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Abstract

The genus Caeculus Dufour (Prostigmata, Caeculidae) contains 19 previously described species, most of
which are found in North America, and for which no comprehensive phylogenetic treatment exists. Here,
one new species from Alberta, Canada, is described: Caeculus cassiopeiae Bernard & Lumley, sp. nov., and
another caeculid known to be present in Canada is documented. The new species is characterized within
the genus with a character state matrix, from which an updated key is produced. A systematic analysis of
all 20 species based on morphological and geographical distribution traits obtained from literature repre-
sents the first phylogenetic review of the genus.
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Introduction

The Caeculidae contains 108 previously described species of large (750-3000 pm)
prostigmatic mites in seven genera distributed worldwide, with 19 species in the genus
Caeculus Dufour (Walter et al. 2009; Taylor et al. 2013; Mangovd et al. 2014; Ott and
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Ott 2014; Taylor 2014; Fuangarworn and Butcher 2015; Rivas et al. 2016; Per et al.
2017; Porta et al. 2019). Employing the spiniform setae on legs I for which they are
called rake-legged mites, caeculids are ambush predators of small arthropods including
collembolans (Otto 1993). They do so camouflaged against rocky or sandy substrates
in arid environments (Coineau 1974). Other than morphological reviews by Vitzthum
(1933), Grandjean (1944), and Coineau (1974), a dichotomous key by Franz (1952),
and original species descriptions, Caeculidae have not been widely collected or studied.
Hence, a phylogenetic assessment of Caeculus has not yet been attempted.

In July 2014, we collected two specimens in yellow pan traps in Medicine Hat,
Alberta, Canada. They represent a new species, Caeculus cassiopeiae sp. nov., described
below. This record increases the number of known Canadian caeculids to two species.
Evert E. Lindquist (Canadian National Collection, Ottawa, Ontario, Canada) col-
lected the other species in Alberta’s Writing-on-Stone Provincial Park in 1978, and the
same species in Alberta’s Waterton Lakes National Park in 1980, which are the only
previously known collections from Canada and are deposited in the CNCI. He identi-
fied this species only to Caeculus and did not publish it, but herein we identify it as C.
cremnicolus Enns. The only published record of caeculoids in Canada is by Lindquist et
al. (1979), who listed at least one unidentified caeculid species in southern inland Brit-
ish Columbia based on personal communication with Valin G. Marshall (Canadian
Forest Service, Victoria, British Columbia, Canada), but without collection or further
identification information. Although Lindquist et al. (1979) estimated the potential
discovery of 2 additional undetected species based on records in the United States, the
updated catalogue of Canadian Acari still lists only one previously recorded caeculid
species (Beaulieu et al. 2019).

We constructed a character state matrix to compare C. cassiopeiae sp. nov. to the
descriptions of all other known species of Caeculus. In the absence of molecular data,
we used the matrix as a phenotypic platform for a phylogenetic analysis of the genus,
which illuminates the congeners most closely related to the new species, and provides
a springboard for further assessment of the genus.

Materials and methods

On 27 July 2014 in Medicine Hat, Alberta, Canada, we collected two female caeculid
specimens in yellow pan traps filled with soapy water (Marshall et al. 1994), which for
two days were placed on both the arid SW slope of a coulee (glacially formed from
sandstone and clay) and on the adjacent plain dominated by non-native crested wheat
grass (Agropyron cristatum (L.) Gaertner) and alfalfa (Medicago sativa L.). We revis-
ited the same locality on June 26, 2017 and using a paintbrush collected additional
specimens, which were found only on open, exposed soil surfaces of the arid SW slope
during the hottest part of the day (13:45-15:30, > 32 °C). The soil surfaces had a thin
hardened crust, possibly created by drying after rainfall.

According to the Képpen-Geiger climate classification system, Medicine Hat is
a cold semi-arid steppe (BSk) (Peel et al. 2007) with a mean annual precipitation of
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322.6 mm and a mean annual temperature of 6.1 °C (NCDIA 2017). Based on geolog-
ical maps of the region (Berg and McPherson 2005) and the presence of well-rounded
gravel and fine-grained sediment, the surficial geology is consistent with Quaternary
alluvium. Medicine Hat furthermore has brown chernozem soil by the Canadian clas-
sification (Fuller 2010; NSBD 2017), synonymous with ustic mollisol in the USDA
soil taxonomy (Haynes 1998).

After photographing the specimens collected in 2014 with a K2 DistaMax long-
distance microscope (Infinity Photo-Optical, Boulder, Colorado, USA), we stored
one in 95% ethyl alcohol (EtOH) and cleared the other in 85% lactic acid (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and dissected it before mounting on
a slide in a solution of 1.66 g polyvinyl alcohol, 10 mL lactic acid, 1 mL glycerol, and
10 mL distilled water (produced by Bioquip, Rancho Dominguez, California, USA)
for analysis under dissection and compound microscopes, both of which contributed
to creating the free-hand illustrations. With the 2017 specimens, we kept two alive for
observation and stored the remainder in 95% EtOH.

In describing the idiosomal morphology of the new species, we followed the ter-
minology outlined by Coineau (1974), which is based on the model of idiosomal
divisions by Grandjean (1969) and other aspects of caeculid morphology described by
Grandjean (1944). Notation for setae follows Coineau (1964, 1967a, b, 1969, 1974).
As described by Coineau (1964), the eponymous characteristic of rake-legged mites is
their elongated thickened spiniform leg setae, which are known as “rake” setae and are
labelled as such herein.

To compare our specimens to other congeners using established criteria, we mined
morphological and geographical distribution data from all known publications on
Caeculus to construct a standard categorical character state matrix of the female of 23
taxa in Mesquite version 3.2 (Maddison and Maddison 2017), including all 20 species
of Caeculus and three species of Neocaeculus Coineau (Table 1). We incorporated ad-
ditional chaetotactic data into the matrix for C. echinipes Dufour from Jacot (1936),
and for both it and C. americanus Banks from Coineau (1974). The resulting matrix
includes mostly characters that are clearly described and/or illustrated in the species
descriptions. Missing data are denoted with a “?” and uncertainty between states is
characterized with a “/”, following the notation used by Maddison and Maddison
(2017). In rare circumstances we inferred characters that were consistently mentioned
in the descriptions. For instance, because Mulaik (1945) noted tarsal bothridial setae
for some species but not for others, we reasoned that he would mention the trait if pre-
sent; thus if illustrations or text did not include a trait that had been described in other
species by the same author, we treated the trait as absent. The matrix did not include
information on ecology or internal anatomy because this was lacking in publications.

We conducted a parsimony analysis of these phenotypes with PAUP* version
4.0810 (Swofford 2000), which involved a heuristic search with a tree-bisection-
reconstruction branch-swapping algorithm for 5000 replicates. If the maximum
branch length was zero, we set branches to collapse. The setation of N. imperfectus
Taylor, Gunawardene & Kinnear resembles that described by Coineau (1974) as the
holotrichous setal complement of Caeculidae, so we designated this species as the
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Table 2. Character states of Caeculus species (females) used for morphological comparison and cladistic anal-
ysis. Row number aligns to column number in Table 1. A setal pair refers to two setae in symmetry on either
side of the mid-sagittal plane. An excluded seta is denoted by “excl.” Size character is excluded from analysis.

Character States
1. Distribution 0 = Old World, 1 = SE North America, 2 = SW North America, 3 = N Central
North America, 4 = NW North America, 5 = Western Australia
2. Aspidosomal Pa setae 0 = absent, 1 = 1 pair, 2 = 2 pairs, 3 = 3 pairs
3. Aspidosomal Pm setae 0 = absent, 1 = 1 pair, 2 = 2 pairs
4. Aspidosomal Pp setae 0 =1 pair, 1 = 2 pairs, 2 = 3 pairs, 3 = 5 pairs
5. Anterior margin of aspidosoma acuminate 0 = no, 1 = yes
6. Anterior margin of aspidosoma notched 0 =no, 1 =yes
7. Centrodorsal opisthosoma a setac (excl. as) 0 = 1 pair, 1 = 2 pairs
8. Unpaired medial as seta present 0=no, 1 =yes
9. Centrodorsal opisthosoma b setae (excl. bs) 0 = 1 pair, 1 = 2 pairs, 2 = 3 pairs
10. Unpaired medial bs seta present 0 =no, 1 =yes
11. Centrodorsal opisthosoma ¢ setae (excl. cs) 0 =1 pair, 1 = 2 pairs
12. Unpaired medial cs seta present 0=no, 1 =yes
13. Laterodorsal opisthosoma a setae 0 =1 seta, 1 = 2 setae, 2 = 3 setae
14. Laterodorsal opisthosoma b setae 0 =1 seta, 1 = 2 setae, 2 = 3 setae
15. Laterodorsal opisthosoma c setae 0 =1 seta, 1 = 2 setae, 2 = 3 setae

16. Mediodorsal opisthosomal sclerites fused 0 = no, 1 = yes
17. Mediodorsal opisthosomal d setae (excl. ds) 0 =1 pair, 1 = 2 pairs, 2 = 3 pairs, 3 = 4 pairs

18. Unpaired medial ds seta present 0=no, 1 =yes

19. Posterior opisthosomal e setae (excl. es) 0 =1 pair, 1 = 2 pairs, 2 = 3 pairs, 3 = 4 pairs, 4 = 5 pairs, 5 = 8 pairs
20. Unpaired medial es seta present 0=no, 1 =yes

21. Pluriposterior sclerite h setae (excl. hs) 0 = absent, 1 = 1 pair, 2 = 2 pairs

22. Unpaired medial hs seta present 0=no, 1 =yes

23. Aggenital + ventral sclerite setae 0 = 2 pairs, 1 = 4 pairs, 2 = 6 pairs, 3 = 8 pairs, 4 = 9 pairs, 5 = 10 pairs, 6 = 12 pairs
24. Progenital valve setae 0 = 3 pairs, 1 = 4 pairs, 2 = 5 pairs, 3 = 6 pairs, 4 = 7 pairs, 5 = 8 pairs
25. Adanal setae 0 = absent, 1 = 1 pair, 2 = 2 pairs, 3 = 3 pairs

26. Pseudanal Ps setae 0 =2 pairs, 1 = 3 pairs, 2 = 4 pairs

27. Unpaired medial seta posterior to anus 0=no, 1 =yes

28. Trochanter I anterolateral setae 0 =1 seta, 1 = 2 setae, 2 = 3 setae, 3 = 4 setae

29. Trochanter I anterolateral setal shape 0 = clavate, 1 = spiniform

30. Posterior/dorsal trochanter I setae 0 =1seta, 1 = 2 setae, 2 = 3 setae, 3 = 4 setae, 4 = 5 setae, 5 = 8 setae
31. Basifemur I anteroventral rake setal shape 0 = spiniform, 1 = subclavate

32. Telofemur I anteroventral rake setae 0 =1 seta, 1 =2 setae

33. Telofemur I anteroventral rake setal shape 0 = spiniform, 1 = subclavate

34. Femur I posteroventral rake setae 0 = absent, 1 = 1 seta

35. Genu I anteroventral rake/spiniform setac 0 = 1 seta, 1 = 2 setae, 2 = 3 setae, 3 = 5 setac

36. Genu I posteroventral rake setae 0 = absent, 1 = 1 seta, 2 = 2 setae, 3 = 3 setae, 4 = 4 setae

37. Tibia I anteroventral rake/spiniform setae 0 = 2 setae, 1 = 3 setae, 2 = 4 setae, 3 = 5 setae, 4 = 6 setae

38. Tibia I posteroventral rake/spiniform setac 0 = absent, 1 = 1 seta, 2 = 2 setae, 3 = 3 setae, 4 = 4 setae, 5 = 5 setae

39. Tarsus I anterior rake-like setae 0 = absent, 1 = 3 setae, 2 = 4 setae, 3 = 5 setac
40. Trochanter I1I anterolateral setae 0 = absent, 1 = 1 seta, 2 = 2 setae, 3 = 3 setae
41. Trochanter III anterolateral setal shape 0 = clavate, 1 = spiniform

42. Posterior/dorsal trochanter III setae 0 =1 seta, 1 = 2 setae, 2 = 3 setae, 3 = 4 setae
43, Bothridial bt seta on tarsus I 0 =no, 1 =yes

44. Bothridial bt seta on tarsus IT 0=no, 1 =yes

45. Bothridial bt seta on tarsus III 0=no, 1 =yes

46. Bothridial bt seta on tarsus IV 0 =no, 1 =yes

47. Dark sclerites on dorsal idiosoma in adults 0 = no, 1 = yes

48. Body encrusted with cemented particles 0=no, 1 =yes

49. Tarsal claws unequal in size 0 =no, 1 =yes

50. Aspidosoma projecting anteriorly over 0 =no, 1 =yes

gnathosoma in lateral view

51. Body length (mm) 0=<0.90,1=0.91-1.29,2=1.30-1.59, 3 =1.60 - 2.00
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outgroup (but not the other Neocaeculus species) for our phylogenetic analysis. Note
that the ingroup of this study includes only species currently in the genus Caeculus
and excludes those that have been reassigned to other genera (reviewed in Taylor et al.
2013). We visualized the majority consensus tree with FigTree 1.4.3 (Rambaut 2012).

Repositories (see Zhang 2018 for abbreviations)

CNCI Canadian National Collection of Insects, Arachnids and Nematodes, Ot-
tawa, Ontario, Canada;

PMAE Royal Alberta Museum (formerly Provincial Museum of Alberta) Inverte-
brate Zoology Collection, Edmonton, Alberta, Canada.

Abbreviations of morphological characters

AD adanal sclerite; w idiosomal width;
AG aggenital sclerite; PA palp;

CH  chelicera; PG  progenital valve;
IL idiosomal length; PS pseudanal sclerite.

Caeculus cassiopeiae Bernard & Lumley, sp. nov.
http://zoobank.org/BC876F53-B89C-4AEA-ABC7-EA8CA18B7F91
Figures 1-4

Material examined. Holotype. Canapa * 1 @; Alberta, Medicine Hat, near Gas City
Campground; 50°2.23'N, 110°43.56'W}; elev. ca 700 m; 26-27 Jul. 2014; M. Buck
leg.; yellow pan traps; arid SW slope and adjacent disturbed plain of Agropyron cris-
tatum and Medicago sativa; det. ]. Bernard and L. Lumley, 30 Aug. 2016; cleared in
85% lactic acid, dissected, and slide-mounted; PMAE M00019466.

Paratype. Canapa * 1 @; ibid.; stored in 95% EtOH; PMAE M00030967.

Other material. Canapa * 8 Q95 ibid.; 26 Jun. 2017; L. Lumley leg.; collected
with paintbrush; hard dry soil surface; det. L. Lumley; stored in 95% EtOH; PMAE
M00030972 to M00030979.

Diagnosis. The five & setae on the centrodorsal opisthosoma are arranged in an
M, three pairs of Pp setae are aligned on the posterior third of the aspidosoma, and
trochanter III has three setae along anterolateral surface.

Female description (/V = 2, all measurements in micrometres, um).

Idiosoma dorsum (Figs 1-3). 1380-1592 = idiosomal length (/); 1.920 x longer
than greatest width (at level of posterior margin of mediodorsal opisthosomal sclerites)
(718-829 = IW). Sclerites tawny with pale ridges, ochre to raw sienna between scle-
rites, translucent white setae (Fig. 1A). All clavate idiosomal setae barbed (Fig. 2C).
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Figure 1. Caeculus cassiopeiae sp. nov., female A micrograph showing coloration B habitus illustrating

cerotegument texture. Scale bar: 0.5 mm.

Rostral region with dark brown anteriorly projecting naso bearing one pair elongated
clavate setae Po (74-94, ~0.054 x /L), one median eye immediately inferior to base of
naso (Fig. 3A), one pair long, thickened attenuate bothridial seta 40 (162-188, -0.118
x [L) with barbed distal end (Fig. 3C), each inserted in anterolaterally projecting both-
ridium posterolaterad to median eye. Aspidosoma length 485-560 (0.352 x /L), width
425-491 (0.592 x /W) anterior to eyes, posterior margin of sclerite 309-357 (0.430 x
IW); pronounced furrow along length of medial axis containing three or four shallow
longitudinal reticulated ridges, anterior furrow width 135-157 (~0.189 x /W), poste-
rior furrow width 102-118 (~0.142 x /W), posterior furrow depth 35-41 (~0.050 x
IW); two pairs procurved clavate Pz setae on anterior margin; none or one pair clavate
Pm setae near corners of anterior margin; three pairs clavate Pp setae medial to eyes on
posterior lateral margins, aligned parallel to mid-sagittal plane; area around eyes dark,
posterior eyes 1.077 x diameter of anterior eyes (Fig. 2A), holotype with diminutive
fourth Pp seta anterior to other three on right side. Centrodorsal opisthosomal sclerite
trapezoidal, length 425-490 (0.308 x /L), posterior margin 477-552 (0.665 x IW);

one pair clavate 2/ setae near anterior margin of sclerite midway between mid-sagittal
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Figure 2. Cacculus cassiopeiae sp. nov., female idiosoma A dorsum B venter; PG, progenital valve; AG,
aggenital sclerite; AD, adanal sclerite; PS, pseudanal sclerite € detail of &s seta, exemplifying typical clavate
idiosomal seta. Scale bar: 0.5 mm (A, B).

plane and lateral margins; 2.5 pairs clavate & setae: &1 pair anterior to mid-transverse
plane and third of distance between mid-sagittal plane and lateral margins, 62 pair
posterior to mid-transverse plane and midway between mid-sagittal plane and lateral
margins, one unpaired median s seta present between anterior and posterior pairs, the
five setae together forming M-shape; one or two pairs clavate ¢ setae along posterior
margin (sometimes ¢/, always ¢2) (Fig. 2A). Laterodorsal opisthosomal sclerites each
bearing five or six clavate setae in tandem, two (22 and 43) near anterior margin, one
or two b setae at middle of sclerite (always 43, sometimes 64), and two ¢ setae near
posterior margin (c3 and ¢4); lyrifissure iz between 43 and 63; lyrifissure im between
b4 and 3 (Fig. 2A). Mediodorsal opisthosomal sclerites fused, bearing clavate 41, 42,
and 43 setal pairs, with or without unpaired median clavate ds seta slightly anterior
to these; posterior opisthosomal sclerite length 0.161 x /L, bearing clavate ¢!, e2, and
e3 setal pairs and unpaired clavate es seta slightly anterior to these; lyrifissure ip near
lateral margin between mediodorsal and posterior opisthosomal sclerites (Fig. 2A).
Pluriposterior accessory sclerite bearing three clavate setae, including one unpaired
median clavate /s seta (Fig. 2B).
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Idiosoma venter (Fig. 2B). Epimeres black to dark brown, cerotegument tawny,
progenital valves dark sienna, aggenital sclerites raw sienna, adanal sclerites brown
ochre, pseudanal sclerites raw sienna, translucent white setae. Epimeral setal formula
(I-1V) 7-3-4-5. Epimeres I and II fused, anterior margin of epimere I bearing seven
clavate setae, most proximal seta slightly less expanded than others and setae get pro-
gressively longer distally, distalmost ~76-120 (-0.071 x /L), epimere II with three
clavate setae along anterior margin; epimeres III and IV fused (separate from I + II),
epimere IIT with three clavate setae along anterior margin and one clavate seta midway
along proximal margin, epimere IV with one clavate seta at anteroproximal margin,
one clavate seta on midline a third epimeral length from proximal margin, and three
clavate setae along posterior margin (Fig. 2B). Progenital valves (PG) each with seven
smooth acuminate simple setae; aggenital sclerites (AG) each with three clavate se-
tae; surrounding ventral cuticle bearing nine pairs of clavate setae, including pair ag/
between epimeres IV (Fig. 2B). Adanal sclerites (AD) each bearing two clavate setae;
pseudanal sclerites (PS) each with three clavate setae; one unpaired medial clavate seta
posterior to anus; lyrifissure i/ laterad to anterior pseudanal sclerite (Fig. 2B).

Gnathosoma (Figs 2B, 3A, B). Palps black, chelicerae dark brown, subcapitulum
black to dark sienna, translucent white setae. All clavate setae barbed, all simple setae
smooth. Palps (PA4) five-segmented, setal formula, trochanter-tarsus, solenidia w and
eupathidia {'in brackets: 0-2-1-5-10(1w+1¢); trochanter without setae; femur bearing
two dorsal clavate setae midway along length, with proximal seta a third length of distal
seta; genu bearing longest subclavate seta on tubercle at distal laterodorsal margin; tibia
bearing five setae: one proximal anteroventral barbed spiniform seta, one laterodorsal
spiniform seta with barbed distal end, one proximal dorsal elongated clavate seta, one
distal dorsal barbed spiniform seta, and one posterolateral clavate seta (Fig. 3A); well-
developed tarsus (Fig. 3B) bearing three dorsal smooth acuminate spiniform setae,
one elongated spiniform seta with barbed distal end midway on ventral surface, one
elongated barbed subclavate seta midway along posterolateral surface slightly distal to
a minute solenidion w recessed in large receptacle, one anterolateral smooth acuminate
spiniform seta a third tarsal distance from distal end, one short smooth acuminate seta
at distal posteroventral margin, two simple setae at distal end, and one eupathidium
{ posterior to one minute smooth spiniform seta at distal ventral margin. Chelicerae
(CH) each with fixed digit regressed to lobe and movable digit uncinate (Fig. 3A).
Subcapitulum bearing two pairs of simple adoral or setae (Fig. 3A) and two pairs of
elongated thickened acuminate simple hypostomal setae 72 and 7 along base of hypos-
tome, 72 medial to and slightly longer (53-63, ~0.039 x /L) than » (Fig. 2B).

Legs (Fig. 4). Black with translucent white setae. All clavate setae barbed, all
rake/spiniform setae smooth. Formulae of leg setae (including rake setae), trochant-
er-tarsus, tarsal bothridial setae 47, solenidia ¢/w, eupathidia & microseta »”, and fa-
mulus ¢ in brackets: leg I 5/6-8+3(10)-21(20)-22(1p+1+1%)-12(1w+55+1¢); leg 11
5-10+4-16-17(1p)-14(1w+1e); leg 1II 7-5+2(20)-9(19)-15(1p+1)-9(1b+18); leg
IV 7-2(19+3(29-9(19)-13(20)-13(1br+1w). Leg I length 1301-1502 (-0.943 x IL;

Fig. 4A); trochanter I bearing three procurved clavate setae on tubercles along ante-
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Figure 3. Caeculus cassiopeiae sp. nov., female A anterodorsal view of rostrum and gnathosoma B detail
of palp tarsus € detail of distal bothridial seta. Abbreviations: CH, chelicera; PA, palp; 6o, bothridial seta;
d, dorsal; df;, reduced fixed cheliceral digit; 4m, movable cheliceral digit; ¢ eupathidium; 4yp, hypostome;
[”, posterolateral; /d, laterodorsal; me, median eye; Po, naso seta; w, solenidion; v}, anteroventral; v, ventral;
v”, posteroventral. Scale bar: 0.1 mm (A).

rolateral margin, two or three dorsal clavate setae; basifemur I with one rake seta on
anteroventral margin and one rake seta on posteroventral surface; telofemur I with
one rake seta on anteroventral margin and one eupathidium {"a third the length from
distal end on posteroventral margin; genu I with two anteroventral rake setae, one
elongated anteroventral subclavate seta near proximal margin aligned with rake se-
tae, three anterolateral clavate setae, one short anterolateral eupathidium ¢ near distal
margin, five clavate dorsal setae, five posterolateral setae with middle seta elongated
subclavate and remainder clavate, one short eupathidium ¢ near distal posterolateral
margin, five posteroventral setae with most proximal clavate, followed by one rake seta
and three elongated subclavate setae; tibia I with four anteroventral rake setae, one
elongated spiniform seta near proximal anteroventral margin in line with rake setae,
four anterolateral clavate setae, five clavate dorsal setae, four posterolateral clavate se-
tae, three posteroventral rake setae, and one spiniform seta on posteroventral surface
proximad to rake setae, and the following three near distal anterolateral margin, most
distal to least: one microseta x”, one recessed solenidion ¢ in large receptacle, and one
eupathidium & tarsus I bearing four spiniform setae along each anterolateral, postero-
lateral, and posteroventral margins, one recessed solenidion w in large receptacle situ-
ated a third the tarsal length from distal end on dorsal surface (Fig. 4E), one famulus
¢ midway along anteroventral surface, and eupathidia { at the following locations:
proximal dorsal surface, midway along posterolateral margin, a tenth the tarsal length
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Figure 4. Caeculus cassiopeiae sp. nov., female A=D dorsal view of legs I-IV E detail of solenidion @
on tarsus . Scale bar: 0.5 mm (A-D). Abbreviations: &, famulus; ¢; eupathidium; »”, microseta; ¢, tibial
solenidion; w, tarsal solenidion; 47, tarsal bothridial seta; 4, dorsal; /} anterolateral; /”, posterolateral; v}
anteroventral; », ventral; »”, posteroventral.

from distal end on posteroventral margin, at distal anteroventral margin, and at distal
anterolateral margin. Remaining clavate setation for leg I as in Fig. 4A. Chactotaxy
of other legs as in Fig. 4B—D. Basifemur II with one elongated barbed subclavate seta
midway along posteroventral surface; genu II with one rake seta a third the distance
along posteroventral surface; tibia II with three posteroventral rake setae, one dorsal
solenidion ¢ near distal margin; tarsus II bearing one recessed solenidion w in large
receptacle a third length from distal end on dorsal surface, slightly distal to one anter-
oventral famulus ¢ (Fig. 4B). Trochanter III with three anterolateral clavate setae and
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two or three dorsal clavate setae; tibia III with one solenidion ¢ near distal margin on
dorsal surface (Fig. 4C). Tarsi III and IV each with one elongated smooth slender bo-
thridial seta &7 a quarter of the length from distal margin on dorsal surface (125-145
[-0.091 x /L] on tarsus III; 143—166 [~0.104 x /L] on tarsus IV); tarsus IV with one
solenidion w a third the length from distal end on dorsal surface (Fig. 4C, D). Tarsal
claws on all legs equal in size.

Male and immatures unknown.

Etymology. The 4 setal arrangement on the centrodorsal opisthosoma resembles
the five-star constellation named for Cassiopeia, the vain wife of King Cepheus in
Greek mythology. The constellation is also known as the “Celestial M” given its ori-
entation to the horizon when it ascends in the night sky on its arc around Polaris,
and is known as the “Celestial W” as it sets. Cassiopeia’s rise is most observable in the
evenings during northern autumns. The genitive epithet abides by Articles 11.9.1.3
and 31.1.2 of the International Code of Zoological Nomenclature, and hence means
“Cassiopeia’s rake-legged mite.”

Ethology. We observed individuals both walking and motionless with legs I posi-
tioned in a raptorial manner above the soil surface. A captive individual consumed a
prostigmatan we collected from the same exposed soil.

Caeculus cremnicolus Enns, 1958
Figure 5

Material examined. Canapa * 2 99, 1 deutonymph, 1 tritonymph; Alberta, Wa-
terton Lakes National Park; 29 Jul. 1980; E.E. Lindquist leg.; under rocks in can-
yon bottom; det. J. Bernard, 4 Mar. 2015; slide-mounted; CNCI * 1 @, 2 deu-
tonymphs, 1 tritonymph; Alberta, Writing-on-Stone Provincial Park; 12 Aug. 1978;
E.E. Lindquist leg.; under rocks in hoodoo area [hoodoo = rock column formed by
soft sediment eroding under harder sediment]; det. J. Bernard, 4 Mar. 2015; slide-
mounted; CNCI.

Previously known localities. USA — Arkansas, Buffalo National River, Boen Gulf
and Steel Creek; Petit Jean State Park (Skvarla et al. 2013) — Missouri, Baskett Wildlife
Research and Education Area, Devil’s Backbone; Easley; Wilton (holotype) (Enns 1958).

Diagnosis. Distinguished by its unfused mediodorsal opisthosomal sclerites, by
its dark sclerites in adult mites, and by three barbed clavate & setae on the centrodorsal
opisthosoma arranged in a triangle.

Phylogenetic analysis

The character state matrix contains 51 characters (Table 2), of which 27 are binary
and the remainder occur in multiple states. The first 50 characters contributed to the
phylogenetic analysis, and the last is a body length character that we retained only to
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Figure 5. Caeculus cremnicolus, female. Micrograph of dorsal idiosoma, collected and slide mounted in

1978 by E.E. Lindquist. Scale bar: 0.5 mm.

Caeculus americanus
100 100 Caeculus lewisi
100 Caeculus cassiopeiae | C
100 Caeculus valverdius
—— Caeculus tipus
Caeculus cremnicolus
Caeculus echinipes
Caeculus kerrulius B
Caeculus kranzi
81 Caeculus archeri
Caeculus crossleyi
66 Caeculus pettiti
67 I__ Caeculus clavatus
Caeculus mariae
Caeculus dorotheae
Caeculus janetae
100 Caeculus gertschi A
Caeculus hypopachus
Caeculus hardyi
Caeculus calechius
Neocaeculus imperfectus
00l Neocaeculus kinnearae
Neocaeculus nudonates

Figure 6. Phylogenetic 50% majority-rule consensus tree of Caeculus species based on character state
matrix. Bootstrap values for 5000 replicates are above branches. Scale bar: 6.0 substitutions per pheno-

typic character.
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improve the utility of the matrix as an identification tool but not used in the phylog-
eny. Among the characters used for phylogenetics, 88% were parsimony-informative.
PAUP* assessed 5.659 x 10° arrangements in 5000 replicates for the cladistic analysis,
generating a 50% majority-rule consensus tree from 722 retained trees (Fig. 6). The
parsimony score of the best tree was 199.

The phylogeny reveals three morphological clades, termed A, B, and C (Fig. 6).
Caeculus calechius Mulaik is basal within the genus; this taxon and a few other
species fall out independently from the clades. Clade A characterizes C. dorotheae
Mulaik as sister to C. janetae Higgins & Mulaik (100%), and C. gertschi Mulaik
sister to C. hypopachus Mulaik (100%). Despite lower branch support for the B
clade, there is high support for C. kerrulius Mulaik being sister to C. echinipes
(100%). Sister to clade B is the strongly supported C clade, which represents C.
lewisi McDaniel & Boe as sister to C. cassiopeiae sp. nov. (100%), and this pair is
sister to C. valverdius Mulaik (100%).

Discussion

Taxonomy

Although Caeculus cassiopeiae sp. nov. is morphologically most similar to C. lewisi
McDaniel & Boe and C. valverdius Mulaik, several noteworthy differences exist (Ta-
ble 1). The dichotomous key below lists six traits that distinguish the new species from
C. lewisi. Additionally, following Franz (1952) and McDaniel and Boe (1990), the new
species keys to C. valverdius, yet several traits separate them as well: (i) C. valverdius
bears six & setae on the centrodorsal opisthosomal sclerite, but five & setae are arranged
in an M-shape in the new species; (i7) each laterodorsal opisthosomal sclerite has a
single ¢ seta in C. valverdius whereas the new species has two ¢ setae; (i7) the posterior
opisthosomal sclerite has five ¢ setae in C. valverdius whereas the new species has seven;
(iv) C. valverdius has six setae on each progenital valve whereas the new species has
seven; (v) the adanal sclerites each have three setae in C. valverdius and two in the new
species; (vi) genu I bears a single posteroventral rake seta in the new species whereas C.
valverdius has four; and (vii) C. valverdius has two anterolateral setae on the proximal
half of trochanter III, but the new species has three that are more evenly distributed

along the length.

Phylogenetic analysis

A few apomorphies denote the relationships within clade A; C. dorotheae and C. jan-
etae both have six anteroventral rake setae on tibia I, which is a unique character. Caze-
culus gertschi and C. hypopachus each bear four rake setae in that location, a character
shared with some members of clade B. Of the species in clade A, most are not recorded
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as having tarsal bothridial setae &z, which occur in most other Caeculus as well as in the
outgroups, indicating possible plesiomorphy for the rest of the genus. One exception
is C. gertschi (Mulaik 1945). Caeculus pertiti Nevin and C. mariae Higgins & Mulaik
also lack this trait, possibly resulting from homoplasy.

Aside from C. krantzi Coineau, the members of clade B exhibit dark dorsal idioso-
mal sclerites in adults, although this trait may be homoplastic as it recurs sporadically
in the other clades and some taxa not in clades.

All members of the C clade possess five anteroventral rake setae on tibia I, except
C. tipus Mulaik, which has four. However, McDaniel and Boe (1990) also describe
a male and a nymph C. lewisi with four rake setae in this position. The species of
clade C furthermore have four posteroventral rake setae on tibia I, although there
are two such rake setae on C. americanus, basal in the clade. Rake seta number is
regarded as more stable than other traits (Coineau 1974), so the above traits may be
autapomorphies for the clade. Another potential apomorphy for clade C is two or
three pairs of aspidosomal Pz setae, although Mulaik (1945) also describes C. doro-
theae with three pairs of Pa. All other congeners and all outgroup taxa have a single
pair of Pz setae, which likely describes the ancestral state for the genus. Additionally,
clade C species all have four to six centrodorsal opisthosomal & setae, also present in
C. crossleyi Hagan and C. pettiti, so this may represent synapomorphy. The scarcity
of autapomorphies in the topology likely reflects the variable nature of many traits

in Caeculidae (Grandjean 1944; Coineau 1974).

