstToNg 1975:5). Reduced 1n
s1ze in Pseudopiyrene (LyncH 1971). Absent in some
Melunopliryniscas (MODIARMID 197 1),

4. DISCUSSION

4.1. A functional complex related
to microphagy in Manrella

Our data elearly indicate a correlation of the studied de-
nved characters of Mantella with their specialized
feeding pattern (Tab. 2). The apomorphies of Manrella
(i companson W Mantiduaetyfny) are gencrally found
i st other alkaloid-containing genera. In most cases
this can be explained by a direct, functional or by an in-
dirgct correlanon ol the character with ancrophagy,
And in many cases the state ransformation within the
Dendrobatidae reflects the transition from generalist
[eeders 1o myrmecophagous speciiliss,

The assumed etho-morphological character complex
found in Maniella mvolves (a) microphagous and myr-
mecophagous speclulization. (b) alkaloid secumulation
by uptake from prey (ants), (¢) tongue shape (less forked,
sharter and narrower), (di prey catching behaviour, (e)
loss of maxillary and vomerine teeth, (0 size reductuon of
palatines. (g} loss of maxillary apophysis, (hi reduction
of zvgomalic process of squamosal. 1 1s probable that the
characters (b-h) evolved as a tunctional complex in Man-
telln. as a consequence of mereased feedmyg speciahza-
tton, Two other characters, (1) head width and (j) body
size, may be subject of evilationary constraints, broad
heads and Lirge sive (230 mm SVL) nol bemg compatible
with mucrophagous feeding. Two addinonal characters.
(k) diwrnal, conspicunus activity and (1) aposcmatic
colouration, must be seen in the context of increased Lox-
1icity by alkaloid accumulation.

Tongue shape, loss of maxillary  apophyvsis and
squamosal shape are probably functionally dependent
[rom a specialized mechanmism of jJaw opemng as s rela-
uve jaw length (EMeERSON 1985) which was nol mea-
sured in the present study. One additional correlate of
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Table 3. Obsgerved apomorphic character states i Manrella when compared o Manridacrying, therr occorrence 1 the other
venera considered, and possible explanations of their correlation with microphagy, Genus  abbreviations are Mo
(Metanophryniseas), Ps (Pseadophryne), Co (Colostethus), Al (Adlobares), Ep (Epipedobares), Ph (Fiyllobares), Mi (Miny-
abates), De (Dendrobares), Column 3 gives the direction i which an increase of the expression of the respective state is ob-
served in dendrobatid gener,

Transformation

Character Other genera i qondrobatids |
i
— | Microphagy/ Me, Ps, AlCo < Ep/Ph
—— | Myrmecophagy Ep, Ph, Da, Mi < Da/Mi
- i
, . Me, Ps,
Skin Alkaloids (A1), Ep, Ph, De, Mi e
5
_ 3 Me. Ps, all Ce, bul not all
Aposomatic -::nl::-uratmn. (Al}, Ep, Ph, De, Mi | Ep/Ph clearly apos,
: Me, (Fs),
Diurnal activity Ca, Al, Ep, Ph, De, M
Prey catching: no jumps| | Me?, Ps?,
*| with tonque protrusion Ps?, Do, Mi? Ep - De
g Tongue not e, Ps, '
clearly forked lf:‘-n Al Ep, Ph, De, Mi |
1 Tongue less Me, Ps, Al=Co > Ep
broad and long (Ep), Ph, De, Mi ~ Ph=> Mi>De
) || Me, Ps, Co/Al/Ph/(EpR)
-+ Maxillary 1eeth absent (Ep). De, M = (Ep)/DeiMi
—H Vamerine teeth absent | h,:':ﬂ;' E?’Ep_ PH. De, Mi | S—
:_ Maxilla Epﬂlﬂh}"EiE iMe), Ps, PH/D D
i r: _ reduced De, (Mi?) Bpe) piLe)
| | Zygomatic process of | E} P{s]':‘,m Dl Co/Ph{De)
"* squamosal reduced (Al EF 0 ) - (De)
i . . e, Ps,
g Smaller palatines Co, Al, Ep, Ph, De, M —_—
. Size not larger Me, Ps,
than 30 (50) mm Al, Ep, Ph, De, Mi —
— Headlessbroad | | Mo:PS o> 0o M >

Correlation
explained?