Key to adult Caeculus species (females)

1 Aspidosoma with 0 or 1 pair of P setae on anterior margin, or if more Pz setae

then only 1 pair of Pp setae near posterior Margin.........ccceveeeeeueveuererirueeerenennnn 2
—  Aspidosoma with > 2 pairs of Pz setae on anterior margin, and > 2 pairs of Pp
SEtA€ NEAr POSTEIIOr MALZIM.uviiirieirieiiieittieeiteeitte et e et e et ettt 16

2 Centrodorsal opisthosomal sclerite with 1 pair of setae at each the anterior margin
(a), middle (), and posterior margin (c), and with no unpaired medial setae; each
laterodorsal opisthosomal sclerite with 1-2 # setae near the anterior margin, 1 &
seta at middle, and 1 ¢ seta near posterior margin; femoral segments of leg I with
spiniform (never subclavate) rake setae.........ccouvueerieuiinieiniininceccee 3

—  Not with above combination of characters ........c.cocccceuviviniinniinciniccee 8

3 Trochanter I with 1 seta on both anterolateral and posterior/dorsal surfaces........
........................................................................................... C. calechius Mulaik

—  Trochanter I with > 1 seta on anterolateral surface, or if 1 anterolateral seta, then
with 2 posterodorsal SELae .........coevveieirierieiniiniiieircc e 4

4 Tibia I with 6 anteroventral rake/spiniform setae .........coceccevvveeriererineinincnnnen. 5

—  Tibia I with fewer anteroventral rake/spiniform setae.........cccoeevireenecnnncenee 6
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Trochanter I with 1 anterolateral seta; genu I with 5 anteroventral rake/spini-
form setae; body not coated with cemented debris.......cccoceveviiiiiininininiiinnnn
......................................................................... C. janetae Higgins & Mulaik
Trochanter I with 3 anterolateral setae; genu I with 3 anteroventral rake/spini-

form setae; body encrusted with cemented particles............ C. dorotheae Mulaik
Tibia I with 3 anteroventral rake/spiniform setae; trochanter I anterolateral setae
are Clavate .......oocueiininiiec e C. hardyi Mulaik & Allred
Tibia I with 4 anteroventral rake/spiniform setae; trochanter I anterolateral setae
AT€ SPINMITOTIML.uiitiiietiit ettt 7
Anterior margin of aspidosoma acuminate; dark idiosomal sclerites ....................
....................................................................................... C. hypopachus Mulaik
Anterior margin of aspidosoma not acuminate; pale idiosomal sclerites...............
............................................................................................. C. gertschi Mulaik
Body length < 0.90 mm ... 9
Body length > 0.90 mm......ccccoiiiiiiiiiiiiii 10
Elongated bothridial setae on each tarsus; tibia I with 2 anteroventral rake/spini-
form setae; dark idiosomal sclerites .........ccoceeiiiniiniicncnnne. C. crossleyi Hagan
No elongated bothridial setae on any tarsus; tibia I with 3 anteroventral rake/
spiniform setae; pale idiosomal sclerites................ C. mariae Higgins & Mulaik
Basi- and telofemur I with subclavate rake setac...........c.c........ C. clavatus Banks
Basi- and telofemur I with spiniform rake setae.........cccoeerieerincinecnncncnnne. 11
Mediodorsal opisthosomal sclerite with 8-9 setae .......cccevuueee C. pettiti Nevin
Mediodorsal opisthosomal sclerite with fewer setae ........cccoeeeerveiniccrncnennene. 12
Pale idiosomal SCIErites .....c..euruirieiriiniiiiiiiiciccccecee e 13
Dark idiosomal sClerites ........cevueuiririiirieinieiiiricerececc e 14
Posterior opisthosomal sclerite with 6 setae.......ccccevveuernnenene. C. archeri Mulaik
Posterior opisthosomal sclerite with 11 setae.....ccccceveveuenneee. C. krantzi Coineau

Tibia I with 2 anteroventral rake/spiniform setae; trochanter I1I with 3 anterolat-
eral setae; pluriposterior sclerite with 1 unpaired medial 4 seta........ccceeucuennnee.
............................................................................. C. cremnicolus Enns (Fig. 5)
Tibia I with 3 anteroventral rake/spiniform setae; trochanter IIT with 1 anterolateral
seta; pluriposterior sclerite with 1 pair of 4 setae and no unpaired medial seta.....15
Aspidosomal anterior margin notched and lacking Pz setae; anterolateral surface
of trochanter III with 1 spiniform seta; mediodorsal opisthosomal sclerites not
fused; elongated bothridial setae on tarsi IIl and IV ............ C. kerrulius Mulaik
Aspidosomal anterior margin not notched and bearing 1 pair of Pz setae; anterolat-
eral surface of trochanter III with 1 clavate seta; mediodorsal opisthosomal sclerites
fused; elongated bothridial setae present on all tarsi .............. C. echinipes Dufour
Dark idiosomal sclerites; tibia I with 2 posteroventral rake/spiniform setae.........
......................................................................................... C. americanus Banks
Pale idiosomal sclerites; tibia I with 4 posteroventral rake/spiniform setae....... 17
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17 Trochanter I with 2 anterolateral setae; progenital valves each with < 5 setae.......
.................................................................................................. C. tipus Mulaik
—  Trochanter I with 3 anterolateral setae; progenital valves with more setae........ 18
18 Genu I with 4 posteroventral rake setae; adanal sclerites each with 3 setae...........
......................................................................................... C. valverdius Mulaik
—  Genu [ with 0 or 1 posteroventral rake seta; adanal sclerites each with 2 setae....19
19 Aspidosomal anterior margin with 2 pairs of Pz setae; basifemur I with 1 poster-
oventral rake seta; trochanter III with 3 anterolateral setae; centrodorsal opistho-
somal sclerite with 5 & setae arranged in an “M”; laterodorsal opisthosomal scler-
ite with 2 z setae; posterior opisthosomal sclerite with 7 setae......cccoeeevreucnnneee.
..................................... C. cassiopeiae Bernard & Lumley, sp. nov. (Figs 1-4)
—  Aspidosomal anterior margin with 3 pairs of Pz setae; basifemur I without pos-
teroventral rake setae; trochanter III without anterolateral setae; centrodorsal
opisthosomal sclerite with 3—4 4 setae; laterodorsal opisthosomal sclerite with 1 2
seta; posterior opisthosomal sclerite with 9 setae ...... C. lewisi McDaniel & Boe

Geographical distribution

The complete distribution ranges for the taxa described above are unknown, but the
new find of C. cassiopeiae sp. nov. is 2074 km from the nearest recorded occurrence of
C. valverdius in Los Lunas, New Mexico (Mulaik and Allred 1954), and 805 km from
the record of C. lewisi near Newell, South Dakota (McDaniel and Boe 1990). A com-
parison of climates reveals that Los Lunas has a mean annual precipitation of 249.7 mm
and a mean annual temperature of 13.45 °C for the 1981-2010 period, whereas data
for Newell are 447 mm and 8.2 °C respectively (NCEI 2017). This gives Los Lunas a
K6ppen-Geiger climate classification of cold semi-arid steppe (BSk) like Medicine Hat,
whereas Newell has a humid continental climate (Dfz) (Peel et al. 2007). The soil in
both Los Lunas and Newell is brown chernozem/calcic aridisol (NRCS 2017, NSBD
2017), somewhat similar to the brown chernozem/ustic mollisol soil at Medicine Hat.
These data show that although the new species is morphologically distinct from C.
lewisi and C. valverdius, it shares climatic preferences with C. valverdius, and has a
comparable soil habitat with both C. lewisi and C. valverdius.

The Albertan C. cremnicolus are 1911 km from the closest published location in
Easley, Missouri (Enns 1958). The localities in Missouri have a humid subtropical
climate (Cfa) by the Képpen-Geiger system, but the climates in the Alberta loca-
tions are incongruent; Writing-on-Stone Provincial Park is classed as cold semi-arid
(BSk) yet Waterton Lakes National Park is continental subarctic (Dfe) (Peel et al.
2007). Soils among these sites are also variable. Along the Missouri River, sites have
soils classified as gleyed regosol/fluvent entisol, and at Devil’s Backbone the soil is
gray brown luvisol/udalfic alfisol (NRCS 2017). In Canada, the soil at Writing-on-
Stone Provincial Park is a regosol/fluvent entisol similar to Missouri, but Waterton
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Lakes National Park has substrate that is classed as dystric brunisol/cryept inceptisol
(NSBD 2017). These disparate abiotic conditions indicate that C. cremnicolus is a
habitat generalist.

As the localities for C. cremnicolus and C. cassiopeiae sp. nov. are 126 km apart
and in the same climate, their ranges could potentially overlap if C. cremnicolus can
inhabit the soil at Medicine Hat. These species are nevertheless in separate clades
(Fig. 6), signifying multiple introductions of the family into Canada. Such a pattern
of introductions may be attributable to postglacial changes in biome distributions,
which enabled fragmented xeric populations to expand northward from arid refugia
after the last glacial maximum 18,000 years ago (Riddle and Hafner 2006; Graham
et al. 2013). This possibility is intriguing considering that at the time Medicine Hat
was near the southern limit of the Laurentide Ice Sheet, and by 14,000 years ago it
was the first area in Canada freed of the ice as it became semi-arid grassland (Dyke
2005). Likewise, Thaler et al. (1993) described a new locality of Microcaeculus aus-
triacus in Austria that was ~440 km from its known locations in the easternmost
extent of the Alps, and alluded to postglacial warming as a possible explanation for
the scattered distribution.

Our phylogenetic analysis suggests that the common ancestor of Caeculus inhab-
ited southwestern North America, based on the known locations for C. calechius and
Clade A (the most basal clade). The other clades also contain representatives from
the North American southwest as well as those from other areas, and there is a diver-
sity of locations represented by the taxa that are not in clades. Caeculus echinipes is
the only species of Caeculus described to date from Europe. The results suggest that
the ancestor of C. echinipes spread to Europe from North America. Further work to
include molecular data would be helpful to clarify the weaker branch support shown
in the topology.

Conclusions

Our description of Caeculus cassiopeiae sp. nov. elevates the number of known Cana-
dian caeculids to two. Based on a maximum parsimony analysis of a character state ma-
trix for all members of the genus, it is most closely related to C. lewisi. The phylogeny
also suggests multiple introductions of caeculids into Canada, and that the origin of
the genus is the American southwest. Further collection of caeculids in North America
is required to determine to what extent ranges overlap, examine ecology or additional
morphological traits (e.g., minute sensory structures) that were not described in previ-
ously published taxonomic accounts, and to enable genetic analysis. Population studies
can further describe the degree of intraspecific variation and clarify species boundaries.
Our phylogeny provides the first analysis of the genus, which can be useful for future
systematic studies that integrate taxonomy and genetics to develop a better under-
standing of the genus Caeculus and its family.
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Abstract

The world genera of the Bobekia-group of Alysiini (Braconidae: Alysiinae) are reviewed and keyed. A new
genus (Neodiasta gen. nov.) is proposed for Phasmidiasta ecuadorensis Fischer, 2006, from Ecuador. One
new subgenus (Parabobekoides subg. nov.; type species Separatatus (Parabobekoides) yinshani sp. nov. from
NW China) is described and illustrated. Neosymphanes Belokobylskij, 1998 is a new synonym of Bobekia
Niezabitowski, 1910 (syn. nov.).

Keywords
Bobekia, Bobekoides, Hovalysia, Hylcalosia, key, Neodiasta, new species, new genera, Parabobekoides, Phas-

midiasta, Senwot, Separatatus, world revision

Introduction

The group of alysiine genera with sculptured second metasomal tergite, distinct dor-
sope in the first metasomal tergite, and a closed first subdiscal cell of the fore wing
(here defined as the Bobekia-group of the Alysiinae, Braconidae) is comprised of eight

Copyright Ruo-Nan Zhang et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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genera worldwide, with Phasmalysia Tobias, 1971, as a ninth borderline genus. The
lack of comprehensive keys has confused several researchers and resulted in associat-
ing Chinese species with Afrotropical genera (Wharton 2002; Zheng et al. 2013). The
recent series of papers on this group (Zheng et al. 2013, 2017, 2018; Belokobylskij
2015; Yao et al. 2018a, b, 2019) and the discovery in Shaanxi (NW China) of a new
species with conspicuous sexual dimorphism seems the right moment to give a revised
key to all genera of this group worldwide; to describe a new genus, a new subgenus,
and one new species; and to report the sexual dimorphism present in the new species.

The biology is unknown within most genera, but at least some species are puta-
tively parasitoids of xylophilous fly larvae, because their cocoons have been found in
the galleries of scilytine beetles (Wharton 1980; Belokobylskij 1998). Others seem to
parasitize presumably more easily accessible hosts such as mining larvae of Agromyzi-
dae and Muscidae (see note under Bobekia Niezabitowski).

Material and methods

The specimens were collected in Malaise traps in an abandoned garden in the village of
Shangluo (NW China: Shaanxi, Luonan) and directly preserved in 70% alcohol; they
were later chemically treated with a mixture of 96% xylene + alcohol and amylacetate
(AXA-method; van Achterberg 2009) before card-pointing. For identification of the
subfamily Alysiinae, see van Achterberg (1990, 1993); for identification of the genera
of Chinese Alysiini, see Zhu et al. (2017); for references, see Yu et al. (2016).

The type species of all genera were examined for the key, except for Senwor Whar-
ton, which was included using information from existing literature. Morphological
terminology follows van Achterberg (1988, 1993), including the abbreviations for
wing venation. Measurements are taken as indicated by van Achterberg (1988): for the
length and the width of a body part the maximum length and width is taken, unless
otherwise indicated. The length of the mesosoma was measured from the anterior bor-
der of the mesoscutum to the apex of the propodeum and of the first tergite from the
posterior border of the adductor to the medio-posterior margin of the tergite.

Observations and descriptions were made with an Opto-Edu A230903 ster-
eomicroscope and a fluorescent lamp. Photographic images were made with the
Keyence VHX-5000 digital microscope. The following acronyms are used for the
depositories: AEI — American Entomological Institute, Utah State University (Lo-
gan); BZL — Biologiezentrum - Oberdsterreichisches Landesmuseum (Linz); CNC —
Canadian National Collection of Insects (Ottawa); FAFU — Fujian Agricultural and
Forestry University (Fuzhou); MNHN — Muséum National d’Histoire Naturelle
(Paris); NWUX — Department of Life Sciences, Northwest University (Xi’an); PAN
— Muzeum i Instytut Zoologii Polskiej Akademii Nauk (Warsaw); RMNH — Natu-
ralis Biodiversity Center (Leiden); ZIL — Zoological Institute (Lund); ZMB — Mu-
seum fiir Naturkunde (Berlin).
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Key to the world genera of the Bobekia-group

1

Second metasomal tergite distinctly sculptured basally (Figs 9, 21, 27), dorsope
distinctly developed (Figs 9, 27, 96) and first subdiscal cell of fore wing closed
distally (Figs 5, 20, 36); mandible without oblique ventral carina (Figs 15, 41, 74,
but present in Phasmidiasta; Figs 102, 103); mandible often with 4 teeth or lobes
(Figs 15, 17, 41, 71); pronope present and usually medium-sized to rather large
(Figs 8, 46, 116); Bobekia-group ..........cccceueivuneeuciciiieicicciieeeeeceeeennes 2
Either second tergite smooth basally or dorsope absent or first subdiscal cell of
fore wing open distally; oblique ventral carina of mandible often present and
mandible usually with 3 teeth; pronope variable ........... other genera of Alysiini
Vein r of fore wing issued at basal 0.2—0.4 of pterostigma (Fig. 107); pterostigma
parallel-sided (Fig. 107); first (= dorsal) tooth much wider than third (= ventral)
tooth and dorso-apically with small to medium-sized, tooth-shaped protuber-
ance; vein CU1Db of fore wing distinctly longer than vein 3-CU1 or 3-CU1 ab-
sent, first subdiscal cell narrow and vein CU1a at level of vein CU1 (Fig. 107);
vein M+CU of hind wing 0.7-1.0x as long as vein 1-M (Fig. 107); [face dis-
tinctly convex in type species, less so in Asian spp. (Fig. 111); upper valve of
ovipositor convex and with small nodus (Fig. 114); clypeus triangular and acute;
Afrotropical species have pterostigma more elongate than Asian spp.]; Afrotropi-
Cal, Oriental .o Senwot Wharton, 1983
Vein r of fore wing issued medially from pterostigma or behind it (Figs 1, 5, 17,
20, 79, 92); pterostigma triangular or elliptical (Figs 1, 17, 40, 65), but parallel-
sided or nearly so in Neodiasta (Fig. 79); first tooth of mandible similar to other
teeth (Figs 14, 25, 39, 57), if much larger then without dorso-apical protuber-
ance (Fig. 41, but present in Hylcalosia ruficeps; Fig. 71); vein CU1Db of fore wing
distinctly shorter than vein 3-CU1, first subdiscal cell moderately wide and vein
CU1a distinctly below level of vein CU1 (Figs 5, 20, 36, 97); vein M+CU of hind
wing at least 1.2x as long as vein 1-M (Figs 6, 20, 53, 65, 92), but shorter than
vein 1-M in Neodiasta (Fig. 80)........ccoeiiviviieiiiiiiiiiiciiieeeeeeceseee e 3
Clypeus acute ventrally, triangular (Fig. 43,); first tooth of mandible very wide
and lobe-shaped protruding dorsally and apically and third tooth much smaller
(Figs 41, 42, 71, 74); upper valve of ovipositor enlarged and enclosing the small
lower valve; third tergite sculptured in non-Afrotropical species; head often more
square in dorsal view (i.e., head length longer relative to head width; Figs 47,
67); [mandible large and ventrally sinuate, with a more or less protruding small
lobe (“fourth tooth”); vein 2-SR of fore wing curved basally and longer than vein
3-SR s 4
Clypeus obtuse ventrally, semicircular (Figs 12, 18, 24); upper valve of oviposi-
tor cylindrical or depressed (Parabobekoides: Fig. 2; unknown of Hovalysia and
Neodiasta type species); third tergite smooth; head length shorter relative to head
width in dorsal view (Figs 8, 28, 55, 88, 94) ...c.ccovvivivuiueiiiiiieccceeeenee 5
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Vein r-m of fore wing distinctly oblique, angle with vein 2-M acute (Fig. 40);
anterior tentorial pits distinctly impressed (Fig. 43); fourth to sixth metasomal
tergites of @ largely exposed (Fig. 50); third tergite smooth (Fig. 51); Afrotropi-
CAl e e Bobekoides van Achterberg, 1998
Vein r-m of fore wing vertical or slightly oblique, angle with vein 2-M about rec-
tangular (Fig. 65); anterior tentorial pits hardly impressed (Fig. 70); fourth and
following tergites largely retracted of @ (cf. Fig. 78); third metasomal tergite sculp-
tured (Fig. 66); [third antennal segment nearly always distinctly widened, 1.4-2.0x
wider than fourth segment (except in H. loasensis) and usually distinctly shorter than
fourth segment: Fig. 73]; Eastern Palacarctic, Oriental.... Hylcalosia Fischer, 1967
Vein SR1 of fore wing slightly longer than vein 3-SR (Fig. 79); vein M+CU of
hind wing shorter than vein 1-M (Fig. 80); pterostigma parallel-sided or narrow
elliptical (Fig. 79); Neotropical ................ Neodiasta van Achterberg, gen. nov.
Vein SR1 of fore wing much longer than vein 3-SR (Figs 5, 20, 26, 53); vein
M+CU of hind wing at least 1.2 x as long as vein 1-M (Figs 6, 20, 26, 92); pter-
ostigma moderately wide elliptical or triangular (Figs 5, 26, 92) .......cccccceenee. 6
Vein r issued near middle of pterostigma (Fig. 53); veins r, 1-SR and 1-M of fore
wing of & widened (Fig. 53); precoxal sulcus nearly horizontal (Fig. 64); clypeus
2.5-3.0 x wider than high (Fig. 58); [metanotum obtuse dorsally]; Afrotropical...
..................................................................................... Hovalysia Granger, 1949
Vein r issued behind middle of pterostigma (Figs 1, 17); veins 1, 1-SR and 1-M
of fore wing of & slender (Fig. 20); precoxal sulcus oblique (Figs 7, 17) or absent;
clypeus 2.0-2.5 x wider than high (Figs 12, 98, 121)..c.cccccoveeiivnnncccnne. 7
Precoxal sulcus absent (Fig. 102); in lateral view medial part of face distinctly pro-
truding dorsally in front of antennal socket and its dorsal half nearly straight in
profile (Fig. 102; Fig. 110.8 in Belokobylskij 1998); mandible straight ventrally,
without fourth protuberance and hardly widened dorsally (Figs 102, 103; fig.
110.11 in Belokobylskij 1998); Holarctic............ Phasmidiasta Wharton, 1980
Precoxal sulcus present, usually wide and oblique (Figs 7, 17, 38, 125); in lateral view
medial part of face normal, less protruding and its dorsal half evenly curved in profile
(Figs 1, 14, 38, 125); mandible sinuate ventrally, with fourth protuberance more or
less developed and widened dorsally (Figs 15, 17, 25, 32, 39, 117, 120) ................ 8
Mandible comparatively slender, and its first tooth less protruding dorsally
(Fig. 39); metanotum distinctly protruding in lateral view (Fig. 38); third antennal
segment about as long as fourth segment (Fig. 34); [ has according to fig. 109.18
in Belokobylskij (1998) pterostigma modified, but vein r short, approx. 0.3x width
of pterostigmal; Palaearctic, Afrotropical............... Bobekia Niezabitowski, 1910
Mandible robust (Figs 1, 14, 17, 125), its first tooth distinctly protruding dor-
sally (Figs 14, 16, 117); metanotum hardly or not protruding dorsally (Figs 1,
7, 125); third antennal segment shorter than fourth segment (Figs 10, 22, 123),
but sometimes only slightly so; [ has modified pterostigma, but vein r medium-
sized, approx. 0.7x width of pterostigma: Figs 17, 20]; Oriental, Eastern Palaearc-
tic; genus Separatatus Chen & Wu, 1994 .....c.coovvviiiiiininiiiiceeeeeceenes 9



Revision of Bobekia-group 29

9  Base of vein 1-R1 of fore wing widened, more so in 3 thanin 99 (Figs 1, 5, 17,
20); setose part of ovipositor sheath 1.5-1.6x longer than metasoma and 0.6-0.7x
as long as fore wing (Fig. 1); upper valve of ovipositor flattened dorsally; hind
femur 4.4-5.3x longer than wide (Figs 1, 17); propodeal areola reduced anteriorly
(Figs 9, 21) .......... subgenus Parabobekoides van Achterberg & Tan, subg. nov.

—  Base of vein 1-R1 of fore wing narrow (9: Fig. 115; Junknown); setose part of
ovipositor sheath 0.8—1.0x longer than metasoma and 0.3-0.4 x as long as fore wing
(Fig. 125); upper valve of ovipositor (at least in type species) normal, convex dorsally;
hind femur 2.7-3.5x longer than wide (Fig. 119); propodeal areola complete anteri-
orly (Fig. 116), except in S. malaysiae .... subgenus Separatatus Chen & Wu, 1994

Notes. Phasmalysia Tobias, 1971 (type species: Phasmalysia zinovjevi Tobias, 1971, from
S. Russia [examined]) might belong to the Bobekia group, but it is excluded here because
of the uniquely shaped mandible (first tooth extremely enlarged and lobe-shaped, with
curved carina present on first and third tooth and mandible consisting mainly of two
large lobes (if viewed with full sight on the first tooth) because of the deep medio-apical
incision). The type species has the third antennal segment slender, and the second tergite
only superficially sculptured. The Nearctic P borealis Wharton, 1980, has the second
tergite more sculptured, but is also characterized by an aberrantly shaped mandible.

Taxonomy

Separatatus Chen & Wu, 1994
Figs 1-25, 115-126

Separatatus Chen & Wu, 1994: 132; Zhu et al. 2017: 69-72; Yao et al. 2018a: 187—
188. Type species (by monotypy): Separatatus carinatus Chen & Wu, 1994 [holo-
type (FAFU) examined].

Phasmidiasta sensu Fischer 2006: 628-631 (p.p.).

Hovalysia sensu Wharton 2002: 79 (figs 124-127).

Bobekoides sensu Zheng et al. 2013: 143-146 (p.p.).

Notes. A small Oriental and East Palaearctic genus in terms of species richness; hosts
are unknown for all species. Species of Separatatus can be identified with the key by Yao
et al. (2018a), and those of Parabobekoides with the key below.

Subgenus Parabobekoides van Achterberg & Tan, subg. nov.
http://zoobank.org/79CI9F4A-C69C-4B45-97BF-FC1C800C3412

Type species. Separatatus (Parabobekoides) yinshani Zhang & van Achterberg, sp. nov.
Gender: masculine.
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Diagnosis. Propodeal areola reduced anteriorly (Figs 8, 9, 21); setose part of ovi-
positor sheath distinctly longer than metasoma and 0.6-0.7x as long as fore wing
(Fig. 1); upper valve of ovipositor flattened apically (Fig. 2). Superficially, the new
subgenus is very similar to Bobekoides van Achterberg and shares the derived shape of
the upper valve of the ovipositor, but differs by the semicircular clypeus (Fig. 12; acute
and triangular in Bobekoides), vein r-m of the fore wing nearly straight and angle with
vein 2-M about 90° (Figs 1, 5, 17, 20; distinctly inclivous and angle distinctly less than
90° in Bobekoides), the transverse head in dorsal view (Fig. 8; more square in Bobe-
koides), the basally widened and more or less differentiated vein 1-R1 (narrow and not
differentiated in Bobekoides), the distinct sexual dimorphism of the fore wing venation
(Fig. 20; absent in Bobekoides), the posteriorly wide propodeal areola (Fig. 21; narrow
in Bobekoides) and the mandible less massively enlarged dorsally , its dorsal tooth some-
what wider than second (= middle) tooth (Fig. 15; strongly enlarged dorsally, dorsal
tooth much wider than second tooth in Bobekoides).

Distribution. China (Hubei, Shaanxi).

Etymology. “Para” is Greek for “beside, near, by” and the generic name Bobekoides,
because it is similar to this genus.

Key to species of subgenus Parabobekoides nov.

1 Antenna of @ with ca 47 segments and 1.7x longer than fore wing; face trans-
versely rugose laterally; mesoscutum largely blackish brown; striae of second ter-
gite partly distinctly oblique.......... S. (P) sinicus (Zheng, Chen & Yang, 2013)
Antenna of @ with 31-33 segments and 1.3—1.4x longer than fore wing (of &' up
to 1.5x); face smooth laterally, remainder largely superficially rugulose (Figs 12,
18); mesoscutum yellowish brown; striae of second tergite largely longitudinal or
nearly so (Figs 9, 21) ........... S. (P) yinshani Zhang & van Achterberg, sp. nov.

Discussion

Zheng et al. (2013) reported Bobekoides sinicus Zheng, Chen & Yang, 2013 from Cen-
tral China (Hubei). This was the first time that a species of Bobekoides van Achterberg,
1998 was reported from outside Africa. Zhu et al. (2017) included this species in the
genus Separatatus Chen & Wu, 1994, because it has an obtuse clypeus as in the type
species of Separatatus. In Bobekoides, the clypeus is acute and triangular (Fig. 43).

In 2017 a series of a similar species was collected at Luonan (Qinling Mountains,
Shaanxi, NW China) in which males have the venation modified (Figs 17, 20) in
comparison to females. The venation is also modified in the male of the type species
of Hovalysia Granger, 1949, known only from the Afrotropical region, of which the
female is unknown. Wharton (2002) reported the occurrence of Hovalysia in China
(Taiwan), but the lack of females did not allow for a proper inclusion in the key by
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Zhuetal. (2017), and it was left out pending the availability female specimens. Fischer
(1999) described Hovalysia cruciata from South Africa based on one female specimen,
but he did not indicate the shape of the ovipositor. The series from Luonan include
females with normal (= slender) veins 3-SR and 2-M, vein 2-SR about as long as vein
3-SR, with a modified upper valve of the ovipositor, and vein r 0.6x width of pter-
ostigma (Fig. 5). The males have the basal part of vein 1-R1 wider than in females,
veins 3-SR and 2-M widened, vein 2-SR distinctly shorter than vein 3-SR, and vein
r about 0.7x as wide as the pterostigma (Fig. 20). Inclusion in Hovalysia is a possibil-
ity, but is problematic because the Chinese specimens have the first mandibular tooth
wide, lobe-shaped, and strongly protuberant both dorsally and apically (rectangular,
not protruding apically and hardly so dorsally in Hovalysia); the males have a different
pattern of widened veins (e.g., veins 1-SR, 1-M, and r are widened in Hovalysia and
slender in Chinese males); and vein CU1Db of the fore wing is shorter than vein 3-CU1
(as long as vein 3-CU1 in Hovalysia).

Separatatus (Parabobekoides) yinshani Zhang & van Achterberg, sp. nov.
http://zoobank.org/AB358A9B-BE34-418B-A823-6A3320D4A49C
Figs 1-25

Type material. Holotype: @ (NWUX), “NW. China: Shaanxi, Luonan, Shangluo,
34.03N, 110.10E, 9.vii.—9.ix.2017, alt. 1006 m, B[lack] Mal[aise] trap, Tan Jiangli,
NWUX?”. Paratypes: 5 d +1 Q2 (NWUX, RMNH), same data.

Diagnosis. Antenna of @ with 31-33 segments and 1.3—1.4x longer than fore
wing; face smooth laterally and remainder largely superficially rugulose (Figs 12, 18,
24); mesoscutum yellowish brown; vein r of fore wing 0.3 x as long as vein 3-SR and
0.5-0.6 (?) — 0.7 (&) x width of pterostigma (Figs 1, 5, 17, 20); striae of second
tergite largely longitudinal or nearly so (Figs 9, 21); setose part of ovipositor sheath
approx. 0.7x as long as fore wing and nearly twice as long as hind tibia (Fig. 1).

Description. Holotype, ¢, length of body 2.6 mm, of fore wing 2.8 mm.

Head: Moderately transverse and shiny, slightly concave posteriorly (Fig. 8), width
of head 1.8x its lateral length; antenna with 31 segments and 1.4x longer than fore
wing, segments with long bristly setae, third segment 0.8x as long as fourth segment
and 1.3x wider than fourth segment in lateral view, length of third, fourth and penul-
timate segments 2.4, 4.0 and 2.8x their width, respectively (Figs 10, 11); length of
maxillary palp 1.3x height of head; eye in dorsal view 1.5x as long as temple (Fig. 8);
frons depressed in front of anterior ocellus and with shallow reversed V-shaped depres-
sion anteriorly (Fig. 13); vertex convex and very sparsely setose; OOL: diameter of
ocellus: POL = 15:4:5; face 2.1x wider than high, largely smooth laterally and dor-
sally, superficially rugulose medially but with longitudinal convex median area smooth
(Fig. 12); clypeus 2.2x wider than high, protruding, semicircular and nearly truncate
medio-ventrally (Fig. 12); malar space virtually absent; mandible moderately widened
dorsally and ventrally sinuate, dorsal tooth large and lobe-shaped, similar to ventral
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Figures 1-4. Separatatus yinshani Zhang & van Achterberg, sp. nov., @, holotype | habitus, lateral as-
pect 2 apex of ovipositor, lateral aspect 3 antenna 4 middle tarsus and outer claw, lateral aspect.

tooth and with minute ventral protuberance, middle tooth curved and robust; medial
length of mandible 1.5x its maximum width (Figs 14-16).

Mesosoma: Length of mesosoma 1.5x its height; mesoscutum with lateral carina in
front of tegulum distinct (Fig. 7); pronotal sides smooth except for oblique carina an-
teriorly; epicnemial area widely depressed and partly crenulate (Fig. 7); precoxal sulcus
very wide, oblique, coarsely crenulate, up to anterior depression but absent posteriorly
(except short depression above middle coxa; Fig. 7); remainder of mesopleuron smooth
and largely glabrous; pleural sulcus narrowly crenulate; episternal scrobe medium-sized
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Figures 5-16. Separatatus yinshani Zhang & van Achterberg sp. nov., @, holotype 5 fore wing 6 hind
wing 7 mesosoma, lateral aspect 8 head and mesosoma, dorsal aspect 9 propodeum, first—third metasomal
tergites, dorsal aspect 10 basal antennal segments Il apical antennal segments 12 head, anterior aspect
I3 head, dorsal aspect 14 head, lateral aspect 15 mandible, full view of third tooth 16 mandible, full

view of first tooth.
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Figures 17=19. Separatatus yinshani Zhang & van Achterberg sp. nov., &, paratype 17 habitus, lateral
aspect 18 head, anterior aspect 19 genitalia, ventral aspect.

and oblique; metapleuron largely smooth but with some coarse carinae posteriorly,
with long setae and rather small pit anteriorly; pronope medium-sized compared to
length of pronotum and nearly round (Fig. 8); notauli crenulate and wide, but only an-
teriorly impressed on disc; medio-posterior depression of mesoscutum long and deep,
finely crenulate and up to level of notauli (Fig. 8); mesoscutum strongly shiny and
smooth, with some setae anteriorly and posteriorly of notauli; scutellar sulcus deep and
wide, with 5 carinae and 3x wider than its maximum length; scutellum rather convex
and smooth, sparsely setose (Fig. 8; metanotum hardly protruding medio-posteriorly
and only anterior half with median carina; medio-longitudinal carina of propodeum
medium-sized, connected to (partly double) curved carina and areola incomplete,
only posteriorly with pair of curved carinae and laterally crenulate, remainder largely
smooth (Figs 8, 9).

Wings (Figs 1,5, 6): Pterostigmaelliptical, rather swollen, apically differentiated from
widened basal part of 1-R1; vein r 0.6x width of pterostigma; r: 3-SR:SR1 = 5:19:52;



Revision of Bobekia-group 35

25

Figures 20-25. Separatatus yinshani Zhang & van Achterberg sp. nov., 3, paratype 20 wings 21 pro-

e

podeum, first—third metasomal tergites, dorsal aspect 22 basal antennal segments 23 apical antennal

segments 24 head, anterior aspect 25 head, lateral aspect.

SR1 straight and 2-SR curved posteriorly; cu-a subinterstitial, short; 3-CU1 much
longer than CU1b; 2-SR: 3-SR: r-m = 19:19:11; m-cu postfurcal, strongly converging
to 1-M posteriorly; first subdiscal cell 2.7x as long as wide; M+CUT1 largely sclerotized.
Hind wing: M+CU: 1-M: 1r-m = 23:17:10; m-cu faintly indicated.

Legs: Hind coxa smooth; tarsal claws rather robust and shorter than arolium
(Fig. 4); length of femur, tibia and basitarsus of hind leg 5.3, 11.2 and 4.4 x their
width, respectively; hind leg rather conspicuously setose.

Metasoma: Length of first tergite equal to its apical width, its surface largely
coarsely longitudinally striate (but striae partly converging posteriorly), its dorsal cari-
nae widely separated (Fig. 9); dorsope distinct, medium-sized (Fig. 9); second tergite
entirely coarsely longitudinally striate; third tergite smooth and in lateral view distinct-
ly convex (Fig. 1); setose part of ovipositor sheath with rather short and dense setae,
0.61x as long as fore wing (total visible sheath (including glabrous band-shaped part)
0.68x), 1.5x metasoma, 3.2x first tergite and 1.7x as long as hind tibia; hypopygium
acute apically and weakly sclerotized.

Colour: Brownish yellow; mandible, palpi, tegulum, humeral plate and legs (but
hind tibia (except basally) and tarsus infuscate) pale yellowish or ivory; antenna (ex-
cept 3 basal segments), mesosternum largely, scutellum laterally and posteriorly and
ovipositor sheath dark brown; pterostigma (except pale yellowish apex) and most veins
brown; second and third tergites slightly darkened; wing membrane subhyaline.
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Variation: The wing venation of males show distinct sexual dimorphism
(Figs 17, 20), the pterostigma is enlarged and apically distinctly differentiated from
the strongly widened basal part of vein 1-R1. Additionally, veins 3-SR, 2-M, and SR1
of fore wing are widened. The body length of females is 2.5-3.0 mm and, of males,
2.6-2.8 mm; the length of the fore wing of females is 2.8-3.0 mm and, of males,
2.7-3.0 mm; the antennal segments of females is 31(1), 33(1) and, of males, 29(1),
31(2), 32(1), and 33(1); the antenna is 1.3—1.5x as long as the fore wing. The setose
part of the ovipositor sheath is 0.61-0.63x as long as the fore wing. The mesosternum
is brownish yellow or largely dark brown, and up to basal third of the antenna may be
brownish yellow or brown.

Etymology. Named after the father of one of the co-authors (RNZ) in recognition
of his support for many years.

Bobekia Niezabitowski, 1910
Figs 26-39

Bobekia Niezabitowski, 1910: 102; Fischer 1971: 137-139 (as synonym of Symphanes
Foerster, 1863); Shenefelt 1974: 1020 (id.); Wharton 1980: 68 (id.); van Achter-
berg 1998: 106 (as valid genus). Type species: Bobekia montana Niezabitowski,
1910, designated by Shenefelt (1974) (= Alysia striolata Thomson, 1895; syn-
onymized by Fischer (1974)) [holotype (PAN) examined].

Neosymphanes Belokobylskij, 1998: 294 (as subgenus of Symphanes Foerster, 1863).
Type species (by original designation): Alysia striolata Thomson, 1895 [holotype
(ZIL) examined]. Syn. nov.

Notes. A small genus with species from the Palaearctic and Afrotropical regions of
which the type species and only named Palaearctic species has been reared from Agro-
myzidae (Yu et al. 2016). One of us (CvA) has seen Afrotropical specimens (RMNH)
reared from mining Muscidae (Atherigona sp.). Unfortunately, host specimens were
not retained and no additional data exists on how the specimens were reared.

As indicated by van Achterberg (1998), the genus Symphanes Foerster, 1863,
is morphologically heterogeneous and does not belong to the Bobekia-group. Also,
Bobekia is a separate genus from Symphanes. Symphanes is excluded because of the
absence of a distinct dorsope in the first metasomal tergite (distinctly developed in
Bobekia), tarsal claws angulate (evenly curved in Bobekia), first subdiscal cell of fore
wing narrowly open (closed in Bobekia), and third antennal segment slightly longer
than fourth segment (slightly shorter in Bobekia). Neosymphanes is a junior synonym
of Bobekia because they share the same type species, Bobekia montana Niezabitowski,
1910, which was synonymized with Alysia striolata Thomson, 1895 by Fischer (1974).
The differences between the types of B. montana and A. striolata are minimal: the
ovipositor sheath is more retracted in A. striolata and vein 3-CU1 of the fore wing is
distinctly longer than CU1b in B. montana (Fig. 36) and about equal in A. striolata.
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Figures 26-39. Bobekia montana Niezabitowski, @, holotype 26 wings 27 first—third metasomal ter-
gites, dorsal aspect 28 head, dorsal aspect 29 mesosoma, dorsal aspect 30 hind leg 31 head, anterior
aspect 32 mandible, full view of third tooth (fourth tooth arrowed) 33 outer hind claw, lateral aspect
34 basal antennal segments 35 apical antennal segment 36 detail of first subdiscal cell of fore wing 37 an-
tenna 38 habitus, lateral aspect 39 mandible, full view of first tooth.
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Bobekoides van Achterberg, 1998
Figs 40-52

Bobekoides van Achterberg, 1998: 105; Zheng et al. 2013: 143. Type species (by original
designation): Bobekoides fulvus van Achterberg, 1998 [holotype (ZIL) examined].

Notes. A genus with a few species in the Afrotropical region. The biology is unknown.
See van Achterberg (1998) for a key to species; see Separatatus for the Chinese species.

Hovalysia Granger, 1949
Figs 53-64

Hovalysia Granger, 1949: 400; Shenefelt 1974: 992; Fischer 1993: 609-611, 1999:
9-10. Type species (by monotypy); Hovalysia seyrigi Granger, 1949 [holotype
(MNHN) examined].

Notes. The main characters are the medial position of vein r at the pterostigma and
the aberrant venation of the fore wing in males (Fig. 53), which is unknown in other
genera. Only two Afrotropical species are known. For their identification, see the key
by Fischer (1999). So far, no males are known in China with similar venation, but
Chinese male Separatatus with aberrant venation (Figs 17, 20) are known. Therefore,
Wharton’s (2002) reference to Taiwanese specimens with widened veins probably re-
fers to a species of Separatatus. The biology is unknown.

Hylcalosia Fischer, 1967
Figs 65-78

Holcalysia Cameron 1910: 6; Shenefelt 1974: 993. Type species (by monotypy): Hol-
calysia ruficeps Cameron, 1910 [holotype (ZMB) examined].

Hylcalosia Fischer, 1967: 125 (replacement name for Holcalysia Cameron, 1910 (not
Cameron 1905), 2008: 718-722; Shenefelt 1974: 993; van Achterberg 1983: 81;
Belokobylskij 1992: 143, 1998: 297, 2015: 530; Chen and Wu 1994: 85; Papp
1994: 139-142; Wharton 2002: 23; Zheng et al. 2012: 454; Zhu et al. 2017:
63-64, 2018: 548; Yao et al. 2019: 4. Type species (by monotype): Holcalysia rufi-
ceps Cameron, 1910 [holotype (ZMB) examined].

Notes. A rather small Palaearctic and Oriental genus, of which the biology is unknown.
Wharton (2002) included it in his generic key for Australia, suggesting its occurrence
in the Australasian region. Hylcalosia species show several apomorphic character states
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Figures 40-52. Bobckoides filvus van Achterberg, @, holotype 40 wings 41 mandible, full view of third
tooth (fourth tooth arrowed) 42 mandible, full view of first tooth 43 head, anterior aspect 44 hind leg
45 antenna 46 mesosoma, dorsal aspect 47 head, dorsal aspect 48 outer hind claw, lateral aspect 49 basal
antennal segments 50 habitus, lateral aspect 51 first—third metasomal tergites, dorsal aspect 52 apical

antennal segments.
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Figures 53-64. Hovalysia seyrigi Granger, 3, holotype 53 wings 54 hind leg 55 head, dorsal aspect
56 outer hind claw, lateral aspect 57 mandible, full view of first tooth 58 head, anterior aspect 59 first—
third metasomal tergites, dorsal aspect 60 mandible, full view of third tooth (fourth tooth arrowed)

61 mesosoma, dorsal aspect 62 apical antennal segments 63 antenna 64 habitus, lateral aspect.
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Figures 65-78. Hylcalosia ruficeps (Cameron), 3, holotype 65 wings 66 first—third metasomal tergites,
dorsal aspect 67 head, dorsal aspect 68 mesosoma, dorsal aspect 69 hind leg 70 head, anterior aspect
71 mandible, full view of first tooth 72 fore tibia and tarsus 73 basal antennal segments 74 mandible,
full view of third and fourth teeth 75 clypeus lateral aspect 76 antenna 77 outer fore claw, lateral aspect
78 habitus, lateral aspect.
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within the Bobekia-group, as expressed by the shape of the clypeus, mandible (espe-
cially in the type species; Fig. 74), and metasoma (more or less carapace-like; Fig. 78).
Identification keys to species were given by Zhu et al. (2018) and Yao et al. (2019).

Neodiasta van Achterberg, gen. nov.
http://zoobank.org/ 10A95EB9-7224-4CF3-A65A-A96CIE6IA499

Figs 79-91

Type species. Phasmidiasta ecuadorensis Fischer, 2006.

Diagnosis. Third antennal segment shorter than fourth segment and slender
(Fig. 91); mandible strongly widened apically, with minute ventral lobe and no oblique
ventral carina, with 3 large teeth, middle tooth much smaller than upper tooth, upper
tooth without dorso-apical protuberance, ventral margin straight but near third lobe-
shaped tooth with minute lobe (Figs 85, 90); clypeus obtuse ventrally, semicircular
(Figs 85, 87, 90); face normally convex and not protruding medially (Figs 87, 89);
pronope deep and medium-sized (Fig. 88); precoxal sulcus wide and coarsely crenulate
medially; vein 2-SR of fore wing straight posteriorly (Fig. 79); vein r of fore wing is-
sued behind medially from pterostigma and pterostigma parallel-sided to narrow el-
liptical (Fig. 79); vein CU1b of fore wing distinctly shorter than vein 3-CU1 and vein
CU1a distinctly below level of vein CU1 (Fig. 79); first subdiscal cell of fore wing
closed distally and moderately wide (Fig. 79); vein M+CU of hind wing distinctly
shorter than vein 1-M (Fig. 80); first metasomal tergite with distinct dorsope; second
tergite distinctly striate basally (Fig. 83) and third tergite smooth; shape of ovipositor
and length of ovipositor sheath unknown (only &' known).

Distribution. Neotropical (one species).

Notes. The biology of the only known specimen (the male holotype from Ecuador)
is unknown. The types species does not fit in Phasmidiasta because the precoxal sulcus
is present and coarsely crenulate (absent in Phasmidiasta), the face is medially not
protruding (distinctly protruding in Phasmidiasta), vein SR1 of the fore wing about
as long as vein 3-SR (about 4x as long in Phasmidiasta), vein M+CU of the hind wing
is distinctly shorter than vein 1-M (longer than vein 1-M in Phasmidiasta), mandible
without oblique carina connected to third tooth (present in Phasmidiasta), and the
pterostigma is parallel-sided to narrowly elliptical (moderately widely elliptical to tri-
angular in Phasmidiasta).

Etymology. Name derived from a combination of “neo” (Greek for “new”) and
the generic name Phasmidiasta, because it occurs in the Neotropical region and was
formerly included in Phasmidiasta. Gender: feminine.

Neodiasta ecuadorensis (Fischer, 2006) comb. nov.

Figs 79-91

Phasmidiasta ecuadorensis Fischer, 2006: 628—629.
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Type material. Holotype: &' (BZL), “Ecuador: Tungurahua prov., Banos, 14.ii.2002,
1500 m, M. Halada”, “& Holotype: Phasmidiasta ecuadorensis sp. nov., M. Fischer,
det. 2005”.

Diagnosis. See genus diagnosis.

Description. Holotype, a3, length of body 4.3 mm, of fore wing 4.3 mm.

Head: Head moderately transverse and shiny, concave posteriorly (Fig. 88), width
of head 1.8x its lateral length; antenna incomplete, 27 segments remaining and seg-
ments with long bristly setae, third segment 0.8x as long as fourth segment and 1.2x
wider than fourth segment in lateral view, length of third and fourth segments 2.7 and
4.2x their width, respectively (Fig. 91); length of maxillary palp 1.8x height of head;
eye in dorsal view 1.6x as long as temple (Fig. 88); frons largely flat in front of anterior
ocellus and only behind antennal sockets with narrow depression (Fig. 88); vertex con-
vex and very sparsely setose; OOL: diameter of ocellus: POL= 9:2:2; face 2.4 x wider
than high, largely striate laterally, largely smooth medio-dorsally, moderately convex
and with longitudinal convex median area (Fig. 87); clypeus 1.3x wider than high,
protruding, semicircular and nearly truncate medio-ventrally (Fig. 87); malar space
virtually absent; mandible strongly widened dorsally and ventrally straight, but near
third lobe-shaped tooth with minute lobe, dorsal tooth large and lobe-shaped, larger
than similar ventral tooth, middle (= second) tooth curved, small compared to first
tooth and robust; medial length of mandible 1.6x its maximum width (Figs 85, 90).

Mesosoma: Length of mesosoma 1.6x its height; mesoscutum with lateral cari-
na in front of tegulae distinct and crenulate; pronotal sides shiny and smooth but
oblique groove crenulate anteriorly and sparsely crenulate posteriorly; epicnemial
area depressed anteriorly and partly crenulate (Fig. 81); precoxal sulcus very wide,
oblique, coarsely crenulate, but posterior 0.3 absent (except short depression above
middle coxa; Fig. 81); remainder of mesopleuron smooth and largely glabrous except
ventrally; pleural sulcus finely crenulate; episternal scrobe medium-sized and oblique;
metapleuron largely smooth but with some rugae medially, with some long setae and
deep pit anteriorly; mesosternal sulcus finely crenulate; pronope medium-sized (com-
pared to length of pronotum in dorsal view), deep and nearly round (Fig. 88); notauli
distinctly crenulate and wide, but posteriorly narrow and nearly smooth; medio-pos-
terior depression of mesoscutum long and deep, smooth and up to level of notauli
(Fig. 82); mesoscutum strongly shiny and smooth, largely glabrous; scutellar sulcus
deep and wide, with one carina, narrowed medially and 2.4x wider than its maximum
length; scutellar disc weakly convex (but posteriorly rather bulging), largely glabrous
and smooth (Fig. 81); metanotum hardly protruding and only anterior half with me-
dian carina; medio-longitudinal carina of propodeum coarse and only on anterior face
of propodeum, connected to complete parallel-sided areola, posterior face smooth be-
tween carinae and dorsally crenulate-rugose except smooth anterior area (Figs 81-83).

Wings (Figs 79, 80). Pterostigma very narrow elliptical (nearly parallel-sided),
apically hardly differentiated from 1-R1 and vein r issued slightly behind middle of
pterostigma; vein r 0.8x width of pterostigma; r:3-SR:SR1 = 5:31:31; SR1 and 2-SR
straight; cu-a just postfurcal; 3-CU1 much longer than CUlb; 2-SR:3-SRir-m =
25:31:14; m-cu far postfurcal, converging to 1-M posteriorly; first subdiscal cell 4.3x
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Figures 79-91. Neodiasta ecuadorensis (Fischer), &, holotype 79 fore wing 80 hind wing 81 mesosoma,

lateral aspect 82 mesosoma, dorsal aspect 83 propodeum, first—third metasomal tergites, dorsal aspect
84 hind leg 85 mandible, full view of first tooth 86 outer hind claw 87 head, anterior aspect 88 head,
dorsal aspect 89 head, lateral aspect 90 mandible, full view of third tooth 91 basal antennal segments.
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as long as wide; M+CUT largely sclerotized. Hind wing: M+CU:1-M:1r-m = 34:45:16;
m-cu distinct, curved and unsclerotized.

Legs: Hind coxa rugose dorsally and remainder largely smooth; tarsal claws rather
slender, evenly curved and longer than arolium (Fig. 86); length of femur, tibia and
basitarsus of hind leg 5.7, 12.0, and 9.6x their width, respectively; hind leg densely
setose; hind tarsus slender (Fig. 86) and slightly longer than tibia.

Metasoma: Length of first tergite 1.1x its apical width, its surface coarsely longitu-
dinally costate-striate, its dorsal carinae converging and meeting submedially (Fig. 83);
dorsope deep and medium-sized (Fig. 83); basal 0.7 of second tergite entirely coarsely
longitudinally striate; remainder of metasoma smooth; third tergite in lateral view flat.

Colour: Black or blackish brown; mandible, palpi, clypeus and second tergite lat-
erally pale yellowish; legs (but hind tibia and all tarsi infuscate or dark brown), tegulae
and basal half of metasoma ventrally brownish yellow; apical half of metasoma dark
brown ventrally; face yellowish brown; propleuron posteriorly, orbita and temple red-
dish brown; pterostigma, second and third tergites dark brown and most veins brown;
wing membrane subhyaline.

Phasmidiasta Wharton, 1980
Figs 92-105

Phasmidiasta Wharton, 1980: 63; Belokobylskij 1998: 169, 294-296; Fischer 2006:
628. Type species (by original designation): Phasmidiasta lia Wharton, 1980 [hol-
otype (CNC) examined].

Notes. The biology of this Holarctic genus is uncertain. It is likely a parasitoid of
xylophilous fly larvae (Wharton 1980). Only two species are known: 2 e¢ffecta Be-
lokobylskij, 1998, occurs in the Eastern Palaearctic region (reared from a cocoon in a
bark beetle gallery (Belokobylskij 1998) and the type species in the Nearctic region.
The Neotropical P ecuadorensis Fischer, 2006, does not belong in Phasmidiasta and is
transferred to Neodiasta van Achterberg, gen. nov. (see above) and P malaysiae Fischer,
2006, was transferred to Separatatus by Yao et al. (2018a). The species remaining in
Phasmidiasta are very similar and may be separated as follows:

1 Scutellar sulcus laterally connected to posteriorly diverging and narrow oblique
grooves (Fig. 95); ovipositor sheath 1.4-1.5x as long as metasoma and 0.6-0.7x
as long as fore wing (Fig. 102); first metasomal tergite 1.2—1.4x as long as its api-
cal width (Fig. 96); Nearctic (Canada) ........coeveuiinennnne P, liaWharton, 1980

—  Scutellar sulcus transverse, without narrow oblique grooves laterally; ovipositor
sheath 1.1 x as long as metasoma and 0.7 x as long as fore wing; first tergite 1.5x
as long as its apical width; Eastern Palaearctic (Far East Russia).........ccccccceveunenes

........................................................................... P, effecta Belokobylskij, 1998
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Figures 92-105. Phasmalysia lia Wharton, 2, holotype 92 wings 93 hind leg 94 head, dorsal aspect
95 mesosoma, dorsal aspect 96 first—third metasomal tergites, dorsal aspect 97 first subdiscal cell of fore
wing 98 head, anterior aspect 99 outer hind claw, lateral aspect 100 fore tibia and tarsus lateral aspect
101 antenna 102 habitus, lateral aspect 103 mandible, full view of first tooth 104 basal antennal seg-
ments 105 apical antennal segments.
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108 mesosoma, lateral aspect 109 mesosoma, dorsal aspect 110 propodeum, first—third metasomal ter-

gites, dorsal aspect | 1l head, anterior aspect 112 head, dorsal aspect 113 head, lateral aspect 114 ovi-
positor and its sheath, lateral aspect. Photos: J-L Yao.
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Figures | 15-126. Separatatus carinatus Chen & Wu, @, holotype 115 wings I 16 mesosoma, dorsal aspect
117 mandible, full view of first tooth 118 head, dorsal aspect 1 19 hind leg 120 mandible, full view of third
tooth (fourth tooth arrowed) 121 head, anterior aspect 122 first—third metasomal tergites, dorsal aspect
123 basal antennal segments 124 antenna 125 habitus, lateral aspect 126 outer hind claw, lateral aspect.

Senwot Wharton, 1983
Figs 106-114

Senwot Wharton, 1983: 277-279; Fischer 1991: 31 (redescription). Type species (by orig-
inal designation): Senwot africanus Wharton, 1983 [holotype (AEI) was unavailable].
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Notes. A small genus of Afrotropical and Oriental species with unknown biology. The
four species can be identified with the key by Yao et al. (2018b). Morphologically simi-
lar to Bobekoides and Hylcalosia, as shown by the shape of the mandible and clypeus,
the genus differs mainly by the parallel-sided and more or less elongated pterostigma
(in Asian spp. less than in African spp.).
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Abstract

Two parasitoids, Merapelma beijingense Yang (Hymenoptera, Eupelmidae) and Spathius ochus Nixon
(Hymenoptera, Braconidae) are redescribed and illustrated. Both were reared from Coracbus cavifrons
Descarpentries & Villiers (Coleoptera, Buprestidae) boring in Symplocos stellaris Brand (Symplocaceae).
Metapelma beijingense is a solitary parasitoid with a parasitism rate of about 13.5% and S. ochus is a gre-
garious parasitoid with a parasitism rate of about 21.2%. A revised key to Oriental and Palacarctic species
of Metapelma Westwood and a key to the species of the Spathius labdacus-group are provided.
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Introduction

Symplocos stellaris Brand (Symplocaceae) is common landscape ornamental tree in
South China. It is popular for its beautiful clusters of small white flowers in the spring.
In addition, the wood is made into kitchen tools, furniture, etc., the seed oil is used to
make soap, and the leaves and roots are used in traditional Chinese medicine. During
recent investigations of woodborer biodiversity and their natural enemies in Guizhou
Province, South China, we found a beautiful but little-known beetle, Coraebus cavi-
frons Descarpentries & Villiers (Coleoptera, Buprestidae) (Fig. 1D), which feeds on
this tree and can cause serious damage (Fig. 1A). According to our investigation, this
pest infests healthy trees rather than stressed trees. It bores into the main trunk making
long longitudinal galleries (Fig. 1C). In the worst observed instance, the whole trunk
was crowded with galleries bored by dozens of individual larvae (Fig. 1B). The pupal
chambers are constructed about 5-10 mm under the bark in the xylem and close each
other. The shape of pupal chamber is elongate-oblong. The young pupa is yellow but
turns blue before emergence.

Coraebus cavifrons was described based on one female from Tonkin, northern Viet-
nam (Descarpentries and Villiers 1967), and nothing new has been reported about it
except for the occurrene records by Bellamy (2008) in several provinces of southern
China (Zhejiang, Fujian, Guangdong, Hainan, Sichuan). Here, we newly report this
species from Zunyi City in Guizhou Province, and, more importantly, for the first time
we report Symplocos stellaris as its host plant.

During our investigations on the biology of C. cavifrons, two parasitoid species
belonging to different families of Hymenoptera were discovered parasitizing the bu-
prestid larvae.

One of the parasitoid species belongs to Mezapelma Westwood (Eupelmidae).
Members of this genus are solitary parasitoids, with one larva parasitizing a single host
larva (Yang 1996). Prior to this study, 38 valid species were reported (Noyes 2019),
including 11 species from the Oriental region, five species from the Palaearctic region
(including one extinct species from Baltic amber), 13 species from the Afrotropical
region, six species from the Australian region, two species from the Nearctic region,
and one species from the Neotropical region. In the Palaearctic region, Yang (1996)
described two species parasitizing bark beetles in Beijing, China. The specimens found
on C. cavifrons belong to M. beijingense Yang despite some minor differences with the
original description by Yang (1996). The detailed redescription is given below, includ-
ing the observed variation.

The second discovered parasitoid belongs to Spahius Nees (Braconidae), which is a
huge cosmopolitan genus of the subfamily Doryctinae. The genus includes about 425
described species, of which 299 are known from the Oriental region and 91 from the
Palacarctic region (Nixon 1943; Belokobylskij 2003; Chen and Shi 2004; Belokobylskij
and Maeto 2009; Tang et al. 2015; Yu et al. 2016). Nixon (1943) tried to arrange the
species in almost 40 species groups to facilitate identification. Our specimens belong
to the S. labdacus species-group in the sense of Nixon (1943). Prior to this study, eight
species have been included in this group, including three species occurring in China.
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3 mm

Figure 1. A Tree (Symplocos stellaris Brand) damaged by Coraebus cavifrons Descarpentries & Villiers

B trunk damaged by C. cavifrons Descarpentries & Villiers C gallery of larvae D adult of C. cavifrons
Descarpentries & Villiers E pupal chamber F larva of C. cavifrons Descarpentries & Villiers.

Material and methods

Survey site

Material was collected in Zunyi City, Guizhou Province, 27°41'54.91"N,
106°54'40.29"E, South China. The collection area was a small hilly, public park plant-
ed with various trees, such as Camphora officinarum (Lauraceae), Osmanthus fragrans
(Oleaceae), Magnolia liliflora (Magnoliaceae), and Symplocos stellaris, which, although

not the main tree, was still numerous.
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Survey methods

Dying Symplocos trees were cut down and cleaned of all small branches because bor-
ers are only present in the tree trunk. The trunks were cut into logs of 50 cm length.
Each log was dissected and all parasitized hosts were collected and reared individu-
ally in vials (with diameter 12 mm and length 50 mm) in the laboratory at 25 °C
and 65%-85% humidity. After the parasitoids emerged, they were collected, killed,
and glued to triangle cards for taxonomic study. Some newly killed specimens were
used for imaging. The parasitism rates were based on the number of beetles found
in these dissected logs.

Identification and photography

The parasitoid specimens were examined with a Nikon SMZ1500 stereomicroscope,
and redescription of the parasitoids is based on naturally dried specimens. Photographs
of fresh specimens of all the species were taken with a UV-C Optical Totally focused
System (Beijing United Vision Technology Co. Ltd.) mounted on an Olympus CX31
microscope. Terminology follows Nixon (1943), van Achterberg (1993) (Spathius),
and Gibson (2009) (Metapelma). Measurements were obtained using a calibrated mi-
crometer. Specimens are deposited in Insect Museum, Chinese Academy of Forestry,
Beijing, China, except for three specimens of S. ochus deposited in Naturalis Biodi-
versity Center, Leiden, the Netherlands, and two specimens of S. ochus deposited in
Shanxi Insect Herbarium, Institute of Plant Protection, Shanxi Academy of Agricul-
tural Sciences, Taiyuan, China. Abbreviations used in descriptions are as in Beloko-
bylskij and Maeto (2009): POL = postocellar line, OD = ocellar diameter, OOL =

ocellar-ocular line.

Species determination and development of keys

The identification of Metapelma beijingense is based on the key provided by Naren-
dran et al. (2013), the original description of M. beijingense (Yang 1996) and its type
series. According to personal communication with Dr Gary Gibson (Agriculture and
Agri-Food Canada, Canadian National Collection of Insects and Arachnids) the main
morphological differences between the types and the reared specimens belong to intra-
specific variation. We describe the Guizhou population to distinguish it from the holo-
type (Beijing population) and to facilitate future research on this species. The Guizhou
population may be in the process of speciation considering the distinct differences. The
key to Oriental and Palaearctic species of Metapelma provided is based on Narendran
et al. (2013), to which M. beijingense, M. zhangi Yang, and M. nobilis (Férster) have
been added. The inclusion of the latter species is based on the original description and
additional published information only (Yang 1996).
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Figure 2. A A mature pupa of Metapelma beijingense Yang, near the buprestid larva B a new pupa of

M. beijingense Yang, with the buprestid larva € empty cocoons of Sparthius ochus Nixon D pupa of M. bei-
Jjingense Yang and cocoons of S. ochus Nixon showing synparasitism.

Spathius ochus Nixon was identified based on Nixon’s (1943) original description,
Chao’s (1957) redescription, and the keys by Belokobylskij and Maeto (2009) and
Tang et al. (2015). The key to species of the Spathius labdacus-group provided here is
based on Belokobylskij and Maeto (2009) and Tang et al. (2015), plus original descrip-
tions and collected specimens.

Taxonomy

Metapelma Westwood, 1868

Main history of Oriental and Palaearctic species. Westwood (1835) established
Metapelma with M. spectabile Westwood as the type species from North America.
Forster (1856) subsequently described Halidea based on H. nobilis from Germany, but
Ashmead (1896) synonymized Halidea under Metapelma (see Gibson 1989 for further

remarks on generic synonymy).
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Until now, 15 valid extant species of Metapelma from the Oriental and Palacarctic
regions are known, namely M. albisquamulatum Enderlein from the Philippines, M.
beijingense from China, M. compressipes Cameron from Malaysia, M. gloriosum West-
wood from the Philippines, M. kokkaricum Narendranand & Abhilash from India,
M. mesandamna Mani & Kaul from India, M. nobilis (Forster) from Germany, M.
obscuratum Westwood from India, M. pacificum Nikolskaya from Russia, M. periyari-
cum Narendranand & Mohana from India, M. rufimanum Westwood from Malaysia
(Sarawak), M. strychnocola Mani & Kaul from India, M. taprobanae Westwood from
Sri Lanka, M. tenuicrus Gahan from the Philippines, and M. zhangi Yang from China.

Recognition. Metapelmais one of four extant genera described for Neanastatinae
(Eupelmidae). The genus is differentiated from the other three genera using the keys
by Gibson (1995, 2009), but indivduals can be recognized uniquely by the follow-
ing combination of characters: head lenticular with short scrobe above each torulus
but scrobes not united into a common scrobal depression (Fig. 3C); antenna 13-seg-
mented with flagellum composed of longer than wide anellus, seven funicular seg-
ments, and 3-segmented clava (Fig. 3D); scutellum entire, not divided longitudinally
(Fig. 3E); mesopleuron with upper and lower mesepimeron differentiated posteriorly
behind acropleuron (Fig. 4A, B); hind tibia usually conspicuously compressed and
widened apically (Fig. 3A).

Metapelma beijingense Yang, 1996
Figures 3-5

Metapelma beijingense Yang 1996: 236.

Material. Holotype, ¢, China, Beijing, Xishan Experimental Forest Farm, 7.viii.1989,
Yang Zhong Qi leg., from apricot trunk, deposited in Insect Museum, Chinese Acad-
emy of Forestry, Beijing, China; 629, 1, China, Guizhou Province, Zunyi City,
27°41'54.91"N, 106°54'40.29"E, pupae collected 10.v.2015 from carcasses of Corae-
bus cavifrons Descarpentries & Villiers under bark of dead Symplocos stellaris Brand,
emerged into adults 15-18.v.2015, Tang Yan Long.

Redescription (based on specimens from Guizhou; differences between Beijing
and Guizhou populations are shown in the key below).

Female. Body length 5.3-5.9 mm; forewing length 3.1-3.2 mm (Fig. 3A).

Color. Body generally dark with metallic tints (Fig. 3A). In frontal view, head
with lower half of frons and entire face, gena, and occiput bright metallic green, but
upper half of frons and vertex with slight red tint (Fig. 3C). Propleuron, apical half
of mesopleuron in lateral view with metallic green tint (Fig. 4A); V-shaped sulcus on
mesonotum, apical half of axilla, metanotum bright metallic green (Fig. 3E), basal
1/3 of 1* gastral tergite in dorsal view (Figure 4C), and basal 2/3 of visible ovipositor
sheath in lateral view with metallic green tint (Fig. 4B). Lateral stripe on metacoxa and
tergites 25 in lateral view varies in color from base to apex in metallic red, golden
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Figure 3. Metapelma beijingense Yang, @, China, Guizhou. A Habitus, dorsal aspect B head, dorsal
aspect € head, anterior aspect D antennae, lateral aspect E mesosoma, dorsal aspect.

and green, successively (Fig. 4B). Apical spur and basal 1/2 of 1* tarsal segment of mid
leg white to pale yellow. Basal 1/5 of mesofemur yellow to brown. Outer margin of
metatibia with basal 0.3-0.4 length white (Fig. 4C). Fore wing subhyaline, infuscation
paler posteriorly and extend beyond medial fold toward posterior margin, as well as
along medial fold and along posterior margin of discal area basally; veins and setae dark
brown; hind wing subhyaline (Fig. 4E).
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Figure 4. Metapelma beijingenseYang, @, China, Guizhou. A Head and mesosoma, lateral aspect B meta-

soma, lateral aspect, € metasoma, dorsal aspect D mid and hind legs, lateral aspect E wings.

Head. Head with sparse long white setae. In dorsal view, head width 1.75x its me-
dian length, eye occupy 1/3 of maximum width in dorsal view (Fig. 3B), pilose, nearly
as long as head; ocelli small, POL: OD: OOL = 2: 3: 4. In frontal view, head as wide
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Figure 5. Metapelma beijingense Yang, &, China, Guizhou. A Habitus, dorsal aspect B habitus,
ventral aspect.

as high; height of eye 0.6x and mandible width 0.3x head width; minimum width of
frons 1/3 head width; face, gena, frons and vertex with tiny transverse strigate-rugose
stripes. Scrobes short, no more than 1/3 length of scape. In lateral view, malar sulcus
straight, 1/2 eye height. Mandibles bidentate (Figs 3B, C, 4A). Dorsal margin of toru-
lus slightly above lower ocular line, but its ventral margin distinctly below it (Fig. 3C);
antenna with a very short radicle, almost not evident; scape 3.8x its maximum width,
3x length of pedicel, 4.7x length of anellus, and 2.2x length of 1*funicular segment;
pedicel 0.8x of length 1* funicular segment; 1+ funicular segment 0.9x length of 2™
funicular segment (Fig. 3D).