Yes, alkaloids originate from
uptake of {ant) prey

Yes, aposematism is to be
expected in toxic spocies

Yes, toxic (aposematic)
species can afford conspi-
cuous diumal activity

Yes; long-distance aiming
difficult with small prey. and
jumps energetically expensive

Yes, forked tongue Is
less suited for precise aiming

Yes?, may favour precise
shor-distance aiming

Yes; teeth are only ne-
cessary to hold large prey

Yes; teeth are only ne-
cessary o hold large prey

Mo, maybe part of adapted
jaw opening mechanism

No; maybe part of adapted
jaw epening mechanism

Mo, maybe part of adapted
law opening mechanism

Yes, too large frogs may
not be able 10 feed sco-
nomically only on small pray

Yes?, broad heads may
be more useful to
swallow [arger prey
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Hypothesized
evolutionary chain

Terrastrial egg deposition
in a stable, humid environment

¢ can result in

Overlap of foraging area and oviposition sites

favours

Territoriality and
— aggressive behaviour
(in males)

allows

Since interferance of competitors
can reduce reproductive success,

there is an

Advantage of males which can
choosa oviposition site within their territory <

¢ is achieved by

Reduction of impartance of amplexus;
L emphasis on other mating strategies with
complex behaviour and female choice system

e ——

I

Evidence
and/or references

Terresinal egas evolved in enviroments
such as lowland tropical rainforast or
humid montane forest wich have high
atmaspherio hunidity

(DueLLvan & TRuER 1886: 50)

Demonstrated by DonneLLy (1991)
for Dendrobates pumiho

Territories which include both oviposition
site and foraging ares are easier to
maintain (C=ume 19872: 198)

Males of most denarobatids are tenitorial;
some Dendrobates and Colostethus are
reported to lack male territariality
(Wevaol b 1586); however, also in these
species males may be lerntorial as

demonstrated in 0. auratls (SumMER 1982)

Ve observed terrtorial behaviour in
captive Mantefla males (unpubl,).

Interference may reduce reproductive
success: WeveoLn) (1980 223),
Mz VEY et al. (1281 5)

In dendrobatids generally
males choose oviposition sites
(DuF L van & TRuFR 1886 71)

Fig. 7. [low diagram showing 4 hypothesis of evelution of complex mating behaviour in Manrelio and dendrobatds. Each sin-
ale step s supported by at least one determipant acuyve under the specihe covironmental conditions, explaimng the possibilivy
of convergent evolution of the observed patterns,
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microphagous and myrmecophagous  specialization
may he a physiological one. TAIGEN & PoucH ([983)
showed for three species ol dendrobatids that these had
high aercbic activity, low anacrobic capacity, and high
restimg  melabohsm when compared 100 a4 generalist
(Liewtherecactyvlus cogui), The conlinuous movements
and small hops of many Meantella arc strikingly similar
1o the activily observed in dendrobands: i therefore can
be assumed that metabolic patterns may be similar in
both groups.

We postulate that Mantella onginated from o non-mi-
crophagous ancestor and acquired most of its apamaor-
phics in the context of evolution of microphagy. This is
likely since the obscrved states are scldom or not tound
i other ramds, However, in the other alkalowd-contaim-
g sroups some ol the states may well have evolved
previously, either in the context of mucrophagy or not.
[Inforked tongues are probably plesiomorphic in bu-
omds, dendrobatids and myobatrachids, clearly lorked
tongues being a derived state which only oecurs in the
ranond lingage (BLOMMERS-SCHLOSSER 1993; pers. 0bs.),
Most Colostethus are diurnal (as are aposemaltic dendro-
batids). indicating that dwmality 1o this family may not
have evolved in the context of microphagy und apose-
matsm. Many myobatrachids share with Pseudopfhinme
a short zygomatic squamoesal process (Tynen 19710, and
all bufonids share with Melanophryniscus the luck of
vomers and maxillary teeth (McD1ARMID 1971,