Mesosoma. Mesosoma length 2.4x its maximum height. Pronotum and mesono-
tum with evenly distributed, dense, long white setae. Pronotum campaniform, length
1/2 of mesoscutum, with posterior margin incurved (Fig. 3E). Mesoscutum as long as
broad, V-shaped notauli differentiate a convex anteromedial lobe; scutellar-axillar com-
plex with deep oblique crenulate scutoscutellar sutures. Scutellum with an inverted Y-
shaped longitudinal carina. Metanotum wide bilaterally and narrowest medially with a
deep fossa, with posterior margin carinate. Medial length of propodeum twice length of
medial length of metanotum and 1/2 length of scutellum, smooth without carinae, but
posterior margin carinate; spiracle oval, large, situated at about half length at lateral mar-
gin of propodeum (Fig. 3E). In lateral view, mesopleuron entirely delicately reticulate,
anterior lower margin with long setae, metapleuron shiny with dense setae (Fig. 4A).

Legs. Profemur curved, 4.6x as long as its maximum width and 1.2x length of
tibia; tarsus 1.6x length of tibia, tibia with one spur 0.4x as long as basitarsus; rela-
tive lengths of protarsal segments 1-5 = 15: 10: 7: 6: 7. Mid leg: femur 1.2x length of
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tibia; tarsus as long as tibia, relative lengths of segments 1-5 = 30: 9: 7: 5: 6 (Fig. 4D).
Hind leg: femur 3.6x its maximum width, 0.9x length of metatibia 4.3x its maximum
width, with two equally long spurs apical-ventrally, spurs 1/6 as long as basitarsus; dor-
sal margin of metatibia evenly curved; metatarsus as long as metatibia, relative lengths
of segments 1-5 = 60: 20: 15: 12: 15. Metafemur, metatibia and metatarsal segments
1-3 compressed (Fig. 4D).

Wings. Fore wing extending beyond apex of metasoma to about middle of visible
part of ovipositor sheath; basal cell bare but disc with dense setae except for slender,
oblique bare band behind parastigma; submarginal vein 2.3x length of marginal vein,
marginal vein 0.7x length of postmarginal vein and 2.25x length of stigmal vein; R
fold and Cu fold visible. Hind wing about 0.8x as long as fore wing (Fig. 4E).

Metasoma. Metasoma sessile, 0.8x as long as head plus mesosoma combined; meta-
soma reticulate. Posterior margins of tergites 1—4 incurved medially; median length ratio
of tergites 1-6 = 45: 20: 42: 49: 56: 35. Visible part of ovipositor sheath 0.5x length of
metasoma, about 0.29x length of forewing, and 0.75x length of metatibia (Fig. 4B, C).

Male. Body length 5.0 mm, forewing 3.2 mm (Fig. 5A, B), otherwise similar
to female.

Remarks. Metapelma beijingense is a solitary parasitoid with a parasitism rate of
about 13.5%, based on seven individuals together with 34 buprestid pupae. The ratio
of females to males is six.

Key to Oriental and Palaearctic species of Metapelma*
(Modified from Narendran et al. 2013)

1 Metatibia with a dorsal forked expansion (Mani et al. 1973: fig. 38E) ..........

.................................................................... M. strychnocola Mani & Kaul
- Dorsal margin of metatibia evenly curved (Fig. 4D).....cccccocevviiivininncnnne. 2
2 Metatibia elongate, 5.75x wider than long.......... M. compressipes Cameron
- Metatibia less than 5.0x wider than long ..........cccoccoeiiiininiiiinncne. 3
3 Head metallic green with spot on vertex and two oval and anteriorly contigu-

ous spots on middle of frons cupreous ....... M. albisquamulatum Enderlein
- Head without cupreous spots........c.couvueuerieuirinieinieiciniccrecsc e 4
4 Metafemur totally black or black with apex white or yellow..........ccc.cec.... 10
- Metafemur with different color pattern........cccovveivieenncincicnncncce, 5
5 Fore wing apex and adjoining area infuscated ........ M. gloriosum Westwood
- Forewing apex subhyaline ............cccccoeoiiiiiiiincciccceee 6
6 Metasoma red with a cupreous tint basally; mesosoma black.........ccccoeucucnee.

........................................................................... M. taprobanae Westwood
- Metasoma and mesosoma partly or completely with different color pattern 7

* Metapelma pacificum Nikolskayais excluded because of the lack of information.
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Flagellum with 3" funicular segment as long as 2™ segment; middle tibial
spur as long as basal tarsal segment; metatibial lamellar width equal to hind
tibial width ....ccooiiiiiiiiiii M. rufimanum Westwood
Flagellum with 3* funicular segment shorter than 2* segment; mesotibial
spur shorter than basal tarsal segment; width of metatibial lamella greater
than width of metatibia .........cocooeiiiiiiiiiic e 8
Head in anterior view with minimum distance between eyes 0.46x maxi-
mum distance between eyes; 2™ funicular segment 4.5x as long as 1* funicu-
lar segment........cccooviiiiiiiiiiinnnn M. periyaricum Narendran & Mohana
Head in anterior view with minimum distance between eyes less than 0.34x
maximum distance between eyes; 2™ funicular segment 2.7-3.1x as long as
1 funicular SEgMENt.......c.cueuiiriiiiieiiiicieecc e 9
Malar space 0.2x height of eye; metasoma half as long as body; ovipositor
sheath 0.9x as long as metasoma. M. kokkaricum Narendran and Abhilash
Malar space 0.3x height of eye; metasoma 0.4x as long as body, ovipositor
sheath as long as metasoma..........ccccccueeeeee. M. mesandamna Mani & Kaul
Length of ovipositor sheath equal to combined length of mesosoma and
metasoma and 0.7 x length of body ... M. tenuicrus Gahan
Length of ovipositor sheath less than half of metasoma and less than 1/3
length of Body ...c.oovviiiiciiiiiic e 11
Spur of mesotibia black.......c..cccovviinniiniiniiinccen M. nobilis (Forster)
Spur of mesotibia white or pale.......cc.cocoiriiniiiniiini 12
Metafemur black with white tip; metatibia entirely white; visible part of ovi-
positor sheath as long as metasoma...................... M. obscuratum Westwood
Metafemur entirely black, metatibia black with white base; visible part of
ovipositor sheath less than 1/2 length of metasoma..........ccccccviviniinenennee. 13
Head between lateral ocelli with a longitudinal carina; metatibia with dorso-
basal white stripe extending 1/2 length of tibia.................... M. zhangi Yang
Head between lateral ocelli without a longitudinal carina; metatibia with
dorso-basal white stripe extending 2/5 length of tibia; M. beijingense, s.1...14
Pedicel longer than 1* funiculus (15: 14); 1" funiculus 1.8x length of anellus;
ovipositor sheath 0.37 x length of metasoma;1* tergite 5.2x longer than 2
tergite; body length 4 mm (Yang 1996: 237, figs 373, 374) ....cocvuvuvvrinnnnnne
..................................... M. beijingense Yang (Beijing population; holotype)
Pedicel shorter than 1* funiculus (12: 16); 1+ funiculus 3.0x length of anellus;
ovipositor sheath 0.49x length of metasoma;1* tergite 2.3x longer than 2™
tergite; body length 5.8-6.6 mm (Figs 3A, D, 4C) ....ccooveviiiinniiciiin,
.................................................. M. beijingense Yang (Guizhou population)
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Spathius Nees, 1818

Spathius labdacus-group (sensu Nixon 1939)

Main history of S. labdacus-group. Nixon (1939) described the first species of this
group, S. labdacus from Coimbatore in South India, with its host as the cotton stem
weevil, Pempheres affinis (Faust). Nixon (1943) keyed the three described species of this
group, with two new species, S. zereus Nixon from Philippines and S. ochus Nixon from
Malaya and the Philippines. Chao (1957) redescribed S. ochus and synonymized S. zere-
us with S. ochus. Chao (1978) described S. deplanatus Chao and keyed S. ochus Nixon
and S. deplanatus Chao. Belokobylskij (2003) included S. alexandri Belokobylskij, S.
polonicus Niezabitowski, and S. udaegae Belokobylskij. Belokobylskij and Maeto (2009)
reviewed and keyed Japanese species, described S. parochus Belokobylskij & Maeto and
S. tsukubaensis Belokobylskij & Maeto. Tang et al. (2015) included and keyed S. depla-
natus, S. ochus, and S. parochus as members of the S. labdacus-group in China.

The species group is now represented by eight valid species, namely S. alexandri
Belokobylskij, S. deplanatus Chao, S. labdacus Nixon, S. ochus Nixon, S. parochus Belo-
kobylskij & Maeto, S. polonicus Niezabitowski, S. sukubaensis Belokobylskij & Maeto,
and S. udaegae Belokobylskij.

Recognition. Body slightly depressed to distinctly depressed dorso-ventrally.
Eyes obliquely placed, transverse diameter usually longer than length of temple. Gena
smooth. Vertex, face, and temple usually sculptured. Pronotal carina free, distinct,
prominent or sharp. Setac on mesoscutum sparse and erect, posteriorly mesoscutum
always with raised rugosity. Propodeum elongate, medio-longitudinal carina 0.5-1.0x
anterior fork of areola. Forewing strongly infuscated, subbasal cell distinctly constricted
just beyond middle and crossed by a broad subhyaline fascia at its narrowest part, base
of marginal cell with an oblong subhyaline spot, a broad subhyaline fascia from base
of pterostigma to posterior margin of wing. Hind coxa simple, hind femur narrowed
basally. First metasomal tergite densely rugulose with short rugulae, tergite 2+3 evenly
shagreened all over. Ovipositor sheath less than, equal to or longer than metasoma.

Spathius ochus Nixon, 1943
Figures 6-8

Spathius ochus Nixon 1943: 372; Chao 1957: 13; Shenefelt and Marsh 1976: 1410;
Chao 1978: 180; Chen and Shi 2004: 150; Yuet al. 2012; Tang et al. 2015: 79.

Material. 7199, 533, China, Guizhou Province, Zunyi City, 27°41'54.91"N,
106°54'40.29"E, collected 10.v.2015 pupae from carcass of Coraebus cavifrons Descar-
pentries & Villiers under bark of dead Symplocos stellaris Brand, emerged into adults
15-20.v.2015, Tang Yan Long.

Redescription. Female. Body length 4.1-4.6 mm (Fig. 6A), forewing length
3.1-3.2 mm.
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Figure 6. Spathius ochus Nixon, @, China, Guizhou. A Habitus, lateral aspect B head, dorsal aspect
C head, anterior aspect D antennae, lateral aspect E mesosoma, dorsal aspect.

Color. Body generally brown (Fig. 6A). Head yellowish brown, basal half of an-
tenna yellow, its apical half brown; pronotum, mesoscutum, propodeum, petiole and
legs (except tarsi) dark brown; scutellum, axilla, metanotum, mesosternum, metasoma
except first tergite, and telotarsus black; basal half of basitarsus white, and remainder
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of tarsus yellow. Fore wing distinctly infuscate, with several subhyaline spots and strips,
apical 2/3 pterostigma dark brown, veins brown; hind wing subhyaline. Ovipositor
sheath pale brown in basal 3/5, yellow in next 1/5 and dark 1/5 apically.

Head. Median length 0.8x of its width in dorsal view; with transverse striae. Length
between posterior margin of lateral ocellus and occipital carina 1/2 of length of head
in dorsal view; occipital carina distinct, median portion concave, reversed V-shaped;
length of eye: length of temple in dorsal view = 11: 14 (Fig. 6B); eyes rather large
(Fig. 7A); OOL: OD: POL = 3: 2: 1.Width of head 1.2x height in anterior view and
width of face 1.1x height of eye; clypeus with transverse thin carina, face covered with
sparse white setae; malar space 0.4x height of eye; height of clypeus 0.4x its width,
exterior margin of clypeus slightly concave; length of maxillary palp 0.6x head width,
1.5x height of eye and 3.2x length of malar space; hypoclypeal depression deeply con-
cave (Fig. 6C); antennae 36-segmented, scape 1/3 length of first flagellar segment, and
0.65x its maximum width; first flagellar segment 7.5x its maximum width, 1.3x as
long as second segment; last antennal segment acute (Fig. 6D).

Mesosoma. Length of mesosoma 2.4—4.0x its height in lateral view; pronotal keel
fine, weak, with fine posterior branches, mesoscutum distinctly roundly elevated above
pronotum. In dorsal view pronotum with parallel longitudinal carina bilaterally, me-
dian length of mesoscutum equal to its maximum width; mesoscutum finely granu-
late; notauli deep and middle of mesoscutum with two parallel longitudinal carinae,
between with six transverse carinae. Anterior 1/3 of mesopleuron near pronotum and
tegula with short rugae and white setae, posterior 2/3 with scaly sculpture. Scutellum
apical 2/3 of scutellum finely granulate; scutellar sulcus 0.3x as long as scutellum, with
7-9 longitudinal carinae and separated small depressions. Metanotum narrow, medially
concave, with 9 or 10 longitudinal carinae, propodeum weakly oblique posteriorly, 1.2x
longer than its apical width, 0.5x petiole, medio-longitudinal carina bifurcates at basal
1/3 of propodeum, posterior half of propodeum with irregular carinae (Figs 6E, 7B).

Legs. Fore femur 0.8x length of tibia and 3.6x its maximum width, fore tibia 6.5x
longer than wide, outside with a row of spines and apex with comb of spines, ratio of
fore tarsal segments I-V = 20: 10: 7: 5: 6; mid femur 0.7x length of tibia, ratio of mid
tarsal segments I-V = 10: 6: 5: 4: 8; hind coxa simple, hind femur 2.5x longer than
wide, 0.7x as long as hind tibia, ratio of hind tarsal segments I-V =18: 9: 6: 4: 8.

Wings. Forewing 3.5x its width; pterostigma 3.5x its maximum width; 1-R1
1.25x pterostigma, r originate from middle of pterostigma; SR1 7.2x longer than r,
straightly extending to wing margin; r nearly 1/4 of 2-SR, cu-a perpendicular to CU1,
m-—cu enters second submarginal cell; meeting point of 2-SR, 2-M and 2-SR+M
weak, veins reduced; 1-SR+M straight, 1-SR 1/4 length of 1-M; M+CU1 distinctly
curved, apical subbasal cell narrow and elongate, r—m unsclerotized, hardly invisible;
3-M and CU1a reaching wing margin. Length of hind wing 4.5x its width, m-cu and
SR pigmented (Fig. 7E).

Metasoma. First tergite 3.5-3.9x longer than its maximum apical width in dorsal
view, with regular longitudinal carinae; in lateral view first tergite slender and 1.5-1.7x
as long as propodeum, spiracular tubercles located at basal third, laterally with erect
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Figure 7. Spathius ochus Nixon, @, China, Guizhou. A Head, lateral aspect B metasoma, lateral aspect
C metasoma, lateral aspect D metasoma, lateral aspect E wings.
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Figure 8. Spathius ochus Nixon, &, China, Guizhou. A Habitus, dorsal aspect B head and mesosoma,

dorsal aspect € head and mesosoma, lateral aspect D metasoma, dorsal aspect.

white long setae; tergites 2—4 densely granulate; fifth and sixth tergites smooth. Length
of visible setose part of ovipositor sheath 0.7-0.8x length of metasoma, 0.85x length
of fore wing, and 0.6x length of body (Fig. 7C, D).

Male. Body length 4.0-4.2 mm, forewing 2.7 mm (Fig. 8), otherwise similar to
female.

Remarks. The mesosoma is variably depressed; usually 2.4-2.9x longer than high,
but in some specimens up to 3.7—4.0x. Obviously, this character is useless to separate
S. tereus Nixon, 1943. Therefore, we agree with Chao (1957) that the latter cannot
be separated. Spathius ochus is a gregarious koinobiont ectoparasitoid like most other
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Spathius, each buprestid larva can feed 3—9 individuals. From one tree 11 borer larvae
were parasitized by 42 individuals of S. ochus, together with seven borer larvae were
parasitized by M. beijingense and 34 live buprestid pupae, resulting in a parasitism rate
of about 21.2% for S. ochus. The sex ratio is about 14:1 (71 females to 5 males).

The very interesting phenomenon of synparasitism (Tobias 2007) is shown in Fig-
ure 2D; one individual of M. beijingense and four individuals of S. ochus were together
parasitizing the same woodborer larva. Likely, these two ectoparasitoid species laid
their eggs near the host at about the same time, and the larvae did not start fighting
each other because the host was large enough to avoid severe food competition. Of
course, this is only circumstantial evidence that is in need of corroboration.

The species is very similar to S. parochus Belokobylskij & Maeto and can be recog-
nized with the key below.

Key to species of Spathius labdacus-group

1 Mesosoma very strongly depressed, 4.0—6.0x longer than its maximum height
and ovipositor sheath 0.3—-0.4x as long as metasoma..... S. deplanatus Chao
- Mesosoma less depressed, 2.0-4.0x longer than its maximum height, if 3.5—
4.0x (= S. rereus Nixon,1943) then ovipositor sheath 0.6-0.8x as long as
IMNEEASOINIA L.uveiurieurienreenreiseeereeete e st et e et e ereeeteeebeeeae e te e st e eresebeeeae e beerseenteenreenes 2
2 Ovipositor sheath 0.5-0.8x as long as metasoma .........ccccceeveueuciinirinnennne. 3
Ovipositor sheath as long as metasoma or longer .........ccccoveeiiiinnncnnne. 5
3 Ovipositor sheath 0.4-0.5x as long as metasoma; base of hind tibia pale;
medio-longitudinal carina of propodeum 1.4-1.8x as long as anterior fork of
Areola . e S. tsukubaensis Belokobylskij & Maeto
- Ovipositor sheath0.7-0.8x as long as metasoma; base of hind tibia dark
brown; medio-longitudinal carina of propodeum 0.5-1.0x as long as anterior
fork of areola........ccoovvuiucuiiiiiiiicc e 4
4 First metasomal tergite 1.5x as long as propodeum (Fig. 7A), medio-longitudi-
nal carina of propodeum about as long as anterior fork of areola (Fig. 6E) ......
................................................................................................ S. ochus Nixon
- First tergite 1.6-1.8x as long as propodeum, medio-longitudinal carina of
propodeum 0.5-0.7x length of anterior fork of areola ..........ccccovveeiinnnnne,
............................................................................ S. udaegae Belokobylskij

5 Ovipositor sheath about 1.8x as long as metasoma ........c.cccovevvveveucinirinnennee

.......................................................................... S. alexandri Belokobylskij
- Ovipositor sheath less than 1.2x as long as metasoma.........cccceeevnirienenenne. 6
6 Pronotal keel sharp and protuberant.........c.cccccevncuennnee. S. labdacus Nixon
- Pronotal keel fine and hardly protruding...........ccccoeeiiniiniiiiinnnne. 7
7 Length of first metasomal tergite about twice its maximum width ................

......................................................................... S. polonicus Niezabitowski
- Length of first tergite3.0-3.3x its maximum width........ccccccoevinniicinnnnn,
........................................................... S. parochus Belokobylskij & Maeto
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Discussion

During the investigation, we found that the host C. cavifrons boring in Symplocos stella-
ris has only one generation per year in Zunyi, Guizhou Province. From the end of May
to early June, this buprestid begins emerging and it will last for about 2 weeks. We chose
20-30 days before its emergence to cut and dissect logs when there are no emergence
holes of parasitoids in the trunk. The best time for collecting these parasitoids proved to
be the first week of May. We guess that both two parasitoids are at least oligophagous,
because there are no C. cavifrons larvae available for laying eggs after their emergence.
However, they may search for another host to lay their eggs. Both parasitoids seem to
have two generations per year in Zunyi, but this needs to be further investigated.

Combined study of the stressed tree (host), the woodborers (pest), the parasitoids
(natural enemies) and their relationships is interesting, and biological traits may be
useful in their taxonomy. For the identification of Mezapelma beijingense we used only
morphological and biological evidence, but a molecular data analysis study with fresh
material of the Beijing and Guizhou populations might be helpful for the identifica-
tion and determination of the systematic status of these two populations.
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Abstract

Aethiopomyia Malloch (Diptera, Muscidae) is a small genus with occurrence restricted to the Afrotropical
region. Only five species are currently known in this genus: A. patersoni Zumpt, 1969, A. williamsi Snyder,
1951, A. arguta (Karsch, 1879), A. steini Curran, 1935, and A. gigas (Stein, 1906). All Aethiopomyia species
are large, reaching up to 15 mm, as in A. patersoni and the most visible differences among them are based
in the color pattern of the body. The species are mostly yellow, with a broad scutum and abdomen, males
and females are dichoptic, the anepimeron is haired and they have stubby spines on the upper side of the
palpi. Phylogenetically, Aeshiopomyia, together with two other genera restricted to the Afrotropical region,
Alluaudinella Giglio-Tos and Ochromusca Malloch, appear to form a monophyletic group, defined by the
presence of the remarkably short stubby spines on the upper side of the palpi. Four species deposited in the
Museum fiir Naturkunde, Berlin (Germany) were analyzed; three of them are types. Diagnosis for all spe-
cies, colored illustrations, male dissections and illustrations and a key to separate them are presented herein.

Keywords
Afrotropical, diversity, morphology, taxonomy
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Introduction

Aethiopomyia Malloch (Diptera, Muscidae) is a small genus restricted to the Afro-
tropical region. It was proposed by Malloch (1921) with a differentiated diagnosis
from the allied genus Alluaudinella Giglio-Tos. Both genera have a mostly yel-
low and broad scutum and abdomen, dichoptic males, anepimeron haired, and
the presence of stubby spines on the upper side of the palpi which, according to
Malloch (1921), readily separates the two genera from their nearest allies. In the
differentiated diagnoses from Alluaudinella, Malloch (1921) mentioned the follow-
ing characters of Aethiopomyia: propleuron hairy in center; proepisternum bare,
prosternum hairy, metanotum with fine hairs on lateral elevation, vein R, . setulose
at base below and above. Spilogaster gigas Stein was originally designated as the
type-species.

In the phylogenetic analysis made by Couri and Carvalho (2003), these two gen-
era, together with Ochromusca Malloch appear to form a monophyletic group, defined
by the presence of remarkably short stubby spines on the upper side of the palpi. The
larva of Ochromusca and Alluaudinella feed on dead snails, while the larval habits of
Aethiopomyia are not known. According to Skidmore (1985) the final larval instar
of Aethiopomyia closely resembles those of Ochromusca, Alluaudinella, Synthesiomyia
Brauer & Bergenstamm, and Muscina Robineau-Desvoidy.

Five species are currently known in the genus. Aethiopomyia patersoni Zumpt,
1969 is restricted to Tanzania and Aethiopomyia williamsi Snyder, 1951 is recorded
from Kenya, Malawi, and Tanzania. Aethiopomyia arguta (Karsch, 1879), Aethiopomyia
steini Curran, 1935 and Aethiopomyia gigas (Stein, 1906) are more widespread in the
Afrotropical region (Pont 1980). Zumpt (1969) published a key for the identification
of the five species, mostly based on the color pattern of scutum and abdomen, together
with taxonomic notes.

Diagnosis for all species, colored photographs, male dissections, illustrations, and
a key to separate them are presented herein.

Materials and methods

All examined material belongs to the Museum fiir Naturkunde, Berlin (Germany) and
were examined during a scientific visit of MSC during the years 2018-2019. Four of
the five species were analyzed, A. williamsi and types of A. arguta, A. gigas, and A. pat-
ersoni. For A. steini we used the characters in the original description.

Color photos were made using Auto-Montage. Complementary line drawings to
the ones presented by Zumpt (1969) of the male terminalia of A. arguta were made,
and male and female terminalia of A. gigas were dissected and illustrated.

The terminology follows that of Cumming and Wood (2017).
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Results
Key to Aethiopomyia species
1 Palpus yellow (Fig. 8), abdomen almost all black with some grey pruinescence

along the margins of the tergites (Fig. 7) [Sternite 5 quadrangular with 2
strong setae at middle (Fig. 21); cercal plate and surstyli as in Figs 22 and 23;

aedeagus as in Figs 24 and 25] ..., A. gigas (Stein)
- Palpus reddish brown to brown, abdomen more reddish brown with tergites
variable ..o 2
2 Calypters yellowish ......ccoeioiriiiniiiiiccc e 3
- Calypters yellowish with brown margin or fulvous brown...........cc..cc...... 4
3 Arista yellow (Fig. 3), femora yellow (Fig. 1), mid tibia with 2 posterior setae,

abdomen reddish brown, tergites III-V with a median brown vitta, tergite IV
brown laterally and tergite V broadly brown [aedeagus as in Fig. 20] ............
....................................................................................... A. arguta (Karsch)
- Arista mostly brown, femora reddish, mid tibia with 4 or 5 posterior setae,
third and fourth abdominal segments wholly black.......... A. steini (Curran)
4 Fronto-orbital plate silvery-white pruinose (Fig. 13), scutellum dark brown
(Fig. 12) [abdominal sternites with strong setae] ........... A. patersoni Zumpt
- Fronto-orbital plate greyish brown (Fig. 17), scutellum light brown (Fig. 16)
[abdominal basal sternites hairy, others with numerous long, ventrally di-
rected setae in Male].....coveveeeeeeeeeeeeee e A. williamsi (Snyder)

Aethiopomyia arguta (Karsch, 1879)
Figures 1-5, 20

Lectotype. J'; paralectotype ' (see Pont and Werner 2006: 2324 for details)
Diagnosis. Length of body. 11.0-12.0 mm (2). Head. & frons narrow, with the
same width of frontal triangle. Frons and fronto-orbital plate dark brown. Parafacial,
face and gena reddish yellow. Ocellar setae short. Gena very thin. Pedicel, postpedicel
and arista yellow. Postpedicel ca. 4 x as long as wide. Arista long; plumose. Palpus
brown, filiform. Zhorax. Scutum reddish yellow-brown, with 1-3 incomplete brown
white dusted vittae presuturally. Dorsocentrals 2+4. Katepisternals 1+2. Anepimeron
setulose. Katatergite setulose. Lower calypter broad, ca. 3 x as long as the upper one.
Haltere yellow. Calypters yellowish. Legs. Femora yellow; tibiae and tarsi brown. Fore
tibia without median seta. Mid tibia with two posterior setae in middle third. & Hind
tibia with two anterodorsal and two or three anteroventral very fine setae. Pulvilli
long and very enlarged (Fig. 4). Wing. Uniformly smoky yellowish. Costal spine not
distinct. Abdomen. Robust, reddish brown; tergites III-V with a median brown vitta;
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Figures 1-19. 1=5 Aethiopomyia arguta (Karsch, 1879) lectotype & of Aricia arguta Karsch: | lateral
view 2 dorsal view 3 head frontal view 4 pulvilli 5 labels 6=10 Aethiopomyia gigas (Stein, 1906) syntype -
6 lateral view 7 dorsal view 8 head frontal view 9 pulvilli 10 labels | 1=14 Aethiopomyia patersoni Zumpt,
1969 Paratype @: 1l lateral view; 12 dorsal view 13 head frontal view 14 labels 15=19 Aethiopomyia
williamsi (Snyder, 1951) @ of Lophomala anax Enderlein, 1927, nomen nudum: 15 lateral view 16 dorsal
view 17 head frontal view 18 wing 19 labels. Scale bars: 5 mm (1-3, 5, 6-8, 10-19); 1 mm (4, 9).
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tergite IV brown laterally and tergite V broadly brown. Rows of strong setae on mar-
gins of tergites IV and V and on disc of tergite V. Abdominal sternites with thin setae.
Sternite 6 asymmetrical. Terminalia. Aedeagus as in Fig. 20.

Note. The species was keyed by Zumpt (1969). Cercal plate and surstylus as in
Zumpt (1969: fig. 3). We present complementary drawings of the terminalia, that are
in the same slide prepared by Zumpt (1969).

Aethiopomyia gigas (Stein, 1906)
Figures 6-10, 21-30

Syntypes. 1 &, 2 9 (see Pont and Werner 2006: 51 for details)

Diagnosis. Length of body. 11.0-15.0 mm (3 Q). Similar to A. arguta, differing
as follows: Head. Frons, fronto-orbital plate, parafacial, face, and gena reddish yel-
low, silver pruinose under certain lights. Palpus yellow. Thorax. Scutum ground color
yellow, four broad black vittae laterally and one median white-silver pruinose vitta.
Scutum laterally yellow, scutellum yellow. Pleurae mostly yellow; anepisternum and
anepimeron mostly dark brown, Lower calypter broad, ca. 2.5 x as long as the upper
one. Haltere yellow. Calypters yellowish with brown margins. Legs. Color and chae-
totaxy as in A. arguta. Abdomen. Almost all black, with some grey pruinescence along
the margins of the tergites, under certain lights. Abdominal sternites with strong setae.
Sternite 5 quadrangular with two strong setae at middle (Fig. 21). Terminalia &. Cer-
cal plate and surstylus as in Figs 22 and 23; aedeagus as in Figs 24 and 25. Ovipositor
as in Figs 26 and 27; only two spermathecae found (Fig. 28). Larva. One big larva
found in @ abdomen (Fig. 29); detail of spiracle as in Fig. 30. Cuthbertson (1938 in
Skidmore 1985) recorded that the § deposits a single late instar larva.

Note. The species was keyed by Zumpt (1969). One & and one @ (not types) from
Spanish Guinea were dissected and illustrated. 3': Uellebg. Benitogbt. /15-31.i.07 / G.
Tessmann S. G.; @: Alou Benitogbt/16-31.vii.06/ Tessmann S. G. Recently, O’Hara
et al. (2013) transferred Paleotachina Townsend from Tachinidae to Muscidae and
placed in synonymy with Aethiopomyia and Paleotachina smithii Townsend, type spe-
cies of Paleotachina, was synonymized with A. gigas.

Aethiopomyia patersoni Zumpt, 1969
Figures 11-14

Paratypes. 2 @ (see Pont and Werner 2006: 81 for details)

Diagnosis. Length of body. 11.0-14.0 mm (). Very similar to A. gigas, differ-
ing as follows: Head. Fronto-orbital plate silvery white pruinose. Palpus dark brown.
Thorax. Scutum ground color brown, four broad black vittae laterally and one median
white-silver pruinose vitta. Scutum laterally and scutellum dark brown. Pleurae dark
brown, Lower calypter broad, ca. 3 x as long as the upper one. Haltere yellow. Ca-
lypters yellowish, the upper one with brown margin. Legs. Color and chaetotaxy as in
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Figures 20-30. Acthiopomyia arguta (Karsch, 1879) 20 aedeagus lateral view. Aethiopomyia gigas (Stein,
1906) 21 Sternite 5 22 cercal plate, lateral view 23 cercal plate, dorsal view 24 aedeagus dorsal view
25 aedeagus lateral view 26 ovipositor, dorsal view 27 ovipositor, ventral view 28 spermathecae 29 larva

30 detail of the anterior spiracle of larva. Scale bars: 0.2 mm 20-27, 29, 30; 0.1 mm 20, 28.
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A. arguta. Abdomen. Tergites I-111 almost reddish brown; tergites IV and V almost all
black. Abdominal sternites with strong setae.

Note. The species was keyed Zumpt (1969). Cercal plate and surstylus as in Zumpt
(1969: figs 1, 2). Only females seen.

Aethiopomyia steini (Curran, 1935) (not seen)

Diagnosis (characters from Curran (1935) original description). Length of body. 9.5—
11.5 mm. Head. black, face and lower third of frons reddish with silver-white pruines-
cence. Frontal vittae brownish; palpus reddish brown; antenna yellow and arista mostly
brown. Zhorax. scutum reddish, darker above, with an incomplete median vitta and
the lateral margins whitish pruinose, posteriorly with reddish brown pruinescence, the
two broad, shiny, ferruginous vittae more or less divided by a thin yellowish pruinose
line in front of the suture. Haltere reddish yellow. Legs. Reddish, posterior, and middle
tibiae more or less brown and tarsi black. Mid tibia with four or five posterior setae.
Abdomen. basal two abdominal segments rusty reddish, the third and fourth black.

Female. Differs in frontal vitta reddish brown above; no orbitals; scutum with very
poorly defined dark vittae, almost unicolorous.

Types. Holotype ' 3 paratypes &' (all from Eden, Cameroon); Allotype ¢ (Sierra
Leone) (Zumpt 1969). Not seen.

Note. The species was keyed Zumpt (1969). According to Curran (1935) A. steini
is very similar to A. gigas, differing by having the median vittae reddish and much
finer setae on the sternite. Also differs from A. argura by having the third and fourth
abdominal segment wholly black.

Aethiopomyia williamsi (Snyder, 1951)
Figures 15-19

Material examined. 2 @ of Lophomala anax Enderlein, 1927, nomen nudum (see
Pont and Werner 2006: 20 for details)

Diagnosis. Length of body. 12.0-14.0 mm (9) Head. Fronto-orbital plate grey-
ish brown Palpus dark brown. Zhorax. Scutum brownish yellow, with a median silvery
grey vitta, more visible pre-suturally. Scutellum light brown, paler at tip. Calypters and
halteres fulvous brown. Legs. Brownish yellow; tarsi dark brown. Abdomen. Brownish
yellow with a dark dorsal median vitta on tergites IV and V. Abdominal basal sternites
hairy, others with numerous long, ventrally directed setae in 3 (from the original de-
scription; & not seen).

Note. The species was keyed by Zumpt (1969). Zumpt (1969: 166) doubted if this
species is specifically different from A. arguta, as, according to him, they differ only
by the thicker setaec on abdominal sternites in A. williamsi. More specimens must be
examined to elucidate the specific status of the species.
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Abstract

Four specimens of the five-gilled white mid-dorsal line hagfish, Epratretus wandoensis sp. nov. were recent-
ly collected from the southwestern Sea of Korea (Wando). This new species has five pairs of gill apertures,
14-18 prebranchial slime pores, 4 branchial slime pores, a dark brown back with a white mid-dorsal line
and a white belly. These hagfish are similar to Epratretus burgeri and Eptatretus minor in having a white
mid-dorsal line, but can be readily distinguished by the numbers of gill apertures (5 vs. 6-7), gill pouches
(5 vs. 6), and prebranchial slime pores (14—18 vs. > 18), as well as the body color (dark brown back vs.
gray or brown pale). In terms of genetic differences, Eptatretus wandoensis could be clearly distinguished
from E. burgeri (0.9% in 16S rRNA and 8.5% in cytochrome c oxidase subunit I sequences) and E. minor
(4.5% and 13.9%).

Keywords
mitochondrial DNA, morphology, myxinid, Myxiniformes, Northwest Pacific, taxonomy

Introduction

Myxinidae (hagfishes) are currently classified into six genera and 81 species world-
wide (Fernholm et al. 2013; Froese and Pauly 2019). They are characterized by an
eel-like body shape and 1-16 pairs of gill apertures and gill pouches; however, they

Copyright Young Sun Song, Jin-Koo Kim. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution,and reproduction in any medium, provided the original author and source are credited.
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have no jaws, eyes, or fins (Fernholm 1998). Recent research using morphological
and molecular characteristics revealed that hagfishes comprise three subfamilies: Ep-
tatretinae, Myxininae, and Rubicundinae (Fernholm et al. 2013). There have been
several unresolved issues regarding the number of recognized genera in the subfam-
ily Eptatretinae; however, its genera were recently reorganized taxonomically based
on morphological and molecular data (Fernholm et al. 2013; Song 2019). Therefore,
Eptatretinae currently includes a single genus, Eptatretus, which is characterized by
the presence of more than two pairs of gill apertures; notably, Eptatretus is the most
species-rich myxinid genus, currently comprising 51 valid species in the northwestern
Pacific Ocean (e.g., Korea, Taiwan, and Japan) and coastal waters around Asia (e.g.,
China, Philippines, and Vietnam) (Froese and Pauly 2019). Surveys of the deep sea
and other hard-to-reach areas using special-purpose submarines are increasingly reveal-
ing new or cryptic species worldwide (Fernholm and Quattrini 2008; Mincarone and
Fernholm 2010; Zintzen et al. 2015). Based on examinations of both morphological
and genetic characteristics of hagfish specimens from the southwestern Sea of Korea,
we herein describe a new species, Epratretus wandoensis sp. nov., and compare it with
other members of the Eptatretus genus in around northeastern Asia.

Materials and methods

We obtained four specimens (202.0-292.0 mm total length) from Yeoseo-ri, Wando-
gun in Korean waters in 2018, caught by fishing trapping and bought to the fish
markets (Fig. 1). The specimens have been deposited in the Marine Fish Resource
Bank of Korea (MFRBK) at Pukyong National University (PKU), Busan-si, Korea. We
performed morphological and molecular analyses to clarify their taxonomic status, the
former based on a total of 11 counts and 13 measurements. Morphological methods
and terminology followed Fernholm and Hubbs (1981) and Wisner and McMillan
(1988). Each body part was measured to the nearest 0.1 mm using digital Vernier cali-
pers, and the data were converted to percentages of the total length (TL). We counted
the numbers of anterior (outer) unicusps (AUC), posterior (inner) unicusps (PUC),
multicusps (= fused cusps), and total cusps according to Fernholm (1998), using a ster-
eomicroscope (SZX-16; Olympus, Tokyo, Japan). Images were analyzed using an im-
age analyzer (Shinhan Active Measure; Shinhan Scientific Optics, Seoul, Korea), and
features were sketched using a camera lucida (SZX-DA; Olympus). We examined the
anatomical characters such as the arrangement between gill pouch (GP) and efferent
branchial duct (EBD). The terminology of anatomical structures followed Mok and
McMillan (2004): afferent branchial arteries (ABA), efferent branchial artery (EBA),
ventral aorta (VA), medial section of ventral artery (MVA), and side branchial artery
(SBA).We examined (and added to) the morphological description of nasal-sinus pa-
pillae following Mok (2001) and Zintzen et al. (2015).

To compare molecular characters, total genomic DNA was extracted from the
muscle tissues using 10% Chelex 100 resin (Bio-Rad, Hercules, CA) and PCR was
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then performed for mitochondrial DNA 16S ribosomal RNA (16S rRNA) and cy-
tochrome ¢ oxidase subunit I (COI), using an MJ Mini Thermal Cycler PTC-1148
(Bio-Rad) in mixtures consisting 1 pL of genomic DNA, 2 pL of 10x PCR buffer,
1.6 pL of 2.5 mM dNTPs, 0.5 pL of each primer, 0.1 pL of TaKaRa EX-7zg polymer-
ase (TaKaRa Bio Inc., Kyoto, Japan), and distilled water to bring the final volume to
20 pL. PCR products were amplified using universal primers: VE2-F (5°-TCA ACC
AAC CAC AAA GAC ATT GGC AC-3’) and FishR2-R (5’-ACT TCA GGG TGA
CCG AAG AAT CAG AA-3’) designed by Ward et al. (2005) and 16SAR-L (5’-CGC
CTG TTT ATC AAA AAC AT-3’) and 16SBR-H (5’-CCG GTC TGA ACT CAG
ATC ACG T-3’) designed by Ivanova et al. (2007). The PCR profiles for the COI and
16S rRNA region consisted of initial denaturation at 95 °C for 5 min, followed by
35 cycles of denaturation at 95 °C for 1 min, annealing at 54 °C for 1 min (anneal-
ing at 50 °C in 16S rRNA), extension at 72 °C for 1 min, and a final extension at 72
°C for 5 min. The PCR products were purified using a Davinch™ PCR Purification
Kit (Davinch-K Co., Ltd., Seoul, Korea). The DNA was sequenced with an Applied
Biosystems ABI 3730XL sequencer (Applied Biosystems, Foster City, CA) using an
ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit v3.1 (Applied
Biosystems). We compared our molecular data with those of the mtDNA 16S rRNA
and COI sequences from various hagfish species obtained from the National Center
for Biotechnology Information. Sequences were aligned using Clustal W (Thompson
et al. 1994) in BioEdit version 7 (Hall 1999). The genetic divergences were calculated
using the Kimura 2-parameter (K2P) (Kimura 1980) model with Mega 6 (Tamura et
al. 2013). Phylogenetic trees were constructed using the neighbor-joining (NJ) meth-
od (Saitou and Nei 1987) in Mega 6 (Tamura et al. 2013), with confidence assessed
based on 1000 bootstrap replications. For molecular comparison, we further analyzed
the COI and 16S rRNA sequences of the Eptatretus species, the other hagfish specie
obtained from the GenBank database. The new species sequences of each regions have
been deposited with GenBank (PKU 62167, MT002683; PKU 62169, MT002684;
PKU 62171, MT002685; PKU 62173, MT002686 in 16S rRNA, and PKU 62171,
MT002967 in COI).

Taxonomy

Eptatretus wandoensis sp. nov.

http://zoobank.org/ 9C6CA8CC-BC42-48E2-87EE-47702CC46D49

Figures 1-5, Table 1

New English name: Five-gilled white mid-dorsal line hagfish; new Korean name:
Huin-jul-wae-meok-jang-eo

Type locality. The coast of Yeoseo-do (southwestern Sea of Korea): Yeoseo-ri,
Cheongsan-myeon, Wando-gun, Jeollanam-do, Republic of Korea, 33°59'56.5"N,
126°53'57.0"E, caught by fishing traps, 60—80 m (Fig. 1).
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Figure 1. Sampling location of Eptatretus wandoensis sp. nov. in Korea.

Holotype. PKU 62167, 292.0 mm TL, Yeoseo-ri, Cheongsan-myeon, Wando-
gun, Jeollanam-do, Republic of Korea, 33°59'56.5"N, 126°53'57.0"E, caught by fish-
ing traps, 60—80 m, 26 Jun 2018.

Paratypes. PKU 62169 (1 specimen), 202.0 mm TL, Yeoseo-ri, Cheongsan-my-
eon, Wando-gun, Jeollanam-do, Republic of Korea, 33°59'56.5"N, 126°53'57.0"E,
fishing trap, 60-80 m, 12 May 2018; PKU 62171, PKU 62173, 275.0-290.0 mm
TL, Yeoseo-ri, Cheongsan-myeon, Wando-gun, Jeollanam-do, Republic of Korea,
33°59'56.5"N, 126°53'57.0"E, fishing trap, 60-80 m, 26 Jun 2018.

Diagnosis. Gill apertures, 5; eyespots, conspicuous; fused cusps, 3/2; total cusps,
40-43; 1 GP at end of dental muscle; total slime pores, 74-82 (prebranchial, 14-18;
branchial, 4; trunk, 46—49; tail, 9—11); branchial length, 5.2%-6.2% of TL; pharyn-
gocutaneous duct confluent with last gill aperture; ventral artery splitting at approxi-
mately 3—4 GP; dorsal region with dark brown body color, ventral region with white
body color; white mid-dorsal line, conspicuous.

Description. Body elongated; laterally compressed at trunk and strongly com-
pressed at tail (Fig. 2). Rostrum slightly blunt and round (Fig. 3A). Nasal-sinus papilla
absent. Eyespots present (Fig. 3A). Pre-eyespots shorter than branchial region (4.4%—
4.9% of TL). Three pairs of barbels on head: first (1.5%-1.6% of TL) and second
barbels (1.6%-1.9% of TL) nearly equal in size; third barbel is longer (2.1%-2.3%
of TL) and tips of third barbels extend at the mouth (Fig. 3B). Five pairs of GP and
apertures; each gill aperture arranged regularly spaced in a straight line (Fig. 3C). Teeth
row comb-like, consisting of two rows with tips sharp and curved rearward (Fig. 4A);
in the outer row, 3 multicusps and 7-8 unicusps; in the inner row, 2 multicusps and
89 unicusps; total number of cusps, 40—43. Dental muscle thick and long, posterior
tip of dental muscle located in first GP (Fig. 4B). Slime pores: prebranchial, 14-18;
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Figure 2. Overall view of Eptatretus wandoensis sp. nov., A holotype, PKU 62167, 292.0 mm in total
length (TL) B paratype, PKU 62169, 202.0 mm TL C paratype, PKU 62171, 290.0 mm TL D paratype,
PKU 62173, 275.0 mm TL, photographed prior to preservation. Scale bars: 1 mm.

branchial, 4; trunk, 46-49; tail, 9-11; total, 74-82. Body proportions are as fol-
lows: prebranchial length, 24.4%-26.3% of TL; branchial length, 5.2%-6.2% of TL;
trunk length, 54.9%-59.3% of TL; tail length, 12.8%—14.0% of TL; cutaneous duct,
7.6%-9.3% of TL; branchial duct (with ventral fin-fold), 6.9%-9.7% of TL; and
branchial duct (alone), 5.6%-7.7% of TL (Table 1). Posterior-most EBD confluent
with pharyngocutaneous duct on left side, forming a larger aperture (Fig. 4B). All ef-
ferent branchial ducts are equal in length. VA consists of two SBAs and one medial sec-
tion, bifurcating at approximately the third or fourth GP. First through third pairs of
ABAs, which cannot be regarded as branches of the VA, branch from SBAs; however,
fourth and fifth ABAs on left and right branch from the medial section of the ventral
artery (Fig. 4B). Ventral fin-fold weakly developed or vestigial, beginning approxi-
mately at middle of body and extending to cloaca (Fig. 3D). Caudal fin-fold weakly
developed, beginning posterior cloaca and extending around tail to dorsal surface.
Coloration when fresh: Body uniformly dark brown or purplish dorsally and white
ventrally; white mid-dorsal line conspicuous, beginning from the upper region of the
first prebranchial slime pore to around the tail. Eyespots conspicuous; whole barbels
(rarely the tip) pale, and pale around mouth. Each gill aperture and pharyngocutane-
ous duct aperture with white margin; most slime pores blackish (except for tail region),
tail slime pores same as surrounding color. White around cloaca; ventral fin-fold with a
white line along the ventral midline; posterior margin of caudal fin pale (Fig. 2).
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Figure 3. Eptatretus wandoensis sp. nov. PKU 62167, prior to preservation A head dorsal view, white
arrow indicates a white mid-dorsal line B head ventral view C gill apertures (GA) and pharyngocutaneous
duct (PCD), note the location of GA and PCD D ventral view of body, black arrow indicates the ventral
fin-fold (VFF) E dorsal region of body with a white mid-dorsal line.

Coloration when preserved: Body brown to dark brown dorsally and murky white
ventrally (more conspicuous than fresh specimen). Eyespots conspicuous; all slime pores
surrounded by conspicuous white ring. Each gill aperture and pharyngocutaneous duct
aperture conspicuous; ventral fin-fold pale; white mid-dorsal line inconspicuous.

Distribution. Southwestern Sea of Korea.

Biology. Attains a maximum TL of 292.0 mm (fresh specimen); this specimen is
female, without mature eggs in the body cavity. A female specimen of 290.0 mm TL
carries approximately 20 developing eggs, which have no terminal anchor filaments or
hooks; each egg approximately 4-7 mm in diameter and 10-12 mm in length.

Etymology. The specific name, wandoensis, refers to the type locality, in Korea.
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Palatine tooth

NN
Figure 4. Anatomical morphology of Eptatretus wandoensis sp. nov. PKU 62167. A palatine tooth,

anterior unicusps (AUC) and posterior unicusps (PUC) B branchial region dissected, gill pouches (GP),
median ventral aorta (MVA), separated ventral aorta (SVA), efferent branchial duct (EBD), pharyngocu-
taneous duct (PCD), dental muscle (DM), liver (L), and heart (H).

Morphological comparisons

Eptatretus wandoensis sp. nov. is most similar to Eptatetus burgeri (Girard, 1855) and Ep-
tatretus minor Fernholm & Hubbs, 1981 due to the presence of a light mid-dorsal line,
gill apertures regularly spaced in a straight line, and EBDs of equal length. These three
species differ from each other in the number of gill apertures (5 for E. wandoensis, com-
pared to 6 for E. burgeri and E. minor), body color (dark brown or purplish dorsally and
white ventrally for £. wandoensis, compared to brown for E. burgeri and gray/brown pale
for E. minor), prebranchial slime pores (14-18 for E. wandoensis, compared to 18-23 for
E. burgeri), total slime pores (74-82 for E. wandoensis, compared to 81-92 for E. bur-
geri), ventral fin-fold (weakly developed for E. wandoensis, compared to well developed
for E. burgeri), multicusps (3/2 for E. wandoensis, compared to 3/3 for E. minor), total
cusps (40—43 for E. wandoensis, compared to 4652 for E. minor) (Table 1), nasal-sinus
papillae (absent for E. wandoensis, compared to paired for E. minor), and eyespots (pre-
sent for E. wandoensis, compared to absent for E. minor). Eptatretus wandoensis sp. nov.
can be distinguished from Epratretus cheni (Shen & Tao, 1975), Eptatretus nelsoni (Kuo,
Huang & Mok, 1994), and Epratretus yangi (Teng, 1958) by the presence of regularly
spaced gill apertures in a linear (vs. irregular and crowded for E. cheni, E. nelsoni, and E.
yangi) arrangement; equal length of all EBDs (vs. length of first efferent branchial duct
notably longer than that of the most posterior efferent branchial duct); 40—43 total cusps
(vs. 50-53 for E. cheni; 32—40 for E. nelsoni and E. yangi); 4 branchial slime pores (vs. no
branchial slime pores); prebranchial length, 24.4%-26.3% of TL (vs. more than 29.0%
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Table I. Morphometric and meristic measurements of Eptatretus wandoensis sp. nov., and congeneric
species with five gill apertures (E. cheni, E. nelsoni and E. yangi) and white mid-dorsal line (E. burgeri
and E. minor).

Eptatretus wandoensis sp. nov. E. cheni* E. nelsoni* E. yangi* E. burgeri* E. minor**
Holotype  Paratypes (3)

Gill aperture (GA) 5 5 5 5 5 6-7 6
Gill pouch (GP) 5 5 5 5 5 6 6
NSP absent absent absent absent absent absent paired
Cusps
MUC (multi) 3/2 3/2 3/3 3/2 3/2 3/2 3/3
AUC (outer) 7 7-8 9-11 5-8 5-8 6-8 8-11
PUC (inner) 8 8-9 9-10 5-8 6-9 7-9 8-10
Total Cusps 42 40-43 50-53 32-40 32-40 35-42 46-54
Slime pores
Prebranchial 14 15-18 24-27 13-20 16-23 18-23 15-18
Branchial 4 4 0 0 0 4-5 4-6
Trunk 47 46-49 41-47 33-39 39-47 45-51 41-48
Tail 11 9-11 7-10 6-10 7-12 11-14 11-14
Total pores 76 74-82 75-81 57-67 68-79 81-92 74-82
Length in % of TL
Prebranchial 24.7 24.4-26.3 (25.3) 33.3-35.5 30.5-32.6 29.2-32.0 25.2-29.6 20.1-25.9
Branchial 5.9 5.2-5.8 (5.5) 2.2-34 1.1-2.8 1.1-1.7 6.2-7.8 5.1-7.2
Trunk 56.5 54.9-59.3 (56.9) 45.9-50.8 49.5-52.6 53.2-54.9 47.6-55.0 50.6-55.9
Tail 13.4 12.8-14.0 (13.5) 13.2-16.7 15.0-18.0 12.2-15.6 13.2-17.0 13.9-18.3
Nostril to mouth 3.4 3.7-3.8 (3.8) - - - - -
Nostril width 1.7 0.8-1.5 (1.2) - - - - -
Nostril length 0.6 0.7-1.6 (1.1) - - - - -
Mouth width 3.2 3.3-3.8 (3.6) - - - - -
Pre-eyespot to nostril 49 4.4-5.2 (4.8) — — - - —
Depth in % of TL
w/VFF 7.5 6.9-9.7 (8.3) 8.1-9.0 15.0-15.5 6.9-10.4 4.7-8.5 7.1-11.4
Branchial region 6.3 5.6-7.7 (6.7) - - - - -
Over caudal 7.8 7.6-9.3(8.6) 7.6-10.2 8.9-10.1 6.5-10.0 5.1-8.5 5.3-11.6

*McMillan and Wisner (2004), **Fernholm and Hubbs (1981); Abbreviation: NSP (nasal-sinus papillae), MUC (multi-
cusps), AUC (anterior unicusps), PUC (posterior unicusps), VFF (ventral fin-fold).

of TL); branchial length, 5.2%-5.9% of TL (vs. less than 3.4% of TL); trunk length,
54.9-59.3% of TL (vs. less than 54.9%); eyespots conspicuous (vs. inconspicuous), and
dorsal dark brown and ventral white body color (vs. brownish-grey). In comparison
to Eptatretus species occurring in Korean and Japanese waters, this new species is well
distinguished from the three most common hagfishes, Eptatretus atami (Dean, 1904),
Eptatretus walkeri (McMillan & Wisner, 2004), and Eptatretus okinoseanus (Dean, 1904)
based on the difference of gill apertures (5 in E. wandoensis sp. nov. vs. 6 in E. atami and
E. walkerivs. 8 in E. okinoseanus), branchial slime pores (4, 0-1, 0, and 6-8), and a white
mid-dorsal line (present, absent, absent, and absent) (Table 2).
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Table 2. Comparison of meristic and proportional measurements among Epratretus species occurring in
Korean and Japanese waters.

Characters E. wandoensis sp. nov. E. atami* E. walkeri E. okinoseanus*
Gill aperture 5 6 6 8
Gill pouch 5 6 6 8
NSP absent absent absent absent
Cusps
MUC 3/2 3/3 3/2 3/2
AUC 7-8 9-10 6-9 7-10
PUC 8-9 8-10 7-9 7-10
Total 40-43 47-52 36-44 40-49
Slime pores
Prebranchial 14-18 12-19 15-22 13-17
Branchial 4 0-1 0 6-8
Trunk 46-49 43-47 40-48 54-61
Tail 9-11 9-12 8-13 10-14
Total pores 74-82 71-78 68-79 87-97
Length in % of TL
Prebranchial 24.4-26.3 26.6-30.2 24.2-39.1 19.2-22.6
Branchial 5.2-5.9 1.3-4.2 2.0-3.8 6.2-9.2
Trunk 54.9-59.3 53.9-56.1 50.8-68.6 50.4-59.4
Tail 12.8-14.0 11.1-14.2 10.7-16.1 12.7-15.5
Depth (mm)
w/VFF 6.9-9.7 8.1-9.0 5.0-11.1 5.7-8.1
Over caudal 7.6-9.3 7.4-8.8 6.3-11.4 6.2-9.0

*McMillan and Wisner (2004); Abbreviation: NSP (nasal-sinus papillae), MUC (multicusps), AUC (anterior uni-
cusps), PUC (posterior unicusps), VFF (ventral fin-fold).

Genetic comparisons

Differences among mtDNA sequences obtained from the holotype and paratypes of
Eptatretus wandoensis sp. nov. were consistent with species-level divergences in other
hagfish species (Fernholm et al. 2013). The phylogenetic relationships of myxinid
species, inferred from neighbor-joining trees, showed large genetic distances between
similar hagfish species using mtDNA 16S rRNA (477 bp) and cytochrome ¢ oxidase
subunit I (COI) (466 bp) sequences. Epratretus wandoensis sp. nov. is separated from
other congeneric species by high genetic divergences of 0.9%-7.5% in 16S rRNA se-
quences and 4.9%-13.9% in COI sequences (Fig. 5). The respective genetic distances
between this species and E. burgeri and E. minor were 0.9% and 4.5% in 16S rRNA
sequences and 8.5% and 13.9% in COI sequences. In addition, phylogenetic analysis
of 16S rRNA sequences showed that E. wandoensis sp. nov. is well separated from
other five-gilled hagfishes (. cheni, E. nelsoni, and E. yangi), with genetic differences
of 7.5%, 1.4%, and 1.6%, respectively. Eptatretus cheni is located at a basal position of
hagfishes and well nested in the Eptatretus clade.
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Figure 5. Phylogenetic tree of hagfishes based on mitochondrial DNA sequences, constructed with the
Neighbor-joining (N]) method using Kimura 2-parameter distances A mitochondrial DNA 16S rRNA
sequences B mitochondrial DNA cytochrome c oxidase subunit I (COI) sequences. Numbers above tree
branches are bootstrap values based on 1000 replicates. Scale bar represent nucleotide substitutions per site.

Discussion

Eptatretus wandoensis sp. nov. is one of many new hagfish species recently discovered in
the northwest Pacific Ocean. Thus far, six hagfish species with five gill apertures have
been reported worldwide (McMillan and Wisner 2004; Kuo et al. 2010; Zintzen et al.
2015); most are included in the genus Epzatretus (Fernholm et al. 2013). However, three
species have tubular nostrils and pink coloration; thus, they are regarded as Rubicundus
species (Fernholm et al. 2013; Zintzen et al. 2015). This new species is the third member
of the genus with a white mid-dorsal line, after Eptatretus burgeri and E. minor (Girard
1855; Fernholm and Hubbs 1981). This new species was initially confused with E. bur-
geri because it may have been considered a morphological variation of E. burgeri, due
to the presence of five gill apertures. However, they are well distinguished by the body
color, prebranchial slime pores, total slime pores, and ventral fin-fold. In addition, we
found a female specimen with ripe eggs on June 26, 2018. Recent study revealed that the
minimum mature size Eptatretus burgeri with ripe eggs is more than 500.0 mm TL (Song
2019); however, this female specimen was 290.0 mm TL. Recently, specific anatomical
structures such as cusps, nasal-sinus papillae, and heart have been regarded as useful char-
acters for clarifying interrelationship among hagfish (Mok 2001; Icardo et al. 2016a; Icar-
do et al. 2016b). Indeed, Mok (2001) suggested that the absence of nasal-sinus papillae
may be an apomorphic character of most eptatretines. Interestingly, all three Eptatretus
species have no nasal-sinus papillae (Song and Kim 2020), and so therefore well supports
the hypothesis of Mok (2001). Phylogenetic trees indicated that the new species is sister-
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group to E. walkeri (supported by CO1 gene), but E. walkeri becomes the sister-group
of E. burgeri (supported by 16S rRNA gene). Naylor and Brown (1998) mentioned that
genes yielding correct results might vary among data sets and thus this discordance might
be influenced by stochastic error associated with a different number of species and data
sets. Kawaguchi et al (2001) suggested that taxonomic sampling and comprehensive se-
quencing may clarify intra- and interrelationships of fish using mitochondrial data.

In terms of geographic distribution, Eptatretus minor occurs in the Gulf of Mexico
and Adlantic Ocean, while E. burgeri coexists with this new species in the same region
of coastal Korea. In the comparison of depths, Eptatretus wandoensis sp. nov. is col-
lected from depths between 60 to 80 m, and E. burgeri is known as between 5 and
270 m, and E. minor is known as between 300 and 400 m (Fernholm and Hubbs
1981; Moller and Jones 2007; Knapp et al. 2011; Angulo and Moral-Flores 2016).
Among them, Eptatretus minor is deeper than the other two species. Interestingly, most
Korean hagfishes tend to be distributed in quite shallow waters (within 100 m water
depth) (Song 2019; Song and Kim 2020). In a recent morphological and molecular
taxonomic review of Eptatretus atami from the coast of Japan, the specimens with 3/2
multicusps from the western coast of Honshu were identified as E. walkeri, whereas
eastern specimens with 3/3 multicusps matched E. azami (Kase et al. 2017; Kitano
et al. 2019). Later, Song and Kim (2020) revealed for the first time the existence of
E. walkeri previously misidentified as E. atami in Korea, and confirmed that three spe-
cies are currently distributed in Korea.
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Abstract

The Lesser Antilles, in the Eastern Caribbean, is inhabited by three Iguana species: the Lesser Antillean
iguana lguana delicatissima, which is endemic to the northernmost islands of the Lesser Antilles, the in-
troduced common iguana from South America, Iguana iguana iguana, represented also by the two newly
described endemic subspecies Iguana iguana sanctaluciae from Saint Lucia and lguana iguana insularis
from Saint Vincent and the Grenadines, and Grenada, and the introduced Iguana rhinolopha from Central
America. Drawing on both morphological and genetic data, this paper describes the Iguana populations
from Saba and Montserrat as a new species, lguana melanoderma. This species is recognized on the basis
of the following combination of characteristics: private microsatellite alleles, unique mitochondrial ND4
haplotypes, a distinctive black spot between the eye and tympanum, a dorsal carpet pattern on juveniles
and young adults, a darkening of body coloration with aging (except for the anterior part of the snout), a
black dewlap, pink on the jowl, the high number of large tubercular nape scales, fewer than ten medium

Copyright Michel Breuil et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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sized—triangular dewlap spikes, high dorsal spikes, and lack of horns on the snout. This new melanistic
taxon is threatened by unsustainable harvesting (including for the pet trade) and both competition and
hybridization from escaped or released invasive alien iguanas (/. ignana iguana and I. rhinolopha) from
South and Central America, respectively. The authors call for action to conserve Iguana melanoderma in
Saba and Montserrat and for further research to investigate its relationship to other melanistic iguanas

from the Virgin Islands and coastal islands of Venezuela.

Keywords
Conservation Biology, [guana, Lesser Antilles, microsatellites, mtDNA, new endemic species, phylogeny

Introduction

In the 1960s, Lazell (1973) studied the morphological variation of the Common Green
Iguana ([guana iguana) and identified three groups of this species in the Lesser Antilles
(Fig. 1). The populations from Saba, Montserrat, and St. Croix were characterized by
having large tubercular nape scales, highly developed dorsal crest spikes, a carpet pattern
in 10-30 percent of the populations, an increasing incidence of melanistic individuals,
and the absence of horns on the snout [1]. Populations of the Guadeloupian Archipel-
ago and Les Saintes were distinguished by having very weak tubercular nape scales, and
a high incidence of unpatterned and of grey individuals [2]. The southern Lesser Antil-
lean populations, from Saint Lucia, Saint Vincent, the Grenadines, and Grenada were
in turn characterized by very weakly tubercular nape scales, grey or green individuals
with dorsolateral bands and highly developed, hornlike, median snout scales [3]. Lazell
(1973) thought that geographic variation was clinal and concluded that the Common
Iguana in Les Saintes and Guadeloupe was autochthonous rather than introduced.

Breuil (2002, 2013, 2016), Breuil et al. (2010), and Vuillaume et al. (2015) demon-
strated that the Common Green Iguana present in Guadeloupe came from French Guiana
and that this species displaced the Lesser Antilles iguanas ([guana delicatissima) from Les
Saintes and Grande-Terre through competition and hybridization. The same phenom-
enon is underway in Basse-Terre and St. Barthélemy leading to the further decline of
Iguana delicatissima (Vuillaume et al. 2015; Breuil 2013, 2016). Since these recent studies,
hybridization between these two species is known to have occurred in Martinique, La Dé-
sirade (MB, unpublished results), and St. Eustatius (Van den Burg et al. 2018a; 2018b).
Thus, a natural cline concerning, for example, the size of the tubercular nape scales as ad-
vocated by Lazell (1973), cannot exist with only two groups of iguanas naturally present.

Morphological studies of the St. Lucia Iguana, belonging to the third group of La-
zell (1973), indicated this iguana population is very different from the horned iguana
population from Central America (Breuil 2013, 2016). Breuil et al. (2019) showed
with genetic (microsatellites, mtDNA) and morphological studies that this third group
comprises two subspecies, Iguana iguana sanctaluciae, endemic to Saint Lucia and 1.
iguana insularis, endemic to the Grenadine Bank.
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Figure 1. Geographical distribution of the three iguana groups identified by Lazell (1973) in the 1960s
and new taxonomic proposition. In the 1960s, the invasive iguanas from South America (Iguana iguana)
were only present in the iles des Saintes and Guadeloupe (Basse-Terre) and formed the Central Group.
Now, alien iguanas are present and breed on every bank (van den Burg et al. 2018b). The southern group
is now considered to support two subspecies Iguana ignana insularis and Iguana ignana sanctaluciae (Breuil
etal. 2019). The northern group is considered here as a new species.
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In Saba, the local iguana, the Saban Black Iguana is considered as a flagship
species. In Montserrat, the local melanistic iguana does not receive special atten-
tion due to its putative exotic origin. The two flagship herp species for conservation
on the island are the mountain chicken (Leprodactylus fallax) and the Galliwasp
(Diploglossus montiserrati).

Melanistic iguanas phenotypically close to those of Saba-Montserrat also occur in
the northern islands (St. Croix, St. Thomas: USA Virgin Islands, USVI) and also on
the island of Margarita and other coastal islands such as Los Roques and La Banquilla
(Venezuela) (Lazell 1973; van Buurt 2005). Thus, further detailed investigations are
required to establish the relationships among all these melanistic iguanas. It is note-
worthy that Stephen et al. (2013) used in their phylogeny a unique individual from
Venezuela that was captured on the mainland (Cumana) near Margarita Island and
that clustered with melanistic iguanas from Saba and Montserrat.

The extension of the range of the Common Green Iguana from Central Amer-
ica, considered by Breuil et al. (2019) as a species in its own right (Iguana rhi-
nolopha), to Saint Maarten (Vuillaume et al. 2015) increases the probability that
this invasive lineage will arrive on the Dutch island of Saba (Yokoyama 2012).
Morphological studies (Breuil 2013, 2016) combined with genetic studies (Vuil-
laume et al. 2015) have shown that the Saba population has unique characteristics.
Stephen et al. (2013) found that Montserrat and Saba iguanas share the same ND4
haplotype. Montserrat conservationists also need to be able to differentiate between
endemic melanistic iguanas and potential invasive Common Iguanas from Central
and South American lineages that are likely to invade other islands (Breuil 2013,
2016; Falcén et al. 2013; Van den Burg et al. 2018b). With the increase in trade
and shipping in the Caribbean region and post-hurricane restoration activities, it is
very likely that there will be new opportunities for invasive iguanas to colonize new
islands inhabited by endemic lineages.

The paper aims to describe the common melanistic iguanas from the islands of Saba
and Montserrat as a new taxon and to establish its relationships with other Common
Green Iguanas. An outcome of this study will be the enabling of conservationists to ac-
curately differentiate this endemic lineage from invasive iguanas and investigate its ecol-
ogy and biology population on these two very small islands that are subject to a range of
environmental disturbances including hurricanes, earthquakes and volcanic eruptions.