4.2. Implications for anuran phylogeny

4.2.1. Relationships of dendrobatids and mantel-
lines. Very divergont opimons exist regarding the phy-
logenetic position both of the Dendrobatidae (GRIF-
FiTs 1959 DrrLiMax & Trues 1986; Forp 1995,
BLOMMERS-SCHLOSSER 1993 Hay et al, 1995} and the
Mantellinge (L1IEM 1971 CHANNING [989) BLOMMERS-
SCHLOSSER 1993) in the system of neobatrachian [rogs,
Considering  this lack of consensus, ZIVMMERMANN
(1996 argued that mantellines, arthroleptids and den-
drobatids may form a monophvletic lineage. This hv-
pothesis was based on the Tact that Mantella and some
dendrobatid genera contain skin alkaloids and show
similar aposematic colour patterns, and on similanties
i breedimg behaviour of Mantella und certinn dendro-
batds. We do not favour the hypothesis of a dendro-
batid/mantelline sister group relationship which 15 con-
wadicled by the molecular data of Hay et al, (1945,
ZIMMERMANN'S arguments can be rephed as follows:

(1) Siularties between Mantella and aposematic den-
drobatids regarding general appearance and body shape,
colowration, and sk toxins are parts ol a character
complex related to macrophagy as identified in the pre-
sent study, Since this character complex 15 neither pre-
sent m Cofostethus nor m Mantidaeitvius, 115 usage (o

advocate mantelline/dendroband relationships implies
that Manrelia and aposematic dendrobatids ure direct
sistergroups, and that dendrobatids and mantellines arc
non-monophyletic units. However. monophyly of each
ol these two lineages (when no other groups are consid-

ered) is well corroborated by four svnapomorphies of

the Dendrobatidae (dorsal scutes on terminal disks of
[ingers and toes, chromosome reduction, tadpole trans-
port. T-shaped phalunges. SIVERSTONE [975; MyErs &
Fornp 1986, RasorTo el al. 1987; BLOMMERS-SCHLOS-
SCR 1978, 1993: pers. obs. ), two synapomorphies of the
Mantellinae (intercalary clement: BLOMMERS-SCT1LOS-
sER 1993, pers: obs.; lack of externdl gills in carly tad-
pole stages which are present in dendrobatids; Browm-
VIERS-SCHLGSSER  1975a:  ZiMMERMANN  1976; pers.
obs, ), and three additional characters which are difficult
to polanze (number ol upper Ludpole keratodont rows,
presence and shape of omosternum and sternum; SAv-
AGE 1968: GLaw & VENCES 1994; SuversTONE 1975,
1976; BLOMMERS-SCHLOSSER 1993 pers. obs. ),

(2) I'he lack of mating amplexus, and related complex
patterns of breeding behaviour may well occur also in
other tropical anurans which are generally poorly stud-
ied ethologically. The evolution of the specialized
breeding behaviour may have been favoured by an evo-
lutionary chain starting with terrestrial egge deposition in
4 stable, humid covironment (rainforest) and leading to-
wirds loss of amplexus and evolution of a lfemale choce
maling sysiem with complex behaviour. The lass of am-
plexus was accompanied hy loss of nuptial pads and re-
lease calls 1n both groups. This hypothesis (which how-
ever may nol be the only possible explanation for the
convergen! evolution of complex mating behaviour n-
volving amplexus loss) is outhned in Fig. 7.

4.2.2. Status of the dendrobatid genus Minvobates.
The dendrobatid genus Minvobates was erected by
MYERS (19587) to accomadate a number of species pre-
viously meluded i Dendrobares, The new taxon was
mainly based on (a) the very small size (12-19.5 mm
SVL) of the included species, (h) therr uncommaon alka-
fond profile (lack of histrioncotoxing and 3,5-disubsti-
red indohzidines), (c) a hand structure similar to Den-
drobates. (d) presence of an obligue luteral line in some
species. (@) presence of cephalic amplexus (recorded in
only ome speciesh (D) larval characters (oral disc later-
ally vnindented and anus median), OF these characlers,
only a. b. e and t constitute consistent differences o
spectes neluded in Dendrobates. Recently, JUNGFER et
al. (1996) demonstrated (hat cephalic amplexus (char-
acter €) lacks in one species (M. fuleurius (Silverstone,
19750} atmbuted o Minvobares. StMoN & 'TorT (1991])
demonstrated that — in contrast Lo the ant-consuming
Dendrobates — species included in Minvobates leed
mainly on miles, A convergenl prey specialization on

miles may explain the small size of Minvobates species,
as well as their alkaloid profile (characters a and b),
'Thus. only one character (f; larval oral dise) remains as
polential independent synupomorphy to distinguish
Muinvobates trom Dendrobales. The laller genos, how-
ever, includes a rather large variation of larval mouth-
pirl structures, imdicating that new characters support-
ing the monophyly of Minvobarey are needed. The deci-
s1on of JUNGFER el al. (1996) not 10 recognize the genus
and 1o mclude its species in Dendrobates seems there-
fore reasonable art the present state, although it was nol
vet followed 1n the present paper.

4.2.3. Prey catching behaviour and evolution in the
Bufonidae, 1t 15 striking that large hufonids (genus
Fufo) lack maxillary and vomenne teeth, have a sumilar
longue musculature arrangement as Dendrobates and
myabatrachids, and a prey catching behaviour differing
from well-studied generalist leeders such as fana.
VENCES ( 1998 ) distinguishes three types of prey catch-
ing behaviour in neobatrachians with highly protrusihle
lomgues: (1) Forward lunging (jumping) with simulta-
neous complele tomgue protrusion (at an angle of 1807
or more) w capture distant prey; (2) forward lunging
without or without complete wngue protrusion (at an
angle of less than Y0%) to capture large prey: (3) tongue
protrusion without Tunging (feel generally remaining in
contict with the substrate) to capture small prey at short
distances. All three behavioural patterns are known in
Reaire. Bufo shows patterns 2 and 3, but apparently Tucks
patiern 1 { NISHIEAWA et al. 1992 VENCES 19895),

Our data show that in microphagous eenera (Mantella,
Dendrobates) there 15 a trend lowuards a moare stable
posture of the body during tongue protrusion, with re-
ducton ol jumps and forward lunging. This mav be due
o energetic reasons (capture ol small preyv not out-
welghing costs of a jump) or to increased aiming ability
al short dhistumee. Also the similar behavioural pattern in
fufer should be seen in the context of microphagous
specialization, as it was already presumed by NisHi-
Kawa el al, (1992) It may simply be an adaptation Lo
small prey which is mainly eaten by miany species of
the genus (EMERSON [965). However, Bufo are also
able o caplure extremely large prey items such as
earthworms or even adult mice and frogs (eg. SCHNI-
DER |934; EIBL-EIBESFELDT 19531). Their relative jaw
length 18 nol similar o that typically found in mi-
crophagous species (Everson [985),

Brfo have been considered as basal group wilthin the
Bulondae (eg. Tuimn 1960). The genus is probably
pard- or polyphyletic (MeCranie et al. 1989; Gray-
BEAL & CaNNATELLA 1995). CannatrLLa (1986) em-
phasized that two characlers present in (but not unigue
Lo} Befer, paronond glands and cranial crests, may not be
plesiomorphic in the Bufonidae as presumed by previ-
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ous workers (eg. GrRANDISON 1981) but derived. Ewvi-
dence presented heremn supports the hvpothesis that the
ancestor of bufomds was a small, mucrophagous
species, very differenl in generul appearance brom large
specics of Bujer In fact, i the schemes of TineN (1960,
GRANDISON (1981] and GRAYBEAL & CANNATELLA
(19957, the most basal (Old World) bufonid genera are
Cupenstbufo and Nectophevioides Noble, 1926 winch
do not contain large species. It our scenario is correct,
then the large species today classified i the genus Bufo
ongimaled by u secondary svze imereuse from such small
ancestral forms and evolved longer jaws in order to re-
duce specialization on small prey. However, they were
nol able 0 re-acquire lost Teatures as maxillary and
vomerine tecth, and prey catching jumps with simulta-
necus tongue protrusion, although this may have been
advantugeous Tor generalist feeders. This hypothesis 1s
corroborated by a very recent molecular study of Gray-
BEAL (1997), which places Melanophryniseus and
Arelopus as basal taxa in the bufonid lineage.