Materials and methods

Morphological, molecular (i.e., mitochondrial and microsatellites markers) and bio-
logical data were used to compare the iguanas of Saba and Montserrat with lgua-
na iguana (South America), lguana rhinolopha (Central America), and the two new
subspecies . iguana insularis and 1. iguana sanctaluciae from southern Lesser Antilles
(Breuil et al. 2019).
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Morphological analyses

The morphological traits used to identify iguanas are described in Breuil (2013; 2016).
Most consist of meristic and qualitative characteristics recorded on wild iguanas in the
field on the islands of Saba and Montserrat, which are easily recorded from digital pho-
tographs taken by the authors. We also examined specimens at the Museum of Com-
parative Zoology (MCZ) at Harvard University, USA, based on photographs taken by
Joseph Martinez and Corentin Bochaton (Muséum national Histoire naturelle, Paris).

We also reviewed photographs of Iguana found on the Internet using the Google
Images search engine for the islands of St. Croix, St. Thomas (US Virgin Islands), for the
coastal islets of Venezuela and for the vicinity of Cumana (Venezuela), regions known to
be inhabited by melanistic iguanas, in relation to published data. Leighton et al. (2016)
advocated the use of Internet images for taxonomic research to study spatial patterns in
phenotypic traits that are objective, binary and easy to score, regardless of the camera
angle. We used only photographs that were georeferenced to allow valid comparisons
with the morphological characteristics of this new taxon (Breuil et al. 2019).

Molecular analyses

Collection and preparation of genetic material

Genomic DNA was isolated from 44 individuals from tissue, shed skin and/or blood
samples using the QIAamp DNA Mini Kit (QIAGEN, Deutschland) and following

the manufacturer’s recommendations (Table 1).

Mitochondrial DNA (ND4) and phylogenetic analysis

Fragments of the ND4 mitochondrial locus, encompassing the 3' end of the NADH
dehydrogenase subunit 4 gene (ND4) and the tRNA genes histidine, serine and leucine
(partial 5' end), were PCR-amplified using the primer pair and protocols of Malone et
al. (2000). Sequence chromatograms were analyzed in SEQUENCHER (v5.3; Gene
Codes Corp., Ann Arbor). The resulting ND4 sequences were aligned with GenBank
sequences of iguanas from previous studies (Malone et al. 2000; Malone and Davis
2004; Stephen et al. 2013; Breuil et al. 2019). Sequence alignment was calculated us-
ing MAFFT (v7.18) (Katoh et al. 2005). For the ND4 analysis, the molecular data set
included 21 iguanas (Table 1) from insular and continental origins.

The best nucleotide substitution model was chosen using JModelTest 2 (Darriba et al.
2012) under the Bayesian information criterion (BIC). Hierarchical relationships between
individual ND4 genotypes/haplotypes were analysed using Maximum Likelihood (ML)
and Maximum Parsimony (MP) tree reconstructions, and Median-Joining (M]) haplo-
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Table I. Sampling and haplotype information. The effectives in the locality column correspond to the
number of individuals studied for the microsatellites and the mitochondrial ND4 gene. The number in
the ND4 column is the length of the sequence used in the analysis. SabaNP, Saba National Park. SBHNR,
Saint Barthélemy Natural Reserve. DWCT, Durrell Wildlife Conservation Trust.

Locality/Status  Microsatellites ND4 Collectors GenBank
Saba (N=7/N SABAO1 SABAO1 (888) SabaNP/SBHRN MN590163
=6) SABA02 SABAO2 (890) SabaNP/SBHRN MNS590164

SABAO03 SABAO3 (739) SabaNP/SBHRN
SABA04 SABAO4 (892) SabaNP/SBHRN MN590165
SABAO5 SABAO5 (892) SabaNP/SBHRN MN590166
SABA0OG SABAO0G (892) SabaNP/SBHRN MN590167
SABA0O7 SABAO7 (891) SabaNP/SBHRN MN590168
Montserrat (N = 1GU86 E. Corry DWCT
12/N=4) 1GU87 E. Corry DWCT
1GUS88 IGU88 (713) E. Corry DWCT MN590169
1GU89 IGU89(711) E. Corry DWCT MN590170
1GU90 E. Corry DWCT
IGUI1 E. Corry DWCT
1GU92 1GU92(713) E. Corry DWCT MN590171
1GU93 IGU93(713) E. Corry DWCT MN590172
1GU9%4 E. Corry DWCT
1GU95 E. Corry DWCT
IGU96 E. Corry DWCT
1GU99 E. Corry DWCT
St. Lucia /End (V IGU58 IGU63(779) St. Lucia authors MK687397
13/N=2) 1GU59 St. Lucia authors
1GU60 St. Lucia authors
IGUG61 St. Lucia authors
1GU62 St. Lucia authors
IGU63 IGUG63(737) St. Lucia authors MK687398
1GU64 St. Lucia authors
IGU67 St. Lucia authors
1GU68 St. Lucia authors
1GU69 St. Lucia authors
IGU70 St. Lucia authors
1GU71 St. Lucia authors
IGU72 St. Lucia authors
Grenadines/End IGU73 J. Daltry/G. Gaymes MK787400
(N=4/N=4) IGU75 J. Daltry/G. Gaymes MK787401
IGU76 J. Daltry/G. Gaymes MK787403
IGU77 J. Daltry/G. Gaymes MK787404
Guiana/auto (N = IGU78 IGU78 (702) F. Catzefis (CNRS) MKG687405
7IN = 4) IGU79 IGU79 (593) E Catzefis (CNRS) MK687406
IGUS80 F. Catzefis (CNRS)
IGUS1 B. de Thoisy (Pasteur)
IGU82 IGUS82 (712) B. de Thoisy (Pasteur) MK687407
IGU83 B. de Thoisy (Pasteur)
IGU84 IGU84 (697) B. de Thoisy (Pasteur) MK687408

IGUS85 B. de Thoisy (Pasteur)




A melanistic endemic lineage of Iguana iguana 101

type networks. The evolutionary history was inferred using the ML method based on the
Hasegawa-Kishino-Yano model (Hasegawa et al. 1985). The initial trees for the heuristic
search were obtained automatically by applying the Neighbor-Joining and BioN]J algo-
rithms to a matrix of paired distances estimated using the Maximum Composite Likeli-
hood (MCL) approach, then selecting the topology with the highest log likelihood value. A
discrete Gamma distribution was used to model evolutionary rate differences between sites
[5 categories (+G, parameter = 0.3079)]. The tree was drawn to scale, with branch lengths
measured as the number of substitutions per site. The MP tree reconstruction was ob-
tained using the Subtree-Pruning-Regrafting (SPR) algorithm (Nei and Kumar 2000) with
a search level 1, in which the initial trees were obtained by random addition of sequences
(10 replicates). Node supports for tree topologies obtained by ML and MP methods were
calculated as percentages of replicate trees in which the associated taxa had clustered in the
bootstrap test (1000 replicates). Node supports were indicated with bootstrap support (BS
> 70). ML an MP analyses were conducted in MEGA7 (Kumar et al. 2016). The MJ hap-
lotype network (Bandelt et al. 1999) was constructed using PopART (Population Analysis
with Reticulate Trees) v1.7 (Leigh and Bryant 2015) with the epsilon parameter set to zero.

Microsatellites analysis

Analyses based on microsatellite molecular markers included 43 individuals of both
insular and continental origins (Table 1). A panel of 16 microsatellite markers was
used and amplified as described previously in Valette et al. (2013) and Vuillaume et
al. (2015). Individuals were grouped into five populations according to their sampling
localities (i.e., four islands: Montserrat, Saba, Saint Lucia and Grenadines as well as the
continental population from French Guiana).

Genetic diversity

We tested the departures from Hardy-Weinberg expectations and linkage disequilibria using
exact tests (1200 permutations) as implemented in the ESTAT software ver. 2.9.3.2 (Goudet
2001). Significance levels were adjusted for multiple tests using Bonferroni’s standard cor-
rection (Rice 1989). We calculated the genetic polymorphism at all loci for each popula-
tion by computing the allelic richness (Ar), the expected heterozygosity (He) and Fis (Weir
and Cockerham 1984) using Estat ver. 2.9.3.2 (Goudet 2001) with 1,200 permutations.

Genetic structure

We calculated paired Fst values between populations (Weir and Cockerham 1984)
using FSTAT ver. 2.9.3.2 (Goudet 2001). Their associated significance was computed
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and tested using global tests implemented in FsTaT ver. 2.9.3.2 (Goudet 2001). Sig-
nificance levels were adjusted for multiple tests using Bonferroni’s standard correction
(Rice 1989). In addition, we assessed relationships between populations with a Facto-
rial Correspondence Analyses (FCA) based on individual genotypes and using the FCA
procedure in GENETIX v. 4.05.2 (Belkhir et al. 2004). Finally, the population struc-
ture was also investigated using the individual-based approach implemented in the
STRUCTURE software (Pritchard et al. 2000). Based on the Bayesian cluster approach,
this method allowed the inference of both the number, K, of genetic clusters and the
admixture coefficient of individuals to be assigned to the inferred clusters. Initially, we
replicated 15 independent runs for each value of K (with K varying from 1 to 9) with
a total of 1,000,000 iterations and a burn-in of 100,000. To determine the number of
genetic clusters from STRUCTURE analyses, we used the STRUCTURE HARVESTER pro-
gram (Earl and Vonholdt 2012) to compare the mean likelihood and variance per K
values calculated from the 15 independent runs (Evanno et al. 2005). The results gave a
Delta K value per tested K value allowing the determination of the most likely number
of inferred clusters. Subsequent runs were performed to test for the presence of genetic
sub-structure within each cluster when K > 1 was initially inferred. These subsequent
runs used the same conditions as above (Fig. 2).

Results

Population structure and diversity

Based on microsatellite variation, genetic diversity (He) ranged from 0 to 0.82 (Table
2) and allelic richness (Ar) ranged from 1 to 3.86. No linkage disequilibrium was
detected (adjusted p-value threshold = 0.0004) and no loci deviated from the Hardy-
Weinberg expectations (adjusted p-value threshold = 0.0006). Analyses of microsatel-
lite loci for population structure resulted in the identification of three groups (Fig.
2). Pairwise Fst values ranged from 0.104 to 0.909 (overall Fst = 0.595) and many
were significant after Bonferroni correction (Indicative adjusted nominal level (5%) for
multiple comparisons was 0.005) (Table 3). These results were corroborated by a FCA
procedure which identified the same three groups: one including individuals from
St. Lucia and Grenadines, a second including individuals from French Guiana, and
the last including individuals from both Montserrat and Saba. Bayesian clustering us-
ing STRUCTURE and the STRUCTURE HARVESTER programs, also supported population
subdivision, giving the highest posterior probability for K = 2. Specifically, individuals
from Montserrat-Saba-French Guiana were mainly allocated to the first genetic cluster
(i.e., mean * sd of individual admixture coefficients: 0.997 = 0.002; 0.998 + 0.001
and 0.996 £ 0.0001, respectively), whereas individuals from Saint Lucia-Grenadines
were allocated mainly to the second genetic cluster (i.e., mean * sd of individual ad-
mixture coefficients: 0.997 + 0.005 and 0.976 £ 0.029, respectively). Subsequent
analyses within each of these genetic clusters revealed further sub-structure separating
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Table 2. Genetic diversity parameters for each locus. Key: Ar, allelic richness, He, expected heterozygosity, and
Fis were computed for each population and loci using FSTAT ver. 2.9.3.2 software (Goudet 2001). No Fis val-
ues deviated from Hardy-Weinberg’s expectations (P < 0.0006 after Bonferroni adjustment). NA: not available.

Loci Montserrat Saba Saint Lucia Grenadines Guiana All
L2 Ar 1.72 1.00 1.00 1.00 1.84 2.98
He 0.23 0.00 0.00 0.00 0.26 0.10
Fis -0.10 NA NA NA -0.09 -0.10
L3 Ar 1.00 1.00 1.00 1.00 1.00 1.00
He 0.00 0.00 0.00 0.00 0.00 0.00
Fis NA NA NA NA NA NA
L5 Ar 1.94 1.91 1.00 1.00 2.00 1.91
He 0.39 0.33 0.00 0.00 0.52 0.25
Fis -0.29 1.00 NA NA -0.09 0.21
L6 Ar 2.66 1.80 1.00 1.00 2.00 3.36
He 0.53 0.20 0.00 0.00 0.52 0.25
Fis 0.37 0.00 NA NA 0.73 0.37
L8 Ar 1.00 1.00 1.00 1.00 1.84 1.18
He 0.00 0.00 0.00 0.00 0.26 0.05
Fis NA NA NA NA -0.09 -0.09
Lo Ar 3.42 2.96 1.00 3.00 2.89 3.80
He 0.66 0.72 0.00 0.75 0.61 0.55
Fis 0.18 0.54 NA 0.33 -0.41 0.16
L13 Ar 1.00 1.00 1.00 2.00 1.00 1.99
He 0.00 0.00 0.00 0.50 0.00 0.10
Fis NA NA NA 1.00 NA 1.00
L14 Ar 1.98 291 1.36 1.00 1.57 2.65
He 0.45 0.68 0.09 0.00 0.14 0.27
Fis -0.43 0.02 0.00 NA 0.00 -0.10
L15 Ar 1.33 1.00 1.00 1.00 2.93 2.33
He 0.08 0.00 0.00 0.00 0.68 0.15
Fis 0.00 NA NA NA 0.16 0.08
L16 Ar 1.00 1.00 1.00 2.00 1.57 1.19
He 0.00 0.00 0.00 0.25 0.14 0.08
Fis NA NA NA 0.00 0.00 0.00
L17 Ar 1.00 1.00 1.00 1.00 2.52 2.36
He 0.00 0.00 0.00 0.00 0.49 0.10
Fis NA NA NA NA 0.42 0.42
L18 Ar 2.41 1.00 1.00 1.00 2.00 1.81
He 0.40 0.00 0.00 0.00 0.53 0.19
Fis 0.45 NA NA NA -0.25 0.10
L19 Ar 291 2.00 1.00 1.00 2.00 3.13
He 0.67 0.53 0.00 0.00 0.52 0.34
Fis -0.13 0.06 NA NA -0.36 -0.14
L20 Ar 1.98 1.00 1.00 1.00 3.14 3.44
He 0.46 0.00 0.00 0.00 0.66 0.22
Fis -0.47 NA NA NA -0.09 -0.28
L23 Ar 1.00 1.80 1.00 1.00 3.86 3.00
He 0.00 0.20 0.00 0.00 0.82 0.20
Fis NA 0.00 NA NA 0.30 0.15
124 Ar 1.00 1.00 1.00 1.00 1.00 1.00
He 0.00 0.00 0.00 0.00 0.00 0.00
Fis NA NA NA NA NA NA
All Ar 1.71 1.46 1.02 1.25 2.07 2.32
He 0.24 0.17 0.01 0.09 0.39 0.18

Fis -0.03 0.29 0.00 0.50 0.03 0.16
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Figure 2. Hierarchical genetic structure of Jguana inferred by STRUCTURE and STRUCTURE HARVESTER.
Bar plots show admixture coeflicient of each analyzed individuals (represented by each vertical bar) for the
inferred genetic clusters K (represented by a different color). The graphs show Delta K values (Evanno et
al. 2005) as a function of K (number of clusters) and calculated from posterior probabilities of the data
(i.e., In [P(D|K)]). The results inferred K = 2 genetic clusters when they were initially based on the overall
sampling. A subsequent run, including individuals from Montserrat-Saba and French Guiana, revealed
significant genetic substructure (i.c., K = 2) separating individuals from Montserrat-Saba and those from
French Guiana. Independently, another subsequent run including only individuals from Saint Lucia and
the Grenadines revealed no genetic substructure. The bar plots were produced using DistrucT 1.1 pro-
gram (Rosenberg 2004) from the average of the 15 replicates. The names of the taxa are given according
to Breuil et al. (2019) and to the conclusion of this work for Saba and Montserrat.

Table 3. Fst values for each pairwise population comparison (below the diagonal) and their significance
levels (above the diagonal). The indicative adjusted nominal level (5%) for multiple comparisons is 0.005.
Fst values that reveal a significant genetic differentiation are in bold.

Montserrat Saba Saint Lucia Grenadines Guiana
Montserrat - 0.01 0.005 0.005 0.005
Saba 0.104 - 0.005 0.035 0.005
Saint Lucia 0.806 0.909 — 0.005 0.005
Grenadines 0.670 0.777 0.555 - 0.005
Guiana 0.392 0.467 0.738 0.529 -

Montserrat-Saba and French Guiana individuals. In contrast, no genetic sub-struc-
ture was detected when considering individuals from Saint Lucia and the Grenadines
(whatever the individuals, they showed similar inferences for genetic clusters) (Fig. 2).
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Phylogeny

The ML tree based on ND4 sequences had the highest log likelihood of — 2861.13 (Fig.
3). The MP analysis, using the same data, generated 2 trees of length 302 (not shown).
The consistency index was 0.659, the retention index was 0.892 and the composite
index was 0.644 (0.588) for all sites and parsimony-informative sites (in parentheses).
ND4 sequences from Montserrat and Saba specimens were placed in a well-supported
monophyletic group (Fig. 3; ML BS = 98, MP BS = 97). The Montserrat and Saba se-
quences were closely related to GenBank sequence HM352501 from an lguana iguana
specimen from Venezuela (Sucre: Cumana). In the M] network (Fig. 4, Table 4), four
mutational steps separate HM352501 and “Hap_4” (= HM352505 and MN590163
to 68) encompassed most of samples from Montserrat and Saba (nine in the present
study and 13 from published studies). Only two ND4 haplotypes were found to char-
acterise Montserrat and Saba iguanas represented by 24 specimens (9 from this study,
13 from GenBank consisting of 13 from Saba and 11 from Montserrat).

French Guiana
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Figure 3. The Maximum Likelihood (ML) tree of the ND4 sequences of iguanas. The percentage of trees in
which the associated taxa clustered is shown next to the branches, as bootstrap support (BS = 70) for ML and
Maximum Parsimony (MP) topologies respectively. Sequences amplified by the authors of this study were indi-
cated by colored diamond-shaped marks. Marks are colored based on the sampling sites. Sequences from pub-
lished studies were labelled by their NCBI GenBank access numbers (Fig. 4). The names of the taxa are classified
according to the conclusions of this work. Roman numerals refer to clades identified by Stephen et al. (2013).
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Table 4. Haplotypes used in MJ network. Sequences amplified by the authors of this study and cor-
responding haplotypes from published studies were labelled from “Hap_1” to “Hap_10”". HM352505
haplotype found in the 7 specimens from Montserrat and the 6 specimens from Saba corresponds to
“Hap_4".

Origins of the specimens used for the network
BRA: Brazil

GRE: Grenadines

GUI: French Guiana

MON: Montserrat

STL: St. Lucia

SUR: Suriname

VEN: Venezuela

DEL: lguana delicatissima (Anguilla, Dominica, St. Eustatius

)
[IGU78GUIL, IGU79GUI]
[

Hap_1: 2

Hap_2: 2 [IGU82GUI, JQ340914BRA]

Hap_3: 1 [IGU84GUI]

Hap_4: 22 [IGU8SMON, IGU8YMON, IGUI2MON,
IGU93MON, SABAO1, SABA02, SABA03, SABA04,
SABA07, HM352505_M1, HM352505_M2,
HM352505_M3, HM352505_M4, HM352505_MS5,
HM352505_M6, HM352505_M7, HM352505_S1,
HM352505_S2, HM352505_S3, HM352505_54,
HM352505_S5, HM352505_S6]

Hap_5: 2 [SABAO5, SABA0G]

Hap_6: 8 [IGU58STL, IGUG3STL, AF217782_1, AF217782_2,
AF217782_3, AF217782_4, AF217782_5,
AF217782_0]

Hap_7: 1 [IGUG65STL]

Hap_8: 1 [IGU73GRE]

Hap_9: 2 [IGU75GRE, IGU76GRE]

Hap_10: 1 [IGU77GRE]

1[JQ340913BRA]J; 4(HM352500_1SUR, HM352500_2SUR, HM352500_3SUR, HM352500_4SUR]; 1[HM-
352501VEN]; 7[AF217783_1DEL, AF217783_2DEL, AF217783_3DEL, AF217783_4DEL, AF217783_5DEL,
AF217783_6DEL, AF217783_7DEL]

The Saba-Montserrat-Venezuela populations formed a monophyletic group that
is the sister group of the populations from French Guiana and Brazil, this group is,
in turn, the sister group of the group of St. Lucia-Grenadines that was previously
described as two endemic subspecies lguana iguana sanctaluciae for the endemic popu-
lation of St. Lucia and Iguana iguana insularis for the population of the Grenadines
(Breuil et al. 2019).
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Figure 4. The Median-Joining (M]) network of the ND4 sequences of iguanas. The sequences amplified
by the authors of this study and the corresponding haplotypes from published studies were labelled from
“Hap_1” to “Hap_10” (details in Table 4). Other sequences from published studies were labelled by their
NCBI GenBank access number. Black circles are median vectors representing extinct or unsampled haplo-
types. The remaining colored circles represent haplotypes as nodes in the networks. The circles are colored
based on the sampling sites. The size of circles corresponds to the number of specimens with identical
sequence. The number of mutational steps is indicated by hatch marks. The names of the taxa are classified

according to the conclusions of this work.

From these genetic data and the following morphological data, it is clear that the
endemic iguanas from Saba and Montserrat form a distinct evolutionary entity that
we recognize as a new species which is formally describe below accompanied by a taxo-
nomic analysis.

Taxonomic analysis and description

Iguana melanoderma sp. nov.

http://zoobank.org/A4984EB3-7F03-412B-8A58-EOCAB36EC836
Figures 5-7

Diagnosis. A species of Iguana, with a distinctive melanistic phenotype, with a black
dewlap, huge tubercular nape scales, the absence of horns on the snout.
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Figure 5. Holotype of Iguana melanoderma sp. nov. A Dorsal view B lateral view € dorsal view of the head
D lateral view of the head. MCZ R-75832 from Saba, Windwardside. Museum of Comparative Zoology,
Harvard University. President and Fellows of Harvard College. 1. Black patch between the tympanum and the

subtympanic plate. 2. High number of aligned nape tubercles. 3. No horns on the stout. 4. Dorsal carpet pat-
tern. 5. Black on the upper part of the forelimb. 6. Prominent nostrils. 7. Anterior part of the snout, not black.
8. Subtympanic plate with a dark posterior patch. 9. Black anterior edge of lower sublabial scales. 10. Fewer
than 10 triangular gular spikes extended in the upper part of the lower dewlap. 11. Entirely black dewlap.
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Etymology. The name was chosen to emphasize the most conspicuous feature of

this new taxon, from melano meaning black and derma meaning skin.

Common local names are: Melanistic Lesser Antilles iguana, Saban Black iguana

Type material. Choice of the holotype and the paratype. The choice of our type

specimens and the way we conducted the description of the type and the paratype at-
tempt to best meet the criteria proposed by (Dubois 2009) for the case of Conolophus
marthae described by Gentile and Snell (2009). We took into account the same kind of
problems of sacrificing a specimen for museum collection and referencing an emblem-
atic, iconic, large lizard that belongs to an endangered taxon.

(1)

)

(3)

The Saba and Montserrat populations survived for a long time in a period when
the risk of extinction was lower than today. Nevertheless, the iguanas were hunted
for food, killed by cats and dogs, and their habitats destroyed by livestock and nat-
ural events. Today, in Saba, the main risk for this small endemic population, which
seems to be far from the carrying capacity of the island, is the arrival of invasive
common iguanas from South and Central America that have a rapidly expanding
population in Saint Maarten. In Montserrat, the same risk exists. Volcanic erup-
tions are also a major threat to these populations, as evidenced by the eruption of
the Soufriére Hills in Montserrat in 1995 and the following years, which destroyed
about a third of the island.

Hybridization with closely related lineages may in-fact be the greatest risk and
could very likely lead to extinction of endemic lineages, as is the case for lguana
delicatissima in Guadeloupian Archipelago (Vuillaume et al. 2015). Moreover, the
description of a new taxon may attract collectors and lead to unintended and un-
desirable consequences. This is of concern because on the Dutch island of Saint
Maarten, both the legal and illegal pet trades are common. With the description
of this new taxon, local authorities, such as the Szba Conservation Foundation and
the NGO Sea and Learn, will have tools to protect the Saban Black Iguana from
poaching on an island where the terrestrial protected area is less than 0.5 sq. km on
the edge of this endemic iguana’s range.

Lazell (1973) studied and collected iguanas in Saba and Montserrat in the 1960s.
The vouchers are deposited at the Museum of Comparative Zoology (Harvard)
with two other individuals collected in the seventies. Six vouchers for these two
islands (Saba: MCZ R-75832, R-75833, R 133096; Montserrat: MCZ: R-61119,
R-82310, R-126377) are present but unfortunately it is almost impossible to
measure them properly due to their poor condition. In addition, some are young
individuals, which do not have well developed diagnostic characteristics.

We have no precise idea of the size of the iguana population in Saba and Montser-
rat. Rough estimates based on density in some surveyed areas yield 100-300 adults
and subadults for each island. In theory, it is always possible to catch a senile non-
breeding male and prepare it in good conditions act as a voucher that will be avail-
able in a Museum collection for future study. But, for technical reasons, when the
first author was in Saba in 2012, it was not possible to collect such an individual.
Roadkill animals are often in poor conditions (broken, flattened, rotten) and in
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most cases cannot be studied and preserved in a zoological reference collection.
The same remarks apply to the Montserrat population.

(4) Since diagnostic characteristics are mainly visible in adult individuals and are not
measurements, we chose for the holotype of this new taxon specimen MCZ R-75032
from Saba collected by JD Lazell 6/23/63 on the Windward side of Saba. The para-
type MCZ R-126377 is a head of an adult from Montserrat collected by JO Boos at
Old Road Bluff 8/6/1970. These two samples are housed at the Museum of Compar-
ative Zoology (MCZ, Harvard). They present the diagnostic characters as described
by (Breuil 2013, 2016) and represent the populations of the two islands, respectively.

Holotype (Fig. 5). Lesser ANTILLES, SaBa® @5 Windward side; 23 June 1963; JD
Lazell [leg.]; MCZ (R-75832).

This individual from Saba was not measured in detail because of the risk of spoiling
the specimen. It is an adult female of approximately 26.3 cm SVL and a tail length of
approximately 66.4 cm and a total length of 92.7 cm (measurements and photographs
by Joseph Martinez, MCZ, Harvard).

Description of the holotype. The subtympanic plate is round, with a dark patch
in the posterior part. The anterior, upper, and lower parts of the subtympanic plate are
surrounded by black pigment. Most labial and sublabial scales have dark coloration on
their anterior side. The lower labial scales, before the subtympanic plate, are arranged in a
series of five pairs of scales of quite similar size and located one in front of the other. The
tubercular nape scales are numerous, well developed, grey, and aligned in rows.

Color pattern. This specimen is partially discolored, with a slight carpet pattern,
the stripes on the tail are almost invisible in the photographs, but according to (Lazell
1973) who captured this specimen, it had a conspicuous carpet pattern.

The dewlap is black in its lower part, and there are nine small, triangular yellowish
gular spikes. The tympanum is brown. There is a conspicuous black spot between the
eye and the tympanum. The snout and the top of the head are light, not black. The
dorsal spikes are greenish and black.

Paratype (Fig. 6). LESSER ANTILLES, MONTSERRAT ® &5 Old Road Bluff; 6 Aug.
1970; JO Boos [leg.]; MCZ R-126377.

Description of the paratype. This individual is only a head of a small adult male
based on the size of the dorsal spikes. This head presents the typical characteristics of this
taxon: large grey scales on the tubercular nape, black spot between the eye and the tym-
panum, and labial and sublabial scales with black patches on the anterior part. There are
five pairs of scales before the subtympanic plate almost completely black, a black dewlap,
and a flat head with a light snout (photographs by Joseph Martinez, MCZ Harvard).

Type locality. On the Windward side of Saba for the holotype and on Old Road
Bluff, west coast of Montserrat for the paratype (Figs 1, 11).

Description of Iguana melanoderma. Iguana melanoderma is distinguished from
all other iguana lineages by the following combination of characteristics. This descrip-
tion is mainly based on adult iguanas observed in the field with the most developed
diagnostic characteristics.
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Figure 6. Paratype of Iguana melanoderma sp. nov. A Left side view of the head B right side view of the
head. MCZ R 126377 from Montserrat, Old Road Bluff. Museum of Comparative Zoology, Harvard
University. President and Fellows of Harvard College. 1. Black patch between the tympanum and the sub-
tympanic plate. 2. High number of aligned nape tubercles. 3. No horns on the stout. 5. Black spot on the
upper forelimb. 6. Prominent nostrils. 7. Anterior part of the snout, not black. 8. Subtympanic plate with
a dark posterior patch. 9. Black anterior edge of lower sublabial scales. 10. Fewer than 10 triangular gular
spikes extended in the upper part of the lower part of the dewlap. 11. Dewlap entirely black. 12. Lower

sublabial scales arranged in pairs of nearly the same size.

Iguana melanoderma belongs to the Common Green Iguana phenotype (in con-
trast to the lguana delicatissima phenotype) with its large subtympanic plate, the ar-
rangement of sublabial scales, the rectangular shape of the dewlap, the shape and the
distribution of the gular spikes, its flat head, its tubercular nape scales, and its banded
tail (Breuil 2013, 2016). By the absence of horns on the snout, lguana melanoderma
can be distinguished from Iguana rhinolopha and I. iguana insularis, and from I. iguana
sanctaluciae (Fig. 7).

The most distinctive morphological trait of this new taxon is its general color:
adults from Saba and Montserrat iguanas are melanistic. There is a tendency for indi-
viduals to become blacker with age (Fig. 8).

There is always a black spot between the brown to grey-brown eye and the tympa-
num. In fully grown adults, the subtympanic plate is 2 to 2.5 times the height of the
tympanum. Its color varies from light pink to dark pink with a proportion of black
coloration ranging from hardly black to all black. The tympanum can be completely
black. The labial and sublabial scales have the same coloring as the subtympanic plate.
The lower labial scales, anterior to the subtympanic plate, are arranged in 3—5 pairs of
scales of fairly similar size, one in front of the other, and do not form a mosaic of small
scales. The head is usually black on the sides (tympanum, eye, subtympanic and poste-
rior labial and sublabial parts), whereas the snout and the top of the head are light to
dark grey, and in some individuals these parts are nearly entirely black.
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Figure 7. Comparison of morphological features of the head. A Young adult male. 1. Subtympanic plate
with pink in the center. 2. Lower sublabial scales arranged in pairs of nearly identical size. 3. Black anterior
edge of the lower sublabial scales. 4. Black border around the subtympanic plate. 5. Prominent nostrils.
6. Black spot between the eye and the tympanum. 7. Absence of horn and light snout. 8. Dark brown eye.
9. Triangular gular spikes. 10. Fewer than 10 gular spikes extended in the upper part of the lower dewlap.
11. High number of aligned nape tubercles. 12. Prominent light-grey tubercles. 13. Light greyish-green
coloration on the neck. 14. High light-grey dorsal spines. 15. Dewlap half black. 16. Dorsal part of the limb
with light-green scales becoming black with the extension of melanin from the anterior edge to the posterior
edge of the scales. B Old male of lguana melanoderma (Saba). 1. Large all-black subtympanic plate. 2. Ex-
tension of the black pigment on the sublabial scales. 3. Black coloration of the labial and upper sublabial
scales. 4. Black coloration between the tympanum and the subtympanic plate. 6. Extension of the black spot
around the eye and on the posterior labial and sublabial scales.7. Snout turning dark grey. 9, 10. Gular spikes
turning dark grey with extension of black patches. 12. Dark grey nape tubercles. 13. Black coloration on
the neck. 14. Dorsal spikes turning black. 15. Dewlap completely black. 16. Black upper face of the limb.

The dewlap is completely black in adults, as in lguana iguana sanctaluciae (Fig. 7).
The gular spikes are light to dark grey with a variable portion of black. They are flat,
triangular, quite small, and not exceed 10 in number. A variable percentage of the gular
scales on the lower part of the dewlap are pentagonal or hexagonal, and do not overlap.

The dorsal parts of the limbs are more or less black, and the black is more devel-
oped in older individuals extending over the ventral face of the limb. Some specimens
have entirely black head and legs whereas the body is dark green. This body coloration
is the result of a black anterior part and a lighter posterior part of most scales while
some others are black or dark green. The spikes of the dorsal crest range from light to
dark grey; the central part can be black. Some individuals have entirely black dorsal
and caudal crests.
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Figure 8. The dorsal carpet pattern of young adults lguana melanoderma. A Montserrat B Saba. The
dorsal coloration is formed by darker more or less interrupted dorso-ventral bands (brown, dark grey)
on a lighter ground. This pattern disappears in old individuals. The black patch between the eye and the

tympanum is already visible.

The nuptial coloration is present in both sexes, but more vivid and more developed
in males than in females. Breeding adults sometimes become reddish-orange over the
entire body (Powell et al. 2005) and the jowls are pinkish if not too melanistic. They
never become as orange as /. rhinolopha. According to Lazell (1973), in melanistic in-
dividuals, the face, snout, and sometimes the sides are usually purple or brown.
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Figure 9. A Old adult from Montserrat B old adult from Saba. In these old individuals the carpet pat-
tern is absent. The head is almost entirely black, except for the top and the snout. The dewlap, neck, dorsal
spikes, and forelimb are black. Dorsal and lateral coloring is more variable, ranging from entirely black to

a mosaic of black, brown, and dark green scales.