4.3. Perspectives

We are aware thal our study does not provide & compre-
hensive review of feeding specialization and 1ts etho-
morphological correlates in anurans. When new data on
[ood and Teeding, ethology and morphology of lidle
kKnown anuran species and genera become available.
will be possible to correlate them within a more exten-
sive approach. Two main aspects must be postponed to
sich a future stady:

L1} We have consclously restricted our review (o [rogs
sharing with Manrella the striking character of alkalowd
skin toxins. However, microphagous and myrmeco-
phagous species have evolved in more anuran groups,
and additionally there is a much larger variety of cco-
logical types and Toragng modes m anurans than cov-
ered by this scheme. This regards the aquatic, tongue-
less Pipidac which transport the food into the mouth
with water corrents produced by hyobranchial pumping
movements (Sokor  [96Y),  large, macrophagous
specics which have developed adaptations such as the
loath-hike bony mandible projections of the South-
Alrican speeies Pyxicepholus adspersus Tsehudi, 1838
(PassMORE & CARRUTHERS 1995}, the snail-cating hy-
perohul  species  Maracassing  obscura  (Boulenger,
1894 ) and P kowrditensis (Mocquard, 1905 which have
evalved specializations in skull structure, jaw muscula-
ture and tongue morphology (Drewks & RotH 1981),
and the buwrrowme species Rhinophrvnus  dorsalis
Dumernl & Bibron, 1841 which projects its wngue by
hvdrostatic pressure (Trues & Gans 1983). R, dorsalis
is a specialist on ants and termites { DUELLMAN & TRUER
1986), providing one additional example of extreme
morphological specialization correlared with myrme-
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cophagy. Other examples are to be expecied in the
familics Myobatrachidac, Hemisotidag, Leptodactyh-
die and especially Microhvhdae. Many microhylids
are specialized ant feeders (eg. Phrynomantis Pelers,
1867, Breviceps Merrem., 1520 PassMmorl & Cak-
RUTHTRS 199%; Gastrophryne Filzinger, 1843: LIEBER-
man 1986: Cophyhines: BroMMers-SCHLOSSIR 1975b),
and most arc cdentatc and have reduced palatnes
(DurLiMax & Trurs 1986), Microhyhids are also char-
acterized by a specialized morphology of mandible and
throat musculature (EMERSON 1976) and are able 1o
control the lateral direction of longue protraction
through an angle of at least 907 1n the floor of the
mouth, independent of head and bodv movements
(NisHIRawa et al, 1972), Furthermore, the fanily Mi-
crohylidae contins aposematic species with noxious
skin  secretions such as  FPhrynomanns anmectens
Werner, 1910 and P bifuscietes (Smith, 1847) (Pass-
MORD & CARRUTHERS 1995) which, however, lack skin
alkalomds (DALy etal. 1987 ).

(2) New data are nccessary to clarify the correlatnons
ol microphagy, myrmecophagy. ecology and foraging
mode. We have partly used the terms microphagy and
myrmecophagy as svoonyms since the preyv ol most
considered species is small and consists mainly of ants.
However, speciabists which feed on small prey but not
mainly on ants were already recorded; beside the mite
feeding Minvobaies (see Smaox & Torr 1991) dus
probably apphies o species of Crinie Tschudi, 1838
(see Mac NaLy 1983 Torr (1980a) distimmnshed
two “types” of frog prey, namely slow-moving, hard-
bodied arthropods (pnncipally ants and mites) and soft-
bodied mohile arthropods (as roaches, cnckets and
large spiders). Frogs, according to this author, ¢luster in
two guilds based on this prey type distinenion. ant spe-
cialists versus non-ant specialists. In ToFT's (1985)
scheme ant specialists were mainly widely-ranging
searching foragers, whereas non-ant specialists were
minnly sit-and-wait foragers. On the contrary, DoN-
NELLY (19491) hvpothesized that non-aposemahic anl
specialists may in fact employ o stl-and-wal strategy,
imdicating that there may be different ccological types
ol ant speciahists, Puture studies should therefore {a)
comparatively survey ecology, foraging mode and diet
ol more anuran groups, including also desert-dwelling
and wrborgal species, (b) clarily whether there are anu-
rans specialized on faree ants, thus being myrmeco-
phagous bul not microphagous, (¢) increasingly discuss
foragme strategies and diet in the light of the recent evi-
dence for dictary uptake of skin alkaloids in anurans (as
done by Carpwrrl 1996) since increased noxiousness
may be one of the major advantages of ant specializa-
non i these frogs. (d) test whether noxious frogs may
actively diseriminate wwards groups or species of ants
(or other arthropods ) which contain toxins,
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