The iguanas from Saba and Montserrat begin their lives with discontinuous light,
medium and dark green dorsolateral bands and patches, some of which are underlined
by white markings without black on the head and limbs. The black spot between the
eye and the tympanum is present in one-year-old individuals, but it is very small and
poorly developed. The proportion of the areas covered by these different green mark-
ings varies in hatchlings. In juveniles and subadults, this pattern then gradually chang-
es to an ornate arrangement, called a carpet pattern by Lazell (1973) which consists of
interrupted bands and patches, green and brown or grey and green, according to the
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skin shade (Fig. 9). This highly disruptive carpet pattern may be the mark of an ancient
adaptation to crypsis. A light carpet pattern, with brown and green, is also sometimes
present in adults. With age, the individuals become darker, causing the carpet pattern
to fade. The granular scales on the body are green, but at their periphery they are black,
and a varying proportion of these scales are completely black. The details and chronol-
ogy of these ontogenetic transformations are unknown.

There are no nasal horns. The tubercular nape scales are numerous, prominent,
ranging from light to dark grey, and are often aligned in many rows. The cheek scales
usually do not overlap.

Montserrat iguanas are similar to those of Saba. Overall, they appear less melanis-
tic, but some individuals are as black as those of Saba. The head appears to be flatter
and more elongated in Montserrat than in Saba, but more data are needed to assess
putative morphological divergence between the two populations.

Biology. In Saba, lguana melanoderma lives on cliffs (Fig. 10), in trees and bushes,
in shrublands, and deciduous woodlands. One of the most striking facts about Saba is
that these iguanas live in a foggy and cool environment up to about 500 m a.s.l. They
sunbathe as soon as the sun rises (Figs 10, 11). The black coloration may be an adapta-
tive trait to help rapidly raise their body temperature in these cool conditions (Breuil
2013, 2016). Hatchlings were observed in June and July.

In Montserrat, lguana melanoderma have been reported in a variety of habitats,
mostly in coastal residential areas. In 1995, before the eruption of the Soufri¢re Hills,
iguanas could be seen in the then capital, Plymouth, along the seawall defenses just
above high tide (M. Morton, personal observation). Blankenship (1990) reported a
preference for ghauts (streams), and the majority of records to date are from locations
near ghauts or rivers (J. Dawson, SL Adams, pers. comm., E. Corry, pers. obs.).

In Montserrat, there are far fewer records from mesic forest (Hamilton et al. 2008)
from the Centre. The highest elevation for iguana sightings has been cited as ca. 400 m
a.s.l. (G. Garcia pers. comm). However, this may reflect a bias towards areas where peo-
ple spend the most time. Fewer people visit the forests, and far fewer people travel to the
east of the island after the eruption. That being said, Daltry (1995) reported a negative
association between iguana sightings and the elevation of the study plot (P < 0.0023).

According to Blankenship (1990), Montserrat iguanas breed from late February,
when nest digging begins, until the emergence of hatchlings in July and August. Clutch
sizes range from 15 to 30 (Blankenship 1990). Observations after 1995, i.e., after the
start of the last eruptions cycle of the Soufriére Hills, indicate that nesting has continued
at these times of the year; egg-laying was recorded in March and April (E. Corry, M.
Morton, personal observations). In April 2008, one female was observed nesting in sand
at Iles Bay, an area of recent lahar deposits at the mouth of the Belham River, as well
as higher up in this now subterranean stream (E. Corry; M. Morton, personal observa-
tions). This is consistent with Blankenship (1990), who stated that they nest in loose soil.

Distribution. The volcanic island of Montserrat is 102 km?. In 1995, the dormant
volcano of the Soufriere Hills became active. Catastrophic eruptions in 1997 rendered
two thirds of the south of the island uninhabitable and led to the creation of an exclusion
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Figure 1 1. A basking Iguana melanoderma optimizing after different trials its warming by a curved posi-

tion when the sun is low on the horizon on the Windward coast of Saba.

zone (Fig. 12A). There are three major mountain ranges with natural vegetation restricted
to small areas on the tops of two. The highest point before the eruption was Chances
Peak, which reached 914 m a.s.l. The subsequent lava dome naturally rises and falls pe-
riodically; its maximum height was 1050 m a.s.l. in 2015. According to Lazell (1973),
in the 1960s, iguanas were locally abundant in southern Montserrat and were present
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Figure 12. Distribution of Iguana melanoderma in Montserrat and Saba. Each square is 2 km along a side.

throughout the lowlands of the island. Steadman et al. (1984) reported that the species
occurs in scattered areas around the island, and is locally common in some places along
the southern coast. According to Reitz (1994), the iguana was not common on the island.

The island of Saba is about 13 km?* and rises to an altitude of 877 m a.s.l. on Mt
Scenery. This peak forms the summit of a dormant 400 ka-year-old volcano (Roobol and
Smith 2004). Saba is surrounded by steep cliffs on all sides. There is no permanent beach
for the laying of iguana eggs as in Martinique around Mt Pelée. Much of the central high-
lands of the island, above 400—500 m, are covered with dense primary and secondary rain-
forests. Rain and moisture from the surrounding clouds bring humidity to the forest. This
pristine habitat thus seems to be incompatible for a permanent presence with the thermal
and solar needs of iguanas, even in the canopy where clouds and mist are often present.

The superposition of the geological map (Roobol and Smith 2004) and the current
vegetation shows that the rainforest is developing on the andesite lava of the recent
central volcano. On the pelean volcanic domes on the periphery of Mount Scenery,
patches of xeric vegetation are found, as on Lower and Upper Hell’s Gate, Level, and
Great Hill. Some hills, such as Old Booby, have little tree vegetation; overgrazing by
goats is responsible for this. Some of the cliffs are made of volcanic tuff which is a
poorly consolidated material that cannot withstand heavy tropical rains and where
trees cannot grow. The vegetation and the climatic conditions, temperature and sun,
therefore seem to restrict the distribution of iguanas and thus their numbers.

As such, the Saban Black Iguana is mainly present on the Windward side, from sea
level to about 500 m a.s.l. (hilltop at the Level 514 m) (Fig. 12B). The main concentra-
tion is found on the slopes of Lower and Upper Hell’s Gate, and on the cliffs of Booby
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Hill. The total range of this taxon is about 5-6 km?. There are also some iguanas at The
Bottom. This locality is located west of Windwardside village, but not in the shadow of
Mt Scenery. For Lazell (1973), in the 1960s, Saba iguanas were common everywhere,
even at 800 m a.s.l. in the rainforest of Mt Scenery.

Discussion

Morphological remarks

In the US Virgin Islands (St. Thomas, St. Croix, St. John) and the British Virgin Islands
(BVI: Tortola) as well as on the coastal islands of Venezuela, and on the coast in the vi-
cinity of Cumana, there are also melanistic iguanas (Lazell 1973; MacLean 1982; Buurt
2005; Falcén et al. 2018), but we found no morphological and color differences from
the melanistic iguanas of Saba-Montserrat. Thus, as a hypothesis, we consider here that
these melanistic iguanas belong to the same lineage as /. melanoderma (see below).

Distribution remarks

Such a discontinuous distribution of this new species is puzzling. It can be explained
by: [1] the natural dispersal from northern Venezuela (mainland and coastal islands)
where iguanas with the same melanistic phenotype are found, as in Margarita, Los
Roques and La Blanquilla, [2] human dispersion by pre-Columbian Indians, [3] re-
cent dispersal by Modern Man, [4] convergent evolution, [5] the regression of a wider
distribution area, or [6] a combination of the previous hypotheses.

To successfully colonize an island, iguanas must first arrive on that island by natural
or human means, occupy an available ecological niche, or if not, be able to successfully
compete with the local species. Based on what we know about the competition between
Iguana delicatissima and Iguana iguana (Breuil 2013, 2016; Vuillaume et al. 2015), it is
likely that Iguana melanoderma first became established in Montserrat-Saba and prevent-
ed the subsequent establishment of lguana delicatissima. We found no evidence of mi-
tochondrial introgression with 1. delicatissima in this new taxon, whereas we discovered
mitochondrial introgression with 1. delicatissima in Iguana iguana sanctaluciae (Breuil et
al. 2019). Vuillaume et al. (2005) found no evidence of introgression with microsatellites
in the Saba population. The possibility of nuclear introgression should be investigated in
Montserrat to test the hypothesis of an ancient presence of 1. delicatissima.

The first iguanas were collected in Saba by E Laglois in 1879 (Garman 1887) and
were housed at the MCZ (Harvard), but they no longer appear to be present accord-
ing to the database of this museum. The first mention of iguanas in Montserrat seems
to be recent, as this species is not mentioned by Dunn (1934) or by Barbour (1937),
although herpetologists, such as Garman (1887), visited the island from where he
described the endemic species Anolis lividus. This does not mean, however, that there
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were no iguanas on this island at that time. The first mention of iguanas in Montserrat
was probably published by Underwood (1962).

Saba and Montserrat are separated by 150 km. Between the two is the Christopher
Bank or St. Kitts Bank (St. Eustatius, St. Kitts, Nevis) which was inhabited in histori-
cal times by Iguana delicatissima perhaps with the exception of St. Kitts (Lazell 1973).
Nowadays, only a small population of Iguana delicatissima is present in St. Eustatius
(Van den Burg et al. 2018b) and St. Kitts and Nevis have no lguana delicatissima. In
this context, the presence of Iguana melanoderma in Saba and Montserrat appears to be
an anomaly in respect to the historical distribution of Iguana delicatissima. This species
has inhabited in historical times, with the exception of these two islands, all islands
from Martinique to Anguilla. This can be explained if lguana delicatissima extended its
geographical range with the help of Amerindians after the arrival of I melanoderma in
Saba and Montserrat.

Steadman et al. (1984), Reitz (1994), and Pregill et al. (1994) reported the pres-
ence in two ceramic assemblages in Montserrat (= 2500 years ago) of Iguana cf. igua-
na bones that were used with other vertebrates as food. In Montserrat, the iguana is
believed to have been introduced by Amerindians (Young and Hilton 2008) while
Underwood (1962) thought it was a recent introduction but at that time no archeo-
zoological iguana remains were known. Edgar (2009) suggested that the population
may be native to Montserrat but that further studies are needed.

In Saba, a pre-ceramic occupation dating from 3300 BP with dense midden de-
posits, mainly land crabs and birds, located at 400 m a.s.l., in the tropical forest, was
studied by Hofman and Hoogland (2003), but did not reveal any iguana remains. For
these authors, the use of these limited food resources and the nature of the tools suggest
a temporary seasonal occupation. Other Amerindian sites on Saba are dated between
400 and 1400 AD, with a major occupation period between (800—1400 AD) (Hofman
and Hoogland 2003). These latter coastal archeological sites contain lguana iguana
bones (Hofman and Hoogland 1991), but it appears that this attribution is based only
on the fact that lguana iguana is the species present today on this island.

The similarity in morphology and coloration of these two populations (Breuil
2013, 2016) and their genetic homogeneity with respect to the ND4-Leu sequence
and microsatellites suggest that an introduction from Saba to Montserrat or vice versa
during the Amerindian period is a viable hypothesis. Our results clearly show that this
Montserrat iguana belongs to the same group as Saba. The iguana bones in the Saba
and Montserrat refuse middens strongly indicate that, while the attribution of bones
to Iguana iguana by Hofman and Hoogland (1991) is correct with respect to delicatis-
sima, Iguana cf. melanoderma is associated with Amerindians artifacts. However, this
does not exclude the possibility of natural and/or Amerindian introductions from the
eastern coastal region of Venezuela.

According to Schmidt and Inger (1957): “The common iguana, lguana iguana, is
apparently a recent immigrant to the southern Lesser Antilles and the Virgin Islands
from northern South America, and has driven out the native rock iguana (genus Cy-
clura...) from these islands”. Platenberg and Boulon (2006) suggested that this species
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was introduced to the latter islands by the pre-Colombian Indians, possibly to replace
the native rock iguana as a food source, although it may also have floated or rafted
there. According to Mayer (2012), all lguana iguana present in the Virgin Islands
were introduced. Recent introductions of iguanas from the pet trade into the USVI
may have occurred from different locations (Falcén et al. 2013). According to Falc6n
et al. (2018), haplotypes of Caribbean iguanas were found on the islands of Vieques
(Puerto Rico Bank) and St. Croix (USVI). These authors also found that all individuals
from St. Thomas (USVI) with the melanistic phenotype shared haplotypes found in
iguanas native to two Caribbean Islands not mentioned in their study. These prelimi-
nary genetic data concerning the melanistic iguanas of the Virgin Islands and Puerto
Rico Bank and their morphology, which is indistinguishable from the iguanas of Saba-
Montserrat, suggest that these melanistic iguanas belong to I melanoderma. Genetic
studies with microsatellites for these populations are urgently needed to answer this
question in view of the presence of invasive iguanas (lguana iguana iguana, lguana
rhinolopha) on the Virgin Islands and Puerto Rico Bank.

The Pleistocene natural deposits of Marie-Galante do not contain the remains of
Iguana delicatissima nor Iguana ignana while many other reptiles, now extinct, are pre-
sent. lguana delicatissima appears on this island with Amerindians artifacts that suggest
human introduction (Grouard 2001; Bochaton et al. 2015). The current distribution
of I delicatissima is thus a mixture of natural colonization and Amerindian introduc-
tions as it is now demonstrated.

Based on our data and those of Stephen et al. (2013), we propose that the origin of
these insular populations with the black phenotype results from a first colonization from
coastal Venezuela (Cumana area) and the Venezuelan continental islands such as Marga-
rita, Los Roques or La Blanquilla where melanistic iguanas are present to Saba or Mont-
serrat. A pre-Columbian colonization from one of these two islands to the other may have
followed, and a third colonization towards the Puerto Rico Bank and St. Croix Bank. The
original differentiation leading to this black phenotype and genetic differentiation may
have taken place in the Cumana region. The colonization of Saba-Montserrat and the
Puerto Rico Bank, Virgin Islands, and St. Croix Bank, with little or no divergence, may
be the consequence of multiple, diachronic, Amerindians or recent colonization events.

Phylogeographic remarks

Stephen et al. (2013) suggested that there were two natural dispersal events in the Less-
er Antilles. The older one gave birth to the population of St. Lucia which is the most
differentiated and is now considered as a subspecies /. iguana sanctaluciae (Breuil et al.
2019), and the most recent event to the Saba-Montserrat population, less differentiated
from the Venezuela population, considered here as 1. melanoderma. The phylogeny of
Stephen et al. (2013) proposed the existence of three lineages in the Common Green
Iguana. The deepest and therefore the oldest is represented by the Curagao population
which, in this context, warrants a specific status. The intermediate lineage is represent-
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ed by the Central American clade and the most recent is the South American lineage to
which the insular populations of St. Lucia-Grenadines and Saba-Montserrat-Venezuela
belong. Breuil (2013, 2016) proposed to consider the Central American iguana clade as
Iguana iguana rhinolopha and the South America clade as Iguana iguana iguana. Breuil
etal. (2019) upgraded these two subspecies to the species level.

The five differences (5/818 = 0,6 %) between the haplotype (HM352505) of Saba-
Montserrat and the haplotype of Venezuela (HM352501) suggest differentiation, with
a genetic divergence, approximated by a molecular clock of 1.29 million years for every
1% sequence divergence, at the ND4-Leu Locus (Malone et al. 2000), of ka. How-
ever, if the dark coloration of 1. melanoderma is an adapration to the cold environment
of Saba, we have no parsimonious explanation for the presence of melanistic iguanas
in northeastern Venezuela, and on the St. Croix and Puerto Rico Banks, except a very
recent diaspora in a context where this black coloration does not show any loss of fit-
ness in a very safe and protective environment.

Hap_4 (GB HM352505), the most common haplotype, is shared by these two
insular populations, but Saba also has its own haplotype (Hap_5) (Fig. 4). This most
common haplotype is, according to Falcon et al. (2018), also present in the Puerto
Rico Bank. This is a strong argument in favor of a recent diaspora of this melanistic
iguana throughout the Caribbean Region. A similar situation was found in Leptodacty-
lus fallax where no genetic differences were found between the Montserrat population
and the Dominican population (Hedges and Heinicke 2007). These authors suggested
that Amerindians were responsible for this distribution pattern even though it had
been present in the past in St. Kitts, Martinique, and St. Lucia (Lescure 2000).

Montserrat consists of three major volcanic centers: to the north are the heavily
eroded Silver Hills (ca. 2.6-1.2 Ma); in the center are the Centre Hills (ca. 950—
550 ka), also extinct and crossed by deep erosive canyons; and to the south is the massif
comprising the South Soufriére Hills (ca. 135-125 ka) and the Soufriére Hills (ca. 170
ky to present) (Harford et al. 2002). Based on geographical distance and age, Montser-
rat is a better candidate for first natural colonization by propagules from Venezuela.
Montserrat is located 150 km southeast of Saba.

Saba’s oldest rocks are about 400 ky years but most of the volcanic deposits were
produced in the last 70,000 years and have increased the size of the island on the edge
of Mt Scenery. The last eruption is dated to 280 years BP and covers Amerindian ar-
tifacts but underlies those of the European settlers who colonized the island in 1640.
European settlers may have been attracted to the island because of the presence of
grassland instead of tropical rainforest caused by an eruption shortly before European
settlement (Roobol and Smith 2004). Under these conditions, a recent major bottle-
neck may have occurred in the iguana population.

A bottleneck hypothesis and/or founder effect to explain the low genetic diversity
of these insular iguanas is congruent with the fact that of the 16 common microsatellite
loci used in this study, 9 are monomorphic in Saba while 8 are monomorphic in Mont-
serrat with twice as many individuals. For example, the lguana delicatissima population
of Petite Terre (Guadeloupian Archipelago) has 8/15 monomorphic microsatellite loci
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and the Chancel Islet population 6/15. In both populations, serious bottlenecks have
recently occurred (Breuil 2002; 2009). Indeed, this panel of microsatellite molecular
markers revealed high polymorphism in all the other common iguana populations
studied by Valette et al. (2013) and Vuillaume et al. (2015).

Results based on microsatellite markers revealed a higher level of genetic diver-
sity in Montserrat iguanas than in Saba iguanas. Montserrat iguanas show a genetic
signature close to that of iguanas from French Guiana (Fig. 2). However, this did not
appear to be the result of hybridization between two populations as several alleles are
also present in the Central and South American clade populations (unpublished data).
This should be investigated in a further study of the Montserrat population to check
for the presence of exotic iguanas.

Taxonomic remarks

According to Miralles et al. (2017), in their review of the taxonomic revision of Ambly-
rhynchus cristatus, there is no objective definition of subspecies, but for these authors,
the subspecies rank is useful to refer to distinct population-level units that have not at-
tained independent evolutionary lineage status, and so do not meet the species criteria.
These authors thus described five new subspecies of Amblyrhynchus cristatus based on
morphology, mitochondrial DNA, and microsatellite clusters as we did in this study.
Most of their subspecies live on a single island, while two of them live on two islands
and one island has two subspecies.

Breuil et al. (2019) discussed the arguments for naming the St. Lucia and Grenadines
populations as one subspecies or a new species with two subspecies. The choice was made to
adopt the most conservative solution for this emblematic species. The difficulty lies mainly
in the different concepts used to distinguish between the species and subspecies categories
(Torstrom et al. 2014). Hybridization is known between the endemic iguanas of the Lesser
Antilles and the two invasive lineages i.e., lguana iguana and Iguana rhinolopha (Breuil
2013, 2016; Vuillaume et al. 2015) and now with the Curacao lineage in Saint Maarten
(Van den Burg et al. 2018a, 2018b). In addition, hybridization has recently occurred be-
tween endemic Cyclura nubila and Ilguana iguana (Moss et al. 2018). In this context, it is
clear that there are no intrinsic barriers to the reproduction among all the clades of lguana
identified first by Malone et al. (2000) and their subsequent work (Stephen et al. 2013). We
chose to recognize these melanistic iguanas at the species level, integrating the source popu-
lation of Venezuela and making it fit the criterion of an independent evolutionary unit.

For example, Cyclura nubila nubila differs by less than 1% from the ND4 sequence
of C. nubila caymanensis . The same level of divergence is also found between C. cychlura
cychlura and C. cychlura inornata which are considered valid subspecies (Malone and
Davis 2004). With 1.47 % (12/818) difference between the two haplotypes (JQ340913,
JQ340914) from Brazil and the two haplotypes from Saba-Montserrat (HM352505)
and Venezuela (HM352501), the differences are greater than in these Cyc/ura subspecies.
Powell and Henderson (2005), Powell et al. (2005), Powell (2006), and Henderson and
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Powell (2009) suggested that the Saba and Montserrat populations (and possibly the
historical population on St. Croix) may warrant designation as a separate species from
the Common Green Iguana found elsewhere. We follow their recommendations here.

According to Stephen et al. (2013), the Central American clade (Mexico to northern
Panama) is distinct from the South American clade and suggests the presence of cryptic
species. The difficulty with naming these two clades is that many authors, such as Lazell
(1973) or Stephen et al. (2013) considered that the only morphological distinction be-
tween these two clades is “enlarged tubercle scales on the snout” (i.e., horns). Breuil (2013;
2016) demonstrated that there are many morphological differences between these clades
and that, in addition, the horns of iguanas of the southern group of Lesser Antilles are
different from the horns of rhinolopha from Central America. Even if some populations or
some individuals in some Central American populations have only small or no horns at
all, this does not change the taxonomic issue. The first Central American iguanas in Mexi-
co were described as a full species, lguana rhinolopha, which clearly belongs to the Central
American clade. This name should therefore be used for the Central American clade from
Mexico to northern Panama, called number III by Stephen et al. (2013) (Fig. 3).

Clade II of (Stephen et al. 2013) comprises subclade Ila, called north west of An-
des, which contains iguanas from Columbia, Peru and Ecuador, whereas subclade IIb,
called south east of Andes, includes iguanas from Venezuela, Suriname, Brazil, and the
Lesser Antilles (Saba, Montserrat, St. Lucia). According to our results, in our working
region, we have the choice to consider that we have one species (lguana iguana) with
three subspecies (iguana, sanctaluciae, insularis), and Iguana melanoderma as another
species, with the following distribution:

*  Iguana iguana iguana (French Guiana and Brazil);

*  Iguana iguana sanctaluciae (St. Lucia);

*  lguana iguana insularis (St. Vincent and Grenadines);

*  Iguana melanoderma (north-eastern Venezuela, Venezuelan coastal islands, Saba-
Montserrat Puerto Rico Bank, Virgin Islands, St. Croix Bank).

According to Stephen et al. (2013), populations in Brazil, Suriname and Venezuela
have the same unique PAC haplotype (JN811116) as the Saba-Montserrat iguanas (23
iguanas), which is different from the haplotypes found in clades IIb and III. The single
PAC haplotype identified in Saint Lucia (also present in the Grenadines populations,
unpublished results) is a synapomorphy of the iguanas of this southern group. So, we
have now recognized one new species, lguana insularis, with two subspecies:

*  Iguana insularis insularis comb. nov. of the Grenada Bank (including the Grenadines);
* and lguana insularis sanctaluciae comb. nov. from Saint Lucia.

Naming species and subspecies in the South American clade has not resolved phy-
logenetic relationships with continental iguanas. For example, the formation of the
Isthmus of Panama which was previously thought to be 2.5 My old (Iturralde-Vinent
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2006) may be more than 10 My older (Montes et al. 2015). This new dating chal-
lenges the age of the first colonization of Central America by ancestral iguanas. Our
taxonomic proposal simply reflects the morphological and genetic originalities of the
endemic insular horned iguanas of the southern Antilles and the melanistic iguanas of
the northern Antilles, regardless of changes in the original natural distribution area. The
characterization of all these insular endemic taxa provides a solid basis for conservation.

Conservation implications

The description of Iguana melanoderma, with its morphological and genetic diagnostic
characteristics, will enable conservationists to differentiate between endemic and exotic
iguanas. For example, the IUCN Red List (Bock et al. 2018) considered the Com-
mon Green Iguana, lguana iguana, o be of “Least Concern” but failed to differentiate
between populations that do not have the same threat levels. With our taxonomic
proposal, these endemic insular populations will be considered as a conservation unit
with their own assessments.

As the range of invasive iguanas increases worldwide (Falcén et al. 2013), and
mainly in the Caribbean (Powell et al. 2011; van den Burg et al. 2018a, 2018b), the
probability of invasive iguanas arriving on Saba increases with trade, travel, and tour-
ism on St. Maarten (Yokoyama 2012), another Dutch island 45 km north of Saba. It
is thus necessary to conserve these original populations and to be able to differentiate
them from invasive iguanas of different lineages.

The Saba Conservation Foundation (SCF) is responsible for nature management
on the island for the local government and runs programs for the Saban Black Iguana
by reducing defoliation by goats through the restriction of the number of free-ranging
domestic animals (Powell et al. 2005). As a seed dispersing animal, this taxon contrib-
utes to the recolonization of landscapes after human, animal or natural destruction.

We found no evidence of genetic introgression in the Saban Black Iguana popula-
tion; the samples studied for genetic analysis, collected in 2011, have all the character-
istics of this new taxon. However, according to a photograph published in the book by
Powell et al. (2005) (fig. 92), but not taken by these authors, invasive iguanas could be
(or could have been) present in Saba, unless the locality of the photograph is in error.

Moreover, it is clear from the Google photographs of iguanas taken in the Virgin
Islands that the invasive iguana (lguana rhinolopha) is also present and hybridization is
occurring as shown by the presence of intermediate phenotypes in these islands and by
genetic data (Falc6n et al. 2018). The same holds true for Margarita Island (Venezuela).

Iguana iguana is listed in CITES Appendix II, but export quotas exist for many
countries for pet trade and products (leather, meat). No distinction is made between
native and introduced populations, or between continental and insular populations
(Powell and Henderson 2007). With regard to its endemicity [1], the small size of
these islands (Saba: 13 km?, Montserrat: 100 km?) [2], that this new taxon occupies
less than half of Saba and occupied less than 10 % of Montserrat before the eruption of
the Soufriere Hills in 1995 [3], that the total effective population of this species in Saba
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and Montserrat could be around 400 adults [4], that there is a pressure on the biotope
[5], that hunting is rare but present [6], that dogs and cats, as well as motor vehicles,
kill iguanas [7], and that the invasive iguanas could arrive soon [8], this new taxon is,
based on IUCN criteria, critically endangered on the islands of Saba and Montserrat.

Priority actions for the conservation of the species lguana melanoderma are bios-
ecurity [1], minimization of hunting [2], and habitat conservation [3]. The maritime
and airport authorities of both islands must be vigilant about the movements of igua-
nas, or their sub-products, in either direction, even if the animals remain within the
same nation’s territory. Capacity-building and awareness-raising should strengthen the
islands” biosecurity system and could enhance pride in this flagship species.

Key stakeholders in conservation efforts are the Dutch Caribbean Nature Alliance
(DCNA), the Saba Conservation Foundation (SCF), the Montserrat National Trust
(MNT) and the UK Overseas Territories Conservation Forum (UKOTCF).

The DCNA is already involved in the conservation of lguana delicatissima on St
Eustatius'. The MNT is implementing a project funded by the Darwin Initiative en-
titled “Adopt a Home for Wildlife”, which can also be harnessed for iguana conser-
vation. MNT and UKOTCEF suggested the following priority actions for the native
iguana: preparation of an inventory, including a survey of the geographical distribution
and ecology of the taxon, assessment of conservation status and regular monitoring, as
well as habitat mapping and assessment of conservation purposes. The listing of Fox’s
Bay Bird Sanctuary as a Ramsar Site was also recommended?®.

In conclusion, the pioneering work of Malone et al. (2000) and her subsequent
works (Malone and Davis 2004; Stephen et al. 2013), followed by those of Breuil (2013,
2016), Vuillaume et al. (2015), and Breuil et al. (2019) clearly demonstrated that there
are morphological, mitochondrial, and nuclear divergences between what was consid-
ered to be a single species, lguana iguana. Thus, different clades have been identified ge-
netically and morphologically without naming them. These diagnosable insular entities
are here considered to form two new species: Iguana melanoderma and Ilguana insularis.
Southeastern Andes populations are considered to be Iguana iguana and populations in
the northern Isthmus of Panama are considered to be Iguana rhinolopha. Morphologi-
cal, genetic, ecological, and ethological studies are needed to characterize and name all
lineages not included in these four recognized species. Our work provides the tools for a
better protection of these insular flagship species, mainly against alien iguanas.
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Abstract

Cyrtodactylus phnomchiensis sp. nov. is described from Phnom Chi, an isolated mountain in Prey Lang
Wildlife Sanctuary, Kampong Thom Province, Cambodia. The new species is recognized by having a
unique combination of morphological characters, including snout-vent length 76.1-80.7 mm; paraverte-
bral tubercles 31-36; ventral scales 45-54; enlarged femoral scales 08, without pores; enlarged precloacal
scales 7—10, bearing pores 4—5 in males, pits 1-7 in females; the posterior border of nuchal loop unbroken
and pointed, bordered anteriorly and posteriotly by a broad yellow or yellowish white band; and yellow
spots on top of head. The new species also represents a divergent mitochondrial DNA lineage within the
C. irregularis complex that is closely related to C. ziegleri, but the phylogenetic relationships among the
new species and two divergent mitochondrial subclades within C. ziegleri are not resolved based on avail-
able sequence data. Cyrrodactylus phnomchiensis sp. nov. is the only member of the C. irregularis complex
known to occur west of the Mekong River. The new species may be endemic to Phnom Chi, and likely
faces imminent conservation threats.
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Introduction

Bent-toed Geckos of the genus Gyrrodactylus Gray are one of the most species-diverse gen-
era of gekkonid lizards, with 292 recognized species (Uetz et al. 2020). Much of the diversi-
ty within Cyrtodactylus has been described only during the past decade and from mainland
Southeast Asia (Brennan et al. 2017; Uetz et al. 2020), and many of these newly-recognized
species are thought to be highly localized with extremely narrow geographic ranges (e.g.,
Nazarov et al. 2012; Luu et al. 2016; Grismer et al. 2017; Murdoch et al. 2019).

Cyrtodactylus irregularis (Smith, 1921) was originally described from the Lang-
bian Plateau near Da Lat, southern Vietnam. For nearly a century, C. irregularis was
treated as a single, geographically widespread, but morphologically variable species.
Recent taxonomic studies on variation in morphology and, usually, the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene (Brennan et al. 2017) have revealed that
C. irregularis actually represents a complex of at least 19 species distributed in south-
ern and central Vietnam, eastern Cambodia, and southern Laos (Nguyen et al. 2013,
2017; Pauwels et al. 2018). These include 18 named species from Vietnam recognized
by Pauwels et al. (2018), as well as C. buchardi David, Teynie & Obhler, 2004 from
southern Laos, a species that has been hypothesized to be a member of this complex
(Ngo and Chan 2010; Nguyen et al. 2013, 2017) but that remains phylogenetically
untested owing to lack of molecular data. The monophyly of the C. irregularis group
has been demonstrated by phylogenetic analysis of the COI gene from most of the
species in the complex (Nazarov et al. 2012; Nguyen et al. 2013, 2014, 2017; Luu et
al. 2017; Schneider et al. 2014).

During field surveys by Wild Earth Allies in June—July 2019, five specimens of
the C. irregularis complex were collected in Cambodia on the western side of the Me-
kong River at Phnom Chi (Mountain) in Prey Lang Wildlife Sanctuary, Kampong
Thom Province. Herein, we investigate the taxonomic status of the Phnom Chi speci-
mens through comparisons of morphological and mitochondrial DNA data with other
members of the C. irregularis complex.

Materials and methods

Sampling

Field work was conducted both day and night to search microhabitats for amphibians and
reptiles at Phnom Chi. Specimens were collected by hand and kept overnight in individ-
ual plastic or cloth bags for photographing the following day. Specimens were euthanized
by cardiac injection of high concentration of tricaine methanesulfonate (MS-222) and
fixed in 10% formalin after preserving liver tissue in 20% DMSO-salt saturated storage
buffer. After a minimum of three days of formalin-fixation, the specimens were soaked
in water for six hours to remove formalin, and transferred to 70% ethanol for permanent
storage. Specimens were deposited in the herpetological collection at the Centre for Bio-
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diversity Conservation, Royal University of Phnom Penh, Cambodia (CBC). Compara-
tive data were taken from original species descriptions and the expanded descriptions of
C. irregularis by Nazarov et al. (2008) and C. buchardi by Teynie and David (2010).

Morphological analyses

Morphometric and meristic characters were measured and counted using a Nikon
SMZ 645 dissecting microscope. Measurements were taken by hand with digital cali-
pers to the nearest 0.1 mm (ratios calculated to 0.001). Measured characters were:

AG
CrusL
EarDH
EarDV
END
ESD
EyeD
Eye-EarD
ForeL
HeadD
HeadL
HeadW
10D
IND
SVL

TaL
TaW

Axilla-groin distance, measured from the posterior margin of forelimb at
its insertion point on the body to the anterior margin of hind limb at its
insertion point on the body;

Crus length, measured from the knee to the base of the heel;

Ear diameter in horizontal distance, measured as the horizontal distance
between anterior and posterior margins of the ear opening;

Ear diameter in vertical distance, measured as the vertical distance be-
tween dorsal and ventral margins of the ear opening;

Eye-nostril distance, measured from the anterior margin of eye to the
posterior margin of nostril;

Eye-snout distance, measured from the anterior margin of eye to the tip
of snout;

Eye diameter, measured as the horizontal distance from the anterior to
the posterior margins of the eyeball;

Eye-ear distance, measured from the posterior margin of eye to the ante-
rior margin of ear opening;

Forearm length, measured from the posterior margin of elbow while
flexed 90° to the wrist inflection;

Head depth, measured as the maximum depth of head from the occiput
to the throat;

Head length, measured from the tip of snout to the posterior margin of
the retroarticular process of the lower jaw;

Head width, measured as the maximum head width at the corners of the
jaws;

Interorbital distance, measured as the shortest distance between the ante-
rior corners of the eyes;

Internarial distance, measured as the shortest distance between the
nostrils;

Snout to vent length, measured from the tip of the snout to the vent;
Tail length, measured from the vent to the tip of the tail;

Tail width, measured at the base of the tail immediately posterior to the
post-cloacal swelling.
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Scale counts are reported in right and left (R, L) order. The presence, absence and/
or numbers of the following characters were recorded:

EFS Enlarged femoral scales;

EPrecS Enlarged precloacal scales;

FP Femoral pores;

InL Infralabials, counted as the number of scales from the first lower labial
scale immediately posterior to mental to the last scale below posterior
edge of the eyeball;

LDRT Longitudinal dorsal rows of enlarged tubercles, counted as the number of
tubercles transversely across the dorsum between ventrolateral folds;

PrecG Precloacal groove;

PrecP Precloacal pores;

PostPSR  Post precloacal scale rows;

PostSP Post cloacal spur;

PVT Paravertebral tubercles, counted as the number of enlarged tubercles in a

straight line between limb insertions left of the vertebral column;

SDLF4 Subdigital lamellae beneath fourth finger, counted as the number of both
expanded proximal subdigital lamellae from the base to the largest scale
on the digital inflection, and unmodified distal lamellae beneath fourth
finger to the claw sheath;

SDIT4 Subdigital lamellae on fourth toe, counted as the number of expanded
proximal subdigital lamellae from the base to the largest scale on digital
inflection and unmodified distal subdigital lamellae beneath fourth toe to
the claw sheath;

SL Supralabials, counted as the number of scales from the first upper labial
scale immediately posterior to rostral to the last scale below posterior
edge of the eyeball;

VS Ventral scales, counted as the number of scales transversely across the

ventral surface at midbody between ventrolateral folds.

Molecular analyses

Total genomic DNA was extracted from preserved liver tissue of two Phnom Chi speci-
mens (CBC 03003-04) using the DNeasy Blood and Tissue Kit (Qiagen). A 658 bp
fragment of mitochondrial (mt) DNA that encodes part of the COI gene was ampli-
fied in a 25 ul reaction by the polymerase chain reaction (PCR; 35 cycles of 95° 30s,
53 °C 40s, 72° 90s) and sequenced using the primers VF1d and VR1d (Ivanova et
al. 2006). PCR products were cleaned using ExoSAP-IT (Applied Biosystems) and
sequenced in both directions by direct double strand cycle sequencing using the Big-
Dye Terminator version 3.1 Cycle Sequencing Kit on a 3130 DNA Analyzer (Applied
Biosystems). Sequences were edited with Sequencher version 5.4.6 (Gene Codes) and
deposited in GenBank under accession numbers MT066405-MT066406.
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All available Cyrtodactylus COI sequences (7 = 453), and the outgroup Hemidactylus
frenatus (GenBank accession GQ245970), were downloaded from GenBank on 1 Octo-
ber 2019. The downloaded sequences were aligned and visually inspected in Sequencher
to ensure that insertion-deletions did not disrupt the coding region. Preliminary phy-
logenetic analysis (not shown) was performed on the alignment under the parsimony
criterion using a heuristic search with equal weighting of nucleotide substitutions in
PAUP* version 4.0a165 (Swofford 2003). Those Cyrtodactylus sequences that clustered
in the clades around the Phnom Chi samples (= C. irregularis group) in a strict consen-
sus of the equally most parsimonious trees were retained in the alignment. Exemplar
sequences of other major clades were also retained to represent known phylogenetic di-
versity within Cyrtodactylus, including C. auribalteatus (GenBank accession AP018116),
C. badenensis (KF929505), C. chanhomeae (IMF169908), C. condorensis (MF169910),
C. interdigitalis (MF169919), C. intermedius (MF169920), C. jellesmae (MF169923),
C. peguensis (AP018114), C. russelli (MF169938), and C. thirakhupti (AP018115).

The resulting pruned COI alignment contained 270 taxa and 717 characters,
with no insertion-deletions. The alignment was partitioned by codon position, and
the best-fit partitioning scheme and models of sequence evolution were selected using
PartitionFinder 2 (Lanfear et al. 2017). Two partitions were selected, with the first and
second codon positions merged into a single partition under the model TVM+I+G,
and the third codon position under the model GTR+G. Four independent partitioned
Bayesian analyses were performed using MrBayes 3.2.7a (Ronquist et al. 2012) on the
Cyberinfrastructure for Phylogenetic Research (CIPRES) Science Gateway version 3.3
(Miller et al. 2010). In each analysis, four chains were run for 20 million generations
using the default priors, the chain temperature was set to 0.1, trees were sampled every
4,000 generations, and the first 25% of trees were discarded as ‘burn-in’. The resulting
trace plots were viewed using Tracer v.1.7 (Rambaut et al. 2018). A 50% majority-rule
consensus of the post burn-in trees was constructed to calculate the posterior prob-
abilities of nodes. Nodes with posterior probabilities > 0.95 were considered to be
statistically supported. Uncorrected pairwise distances were calculated using PAUP*
version 4.0a165 (Swofford 2003).

Results

Morphological analyses

The Phnom Chi specimens could not be referred to any other named members of the
C. irregularis complex owing to having a unique combination of morphological char-
acters. These characters included body size such as having a relatively long body and
tibia; scalation, such as the number of subdigital lamellac under the fourth finger and
fourth toe, number of longitudinal dorsal and paravertebral rows of tubercles, number
of ventral scales, number of enlarged precloacal scales and associated pores (in males)
and pits (in females), absence of pores in their enlarged femoral scales, and size of the
median subcaudal scale rows from other species in the complex; and pattern and col-
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Figure 1. Map illustrating (1) the type locality of Cyrtodactylus phnomchiensis sp. nov. at Prey Lang Wild-
life Sanctuary, Kampong Thom Province, Cambodia; (2) the type locality of C. ziegleri at Chu Yang Sin Na-
tional Park, Dak Lak Province, Vietnam (Nazarov et al. 2008); (3) the second known locality of C. ziegleri
at Nam Nung Nature Reserve, Dak Nong Province, Vietnam (Nguyen et al. 2013); and (4) the type locality
of C. bugiamapensis at Bu Gia Map National Park, Binh Phuoc Province, Vietham (Nazarov et al. 2012).

oration, including an unbroken nuchal loop bordered anteriorly and posteriorly by a
broad yellow or yellowish white band, three or four dark brown body bands, and two
or three yellowish white or light brown body bands, about half the width of the brown
body bands, and yellow spots on top of the head.
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Molecular analyses

The standard deviation of split frequencies among the four Bayesian runs was 0.006260
and the Estimated Sample Sizes (ESS) of parameters were > 1,606, indicating that the
four runs were sufficiently sampled and had converged. The Phnom Chi specimens
represented a distinct mitochondrial lineage that did not match any other named spe-
cies (Fig. 2). The Phnom Chi lineage was recovered with strong support (Bayesian
posterior probability 1.00) to be phylogenetically nested within a clade containing
two mitochondrial subclades of C. ziegleri (subclades Z1 and Z2; Fig. 2), but the
relationships among the Phnom Chi lineage and the two subclades of C. ziegleri were
unresolved, rendering C. ziegleri non-monophyletic (Fig. 2). The clade containing the
Phnom Chi lineage and the two subclades of C. ziegleri was recovered with strong
support (Bayesian posterior probability 1.00) to be sister to C. bugiamapensis (Fig. 2).

The Phnom Chi samples had uncorrected p-distances in COI of 4.3-6.2% from
C. ziegleri (all samples) and 7.0-8.6% from C. bugiamapensis. Cyrtodactylus ziegleri
(all samples) had uncorrected p-distances of 6.7-8.5% from C. bugiamapensis. Cyrto-
dactylus ziegleri subclade Z1 had uncorrected p-distances of 4.7-5.2% from C. ziegleri
subclade Z2.

Species description

On the basis of their distinctiveness in morphology and mitochondrial DNA, includ-
ing from C. ziegleri to which they are phylogenetically related (but exact relationship
unresolved; Fig. 2), and further corroborated by their geographic distance to any other
named members in the complex (and the only member known from west of the Me-
kong River), the Phnom Chi specimens are hypothesized to represent a distinct spe-
cies, described herein as:

Cyrtodactylus phnomchiensis sp. nov.
http://zoobank.org/103B12F4-6D6F-4928-85A5-A927A81225FE
Figures 3—6

Holotype. CBC 03012, adult male (Fig. 3), Cambodia, Kampong Thom Prov-
ince, Sandan District, Phnom Chi, Prey Lang Wildlife Sanctuary, 12°56'11.6"N,
105°39'17.1"E, 237 m elevation, collected on 18 July 2019 by Thy Neang and En E.

Paratypes. All from Cambodia, Kampong Thom Province, Sandan District,
Phnom Chi, Prey Lang Wildlife Sanctuary: CBC 03003, adult male, 12°56'09.2"N,
105°39'12.7"E, 269 m elevation, coll. 13 June 2019 by Thy Neang; CBC 03004, adult
female, 12°56'09.7"N, 105°39'14.4"E, 271 m elevation, coll. 13 June 2019 by Thy
Neang; CBC 03013, adult female, same data as holotype; CBC 03014, adult female,
same data as holotype except 12°56'08.7"N, 105°39'12.6"E, 284 m elevation.
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Figure 2. Upper (A) and lower (B) portions of a fifty percent majority-rule consensus phylogram result-
ing from partitioned Bayesian analysis of 717 aligned characters of the mitochondrial cytochrome ¢ oxidase
subunit I (COI) gene from geckos in the Cyrtodactylus irregularis group. The outgroup Hemidactylus fre-
natus (GenBank accession GQ245970) and exemplars of other Cyrtodactylus clades including C. auribal-
teatus (GenBank accession AP018116), C. badenensis (KF929505), C. chanhomeae (MF169908), C. inter-
digitalis (MF169919), C. intermedius (MF169920), C. jellesmae (MF169923), C. peguensis (AP018114),
C. russelli (MF169938), and C. thirakhupti (AP018115) were also included in the analysis (not shown).
Black circles at nodes indicate Bayesian posterior probabilities = 0.99, and open circles at nodes indicate

Bayesian posterior probabilities > 0.95. Numbers at terminal tips are GenBank accession numbers.
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Figure 3. Gyrrodactylus phnomchiensis sp. nov. in life. A Male holotype CBC 03012 and B female para-
type CBC 03013.

Etymology. The specific epithet is taken from the type locality of Phnom Chi and
the Latin suffix -ensis meaning “originating from.” The specific epithet is masculine in

agreement with the gender of Cyrrodactylus.
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Diagnosis. Cyrrodactylus phnomchiensis sp. nov. is distinguished from the 19 other
named species in the C. irregularis group (Ngo and Chan 2010; Nguyen et al. 2013,
2017; Pauwels et al. 2018) by having the combination of SVL 76.1-80.7 mm; rela-
tively long body, AG/SVL 0.451-0.481; relatively long tibia, CrusL/SVL 0.172-0.200;
subdigital lamellae on fourth finger 18-20; subdigital lamellae on fourth toe 20-23;
longitudinal dorsal rows of tubercles 18—20; paravertebral rows of tubercles 31-36; ven-
tral scales 45-54; enlarged femoral scales 0—8, without pores; enlarged precloacal scales
7-10, bearing pores 4 or 5 in males, pits 1-7 in females; precloacal groove absent; me-
dian row of transverse subcaudal scales only slightly enlarged; posterior border of nuchal
loop unbroken and pointed, bordered anteriorly and posteriorly by broad yellow or yel-
lowish white band; dark brown body bands 3 or 4, the first intact, the second, third and
fourth more irregular, alternating with two or three yellowish white or light brown body
bands, about half the width of dark brown body bands; and yellow spots on top of head.

Description of holotype. Adult male with SVL 76.1 mm; head slightly elongate,
HeadL 22.1 mm, about 30% of SVL, moderately widened, HeadW 14.1 mm, Head W/
HeadL 0.64, slightly depressed, HeadD 9.4 mm, HeadD/HeadL 0.43, distinct from
neck, triangular in dorsal profile; snout rather elongated, rounded in rostral region,
ESD 9.0 mm, slightly less than HeadD, ESD/HeadL 0.41, frontonasal region flat-
tened, prefrontal region slightly concave, forming elongated medial rostral groove, can-
thus rostralis flattened, slightly angled between loreal region and rostral groove; lores
posterior to nostrals depressed, anterior to orbit flattened; eye large, eyeball rounded,
slightly protruding, EyeD 5.1 mm, shorter than the distance between eye and ear,
Eye-EarD 5.7 mm, pupil vertical, covered by crenellate supraciliaries; ear opening oval,
deeply sunk, rather small, elongated in oblique position, EarDV 1.2 mm, almost twice
longer than its diameter in horizontal position, EarDH 0.7 mm; rostral large, subrec-
tangular, height 1.9 mm, shorter than its width 3.6 mm, medially divided dorsally by a
suture, reaching to about half way of rostral height, in contact with 1 SL and nostrils
laterally, supranasals and internasal dorsally (Fig. 4); nostrils pieced at anterior angle
of snout, directed lateroposteriorly, surrounded by rostral anteriorly, 1** SL ventrally,
supranasals dorsally, and three small postnasal scales; internarial distance narrow, IND
2.9 mm; supranasals subrectangular, separated by intersupranasal, slightly smaller in
size, in contact with rostral anteriorly, nostrals laterally, four small scales posteriorly;
intersupranasal single, subpentagonal, slightly protruding rostral, in contact with two
small scales posteriorly; interorbital rather narrow, IOD 5.5 mm, longer than EyeD,
slightly shorter than Eye-EarD 5.7 mm; supralabials (12R, 13L), subrectangular anteri-
orly, circular shape posteriorly, anterior SL separated from small scales on loreal region
by row of slightly enlarged scales; infralabials (9R, 9L), larger than SL, first InL bor-
dered by mental anteriorly, first postmental ventrally, second InL bordered by second
enlarged postmental, enlarged chin shield scale ventrally, 3-7" InL bordered by a row
of slightly enlarged chin shield scales ventrally; mental large, triangular, width 3.3 mm
in width, 2.3 mm in length, in contact with first InL laterally, two pairs postmentals
posteriorly; the first pair largest, subrectangular, in broad contact medially, second pair
enlarged, half the size of the first pair, separated by four smaller gular scales medially, in
contact with smaller scales posteriorly (Fig. 4). Scales on frontonasal, prefrontal, loreal
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Figure 4. Head of male holotype CBC 03012 of Cyrtodactylus phnomchiensis sp. nov. in preservative.
A Dorsal view illustrating the rostral, supranasal and internsupranasal scales B ventral view illustrating

the mental and postmental scales.



New Cyrtodactylus from Cambodia 145

regions small, almost homogenous, slightly larger than those on top of head; scales on
occiput intermixed with scattered larger, more rounded, conical tubercles, more promi-
nent tubercles on region between orbit and area above ear opening, a noticeably larger
tubercle (compared to those surrounding) at the corner of jaw.

Body slightly slender, AG 36.6 mm, nearly half SVL, AG/SVL 0.481 with well-
defined narrow vertebral furrow posteriorly; scales on dorsum small, mostly homog-
enous, granular, interspersed with larger, low, weakly keeled, irregularly arranged, tu-
bercles; longitudinal dorsal rows of enlarged tubercles approximately 18; paravertebral
tubercles 32; tubercles on nape within dark brown nuchal loop, anterior dorsal surface
at level above shoulder smaller, more rounded, sparser than those on mid-dorsum and
posterior dorsal surface, more prominent, being denser, weekly keeled, more regularly
arranged on sacral and tail base region; tubercles on lateral body sparsely; ventral scales
small, not imbricate, those near midline larger than lateral and dorsal scales; scales on
throat and gular region the smallest; faint ventrolateral folds with few emerged tuber-
cles; ventral scales at midbody between ventrolateral folds 47; precloacal region mod-
erately enlarged, a few rows of enlarged precloacal non-pore bearing scales anterior to
pore bearing precloacal scales; enlarged precloacal scales 7, in angular series, bearing 5
pores, terminal scale on each side poreless; post precloacal scale rows 3, the first row im-
mediately posterior to enlarged precloacal pore-bearing scales with six scales in angular
series, the second row with four scales in angular series, the third row with three scale
in straight line, the medial scale largest; femoral scales slightly enlarged (8R, 8L), distal
scales more than twice the size of proximal scales, all smaller than those of pore-bearing
precloacal scales, separated from precloacal scales by diastema; precloacal groove absent;
fully everted hemipenes thick, 5.9 mm in length, two penes at each sheath, two sockets
posterior to hemipenal bases (Fig. 5).

Limbs rather slender; digits with strongly inflected interphalangeal joints; fore-
limbs bearing five relatively slender fingers, moderately bowed, ending with curved
claws, ForeL/SVL 0.162; expanded proximal subdigital lamellae on fourth finger 6,
unmodified distal subdigital lamellae on fourth finger 12, total subdigital lamellac on
fourth finger 18; hind limbs bearing five relatively slender toes, strongly bent, end-
ing with curved claws, CrusL/SVL 0.176; expanded proximal subdigital lamellae on
fourth toe 7, unmodified distal subdigital lamellae on fourth toe 15, total subdigital
lamellae on fourth toe 22; all digits lacking scansorial setae on ventral surface; scales
on limbs small, interspersed with larger, low, conical, weakly keeled tubercles; scales on
palmar and plantar surfaces small.

Tail moderately wide anteriorly, TaW 5.5 mm, segmented, cylindrical, becoming
slender toward tip, regenerated posteriorly; dorsal caudal longitudinal tubercle rows at
base of tail 8; 2 transverse rows of dorsal caudal tubercles at posterior margin of third
band on tail, 22.7 mm from tail base; vertebral caudal surface with scattered bump at
approximate intervals of 3 mm; subcaudal scale rows smooth, small, differing in size
and irregular in shape, usually alternating between a single slightly enlarged and two
smaller scales, 2 or 3 times larger than neighboring lateral caudal scales (Fig. 5).
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Figure 5. Cloacal region of male holotype CBC 03012 of Cyrtodactylus phnomchiensis sp. nov. in preserv-
ative illustrating the enlarged precloacal scales, enlarged femoral scales, and not enlarged subcaudal scales.

Color of holotype in life (Fig. 3). Dorsal surface, nape, and tail yellowish white

to light brown; top of head with yellowish spots; interorbital region, rostral and loreal
regions lighter brown with scattered yellowish scales; eye ring yellowish; rostral, mental
lighter brown; supralabials, corner of jaw, and region extending through dorsal margin
of ear opening to shoulder yellowish; nuchal loop with large dark brown band, pointed,
extending between posterior margins of eyes, bordered anteriorly by broad yellow band
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along upper edge of dark brown nuchal loop, posteriorly by yellowish white band; three
dorsal dark brown bands on body, the first more regular, the second and third bands
irregular, interrupted by white irregular blotches; all dark brown bands ending near
to mid-flank region, bordered below by lighter brown extending to lateral folds; dark
brown body bands bordered by yellowish white or light brown bands about half the
width of dark brown body bands, the last light brown band ending on tail base; anterior
and posterior margins of body bands with darker brown coloration; dark brown bands
6 on regenerated tail, margins at tail base darker; white bands on tail 5, nearly encircling
the tail except subcaudal scale row; subcaudal scales lighter brown than dorsal caudal
scales; limbs lighter brown with orangish or yellowish on enlarged tubercles; ventral sur-
faces between ventrolateral folds, chin, throat, and limbs white with tiny black dots on
tip of scales; ventral surfaces of fingers and toes dark brown. In preservative, all yellow-
ish, yellowish white or orange coloration faded to white, cream, or light brown (Fig. 6).

Variations. Morphometric and meristic characters of the type series are presented in
Table 1. The paratypes generally resemble the holotype (Fig. 6), except as follows. CBC
03003 has four enlarged post precloacal scale rows in an angular series, the last row with
only a single enlarged scale. CBC 03004 and CBC 03014 have darker brown body bands.
CBC 03003-03004 have a more pointed nuchal loop. CBC 03003 has more dense dark
dots causing ventral surfaces to be darker brown. CBC 03003 has more slender, fully
everted hemipenes. Females have enlarged precloacal scales with pits rather than pores.

Distribution and natural history. The new species is known only from the type
locality at Phnom Chi in Prey Lang Wildlife Sanctuary, Kampong Thom Province, San-
dan District, Cambodia. All individuals were found at night between 2001-2147 hr
in evergreen-large dipterocarp dominated forest associated with rocky terrain (Fig. 7).
The holotype CBC 03012 was found on a rock face following evening rain, paratypes
CBC 03013-14 were on boulders following evening rain, paratype CBC 03003 was
on leaf litter along a forest trail, and paratype CBC 03004 was on a rock wall at the en-
trance to a cave. Only five individuals were found during five-survey nights, suggesting
the species is relatively uncommon. None were encountered during a brief survey by
NT in the wet season of 2014 (Hayes et al. 2015). The new species is the only member
of the C. irregularis complex known to occur west of the Mekong River (Nguyen et al.
2017; Pauwels et al. 2018).

Comparisons. Cyrrodactylus phnomchiensis sp. nov. is distinguishable from all 19
other members of the C. irregularis group by a unique combination of morphological
characters (and in mitochondrial DNA; Fig. 2).

Cyrtodactylus phnomchiensis sp. nov. differs from C. bidoupimontis Nazarov, Po-
yarkov, Orlov, Phung, Nguyen, Hoang & Ziegler, 2012 by having ventral scales 45-54
(vs. 38—43 in bidoupimontis), precloacal pits in females 1-7 (vs. absent in bidoupimon-
tis), dark brown body bands larger than yellowish white or light brown dorsal bands
(vs. dark brown bands, when present, narrower than light yellow dorsal bands in &i-
doupimontis), and distinct large yellow band on anterior margin of dark brown nuchal
loop (vs. narrow light margin in bidoupimontis), and yellow spots on top of head (vs.
dark spots in bidoupimontis).
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Table I. Mensural, meristic and color pattern characters of Cyrtodactylus phnomchiensis sp. nov. Abbrevia-

tions defined in the text. All specimens have regenerated portions of tails (*).

Voucher specimen CBC 03012 | CBC 03003 | CBC 03004 | CBC 03013 | CBC 03014 Range
Type status Holotype Paratype Paratype Paratype Paratype
Sex Male Male Female Female Female
SVL 76.1 79.0 77.3 80.7 76.7 76.1-80.7
Tal* 75.1 56.9 66.6 79.1 64.6 56.9-79.1
TaW 5.5 4.4 5.3 5.6 5.7 4.4-5.7
TaW/SVL 0.072 0.056 0.069 0.069 0.074 0.056-0.74
ForeLl 12.3 13.2 12.1 13.7 11.7 11.7-13.7
ForeL/SVL 0.162 0.167 0.157 0.170 0.153 0.153-0.170
CrusL 13.4 14.9 13.8 16.1 13.2 14.2-16.6
Crus/SVL 0.176 0.189 0.179 0.200 0.172 0.172-0.200
AG 36.6 36.1 353 36.4 35.4 35.3-36.6
AG/SVL 0.481 0.457 0.457 0.451 0.462 0.451-0.481
HeadL 22.1 23.5 22.2 23.6 23.4 22.1-23.6
HeadL/SVL 0.290 0.297 0.287 0.292 0.305 0.287-0.305
HeadW 14.1 14.5 13.7 15.2 13.7 13.7-15.2
HeadD 9.4 9.2 8.6 9.8 8.6 8.6-9.8
EyeD (eye diameter) 5.1 5.1 4.8 4.8 4.5 4.5-5.1
EyeD/SVL 0.067 0.065 0.062 0.059 0.059 0.059-0.067
Ear-EyeD (eye-ear 5.7 6.1 6.0 6.5 5.7 5.7-6.5
distance)
ESD (eye-snout distance) 9.0 9.5 9.0 9.9 9.3 9.0-9.9
ESD/SVL 0.118 0.120 0.116 0.123 0.121 0.116-0.123
END (eye-nostrial 6.6 6.9 6.4 7.0 7.0 6.4-7.0
distance)
10O (interorbital distance) 5.5 4.8 5.0 5.7 5.2 4.8-5.7
IND (internarial distance) 2.9 2.8 2.6 2.9 2.7 2.6-2.9
EarDV (vertical) 1.2 1.3 1.2 1.3 1.3 1.2-1.3
EarDH (horizontal) 0.7 1.1 0.7 0.7 0.7 0.6-1.1
Intersupranasal scales 1 1 1 1 1 1
Supralabials (SL) 12R/13L 11R/11L 11R/11L 12R/12L 12R/13L 11-13
Infralabials (InL) 9R/9L 10R/9L 10R/10L 10R/9L 10R/10L 8-10
PVT 32 31 36 34 32 31-36
LDRT 18 20 20 20 19 18-20
VS 47 47 52 45 54 45-54
Median subcaudal scales yes yes yes yes yes yes
slightly enlarged
SDLF4 18 20 18 19 19 18-20
SDLT4 22 23 20 21 21 20-23
EES 8R8L 3R/3L 0 7R/GL 0 0-8
FP 0 0 0 0 0 0
EPrecS 7 9 7 10 9 7-10
PrecP 5 4 4 1 7 1-7
PrecG 0 0 0 0 0 0
PostPSR 3 4 3 3 3 34
PostSP 4 3 4 4 3 34
Number of dark brown 3 3 4 3 3 3-4
body bands
Femoral and precloacal no no no no no no
scales continuous
Yellowish spots on top yes yes yes yes yes yes
of head
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Voucher specimen CBC 03012 | CBC 03003 | CBC 03004 | CBC 03013 | CBC 03014 Range

Posterior border of nuchal yes yes yes yes yes yes
loop pointed

First body band complete yes yes yes yes yes yes
Second to fourth body yes yes yes yes yes yes
bands more irregular

Yellowish white or light yes yes yes yes yes yes
brown bands about half

the width of dark brown

body bands

Number of yellowish 2 2 3 2 2 2-3
white or light brown body

bands

Yellowish spot above ear yes yes yes yes yes yes
opening

Enlarged tubercle at yes Yes yes yes yes yes

corner of jaw

Cyrtodactylus phnomchiensis sp. nov. differs from C. buchardi by having SVL 76.1—
80.7 mm (vs. 60-65 mm in buchardi), SDLF4 18-20 (vs. 14 in buchardi), SDLT4
20-23 (vs. 12—14 in buchardi), ventral scales 45-54 (vs. 30 in buchardi), LDRT 18-20
(vs. 25 in buchardi), precloacal pores in males 4-5 (vs. 9 in buchardi), and irregular
dorsal body bands (vs. blotches in buchardi).

Cyrtodactylus phnomchiensis sp. nov. differs from C. bugiamapensis Nazarov, Po-
yarkov, Orlov, Phung, Nguyen, Hoang & Ziegler, 2012 by having LDRT 18-20 (vs.
20-24 in bugiamapensis), ventral scales 4554 (vs. 36—46 in bugiamapensis), precloacal
pores in males 4-5 (vs. 7-11 in bugiamapensis), SDLF4 18-20 (vs. 15-17 in bugia-
mapensis), SDLT4 20-23 (vs. 17-20 in bugiamapensis), CrusL/SVL in adult speci-
mens 0.172-0.200 (vs. 0.144-0.157 in bugiamapensis), large nuchal loop bordered
anteriorly and posteriorly by broad yellow bands (vs. narrow nuchal loop bordered by
distinct narrow white lines in bugiamapensis), dark brown body bands 3—4 (vs. seven
highly irregular dark blotches with light margins in bugiamapensis), and top of head
with yellowish spots (vs. distinct dark brown spots in bugiamapensis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. caovansungi Orlov, Nguyen,
Nazarov, Ananjeva & Nguyen, 2007 by having SVL 76.1-80.7 mm (vs. 90.4—-94.0 mm
in caovansungi), ventral scales 45-54 (vs. 38—44 in caovansungi), femoral pores absent
(vs. 6 in caovansungi), precloacal pores in males 4—5 (vs. 9 in caovansungi), SDLF4 18—
20 (vs. 22 in caovansungi), and enlarged subcaudals absent (vs. present in caovansungi).

Cyrtodactylus phnomchiensis sp. nov. differs from C. cattienensis Geissler, Nazarov, Or-
lov, Bohme, Phung, Nguyen & Ziegler, 2009 by having SVL 76.1-80.7 mm (vs. 69.0
mm maximum in cattienensis), ventral scales 45—54 (vs. 28—42 in cattienensis), SDLF4
18-20 (vs. 12—16 in cattienensis), and SDLT4 20-23 (vs. 14—19 in cattienensis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. cucdongensis Schneider, Phung,
Le, Nguyen & Ziegler, 2014 by having SVL 76.1-80.7 mm (vs. 55.8-65.9 mm in cuc-
dongensis), ventral scales 45-54 (vs. 35—44 in cucdongensis), SDLF4 18-20 (vs. 13-18
in cucdongensis), and SDLT4 20-23 (vs. 15-20 in cucdongensis).
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Figure 6. Dorsal view of the type series of Cyrrodactylus phnomchiensis sp. nov. in preservati
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Cyrtodactylus phnomchiensis sp. nov. differs from C. cryptus Heidrich, Résler, Vu,
Bohme & Ziegler, 2007 by having precloacal pores in males 4-5 (vs. 9-11 in cryptus),
and precloacal pits in females 1-7 (vs. absent in cryprus).

Cyrtodactylus phnomchiensis sp. nov. differs from C. dati Ngo, 2013 by having SVL
76.1-80.7 mm (vs. 70.1 mm maximum in dati), regenerated Tal 56.9-79.1 mm vs.
(vs. 50.3 mm maximum, non-regenerated TaL in dati), femoral pores in both sexes ab-
sent (vs. present in dati), nuchal loop continuous (vs. broken in dati), and dark brown
body bands (vs. irregular dark brown blotches on body in dati).

Cyrtodactylus phnomchiensis sp. nov. differs from C. gialaiensis Luu, Dung, Nguy-
en, Le & Ziegler, 2017 by having SVL 76.1-80.7 mm (vs. 62.8 mm maximum in
gialaiensis), precloacal pores in males 4-5 (vs. 9-10 in gialaiensis), SDLF4 18-20 (vs.
14-15 in gialaiensis), and SDLT4 20-23 (vs. 15-17 in gialaiensis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. huynhi Ngo & Bauer, 2008 by
having SDLF4 18-20 (vs. 14-17 in huynhi), AGL/SVL 0.451-0.481 (vs. 0.370-0.428
in huynhi), ventral scales 45-54 (vs. 43—46 in huynhi), precloacal pores in males 4-5
(vs. 7-9 in huynhi), dark brown body bands 3—4 (vs. 5-6 in huynhi); femoral pores in
both sexes absent (vs. 3-8 in huynhi), and nuchal loop bordered anteriorly and poste-
riorly by broad yellow bands (vs. narrow cream margin in huynhi).

Cyrtodactylus phnomchiensis sp. nov. differs from C. irregularis by lacking enlarged
triangular tubercles at base of tail (vs. present in zrregularis), CrusL/SVL 0.172-0.200
(vs. 0.138-0.156 in irregularis), LDRT 18-20 (vs. 2224 in irregularis), paravertebral
tubercles 31-36 (vs. 38—48 in irregularis); ventral scales 4554 (vs. 38—45 in irregula-
ris), SDLF4 18-20 (vs. 15-16 in irregularis), SDLT4 20-23 (vs. 1820 in irregularis),
dark brown body bands 3—4 (vs. 5-7, mostly as irregular blotches in irregularis), and
yellowish spots on top of head (vs. distinct dark brown spots in irregularis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. kingsadai Ziegler, Phung, Le
& Nguyen, 2013 by having SVL 76.1-80.7 mm (vs. 83.0-94.0 mm in kingsadai), en-
larged femoral scales 0—8 (vs. 9-12 in kingsadai), precloacal pore in males 4-5 (vs. 7-9
in kingsadai), and subcaudal scales not enlarged (vs. enlarged in kingsadai).

Cyrtodactylus phnomchiensis sp. nov. differs from C. phuocbinhensis Nguyen, Le,
Tran, Orlov, Lathrop, MacCulloch, Le, Jin, Nguyen, Nguyen, Hoang, Che, Murphy
& Zhang, 2013 by having SVL 76.1-80.7 mm (vs. 46.0—-60.4 in phuocbinhensis); pre-
cloacal pits in females 1-7 (vs. absent in phuocbinhensis), top of head with yellow spots
(vs. dark brown spots in phuocbinhensis), and dark brown body bands (vs. two dark
brown longitudinal stripes or blotches in phuocbinhensis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. pseudoquadrivirgatus Rosler,
Vu, Nguyen, Ngo & Ziegler, 2008 by having yellow spots on top of head (vs. dark
blotches on top of head in pseudoquadrivirgatus) and dark brown body bands (vs.
highly irregular body blotches in pseudoquadrivirgatus).

Cyrtodactylus phnomchiensis sp. nov. differs from C. sangi Pauwels, Nazarov, Bobrov
& Poyarkov, 2018 by having SVL 76.1-80.7 mm (vs. 56.3 mm maximum in sangi),
paravertebral tubercles 31-36 (vs. 27-29 in sangi), ventral scales 45—54 (vs. 37 in
sangi), precloacal pores in males 4-5 (vs. 7 in sangi), and first dark brown body band
complete, second, third, and fourth more irregular (vs. highly irregular bands in sangi).
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Figure 7. Habitat at Phnom Chi, the type locality of Cyrtodactylus phnomchiensis sp. nov.

Cyrtodactylus phnomchiensis sp. nov. differs from C. rakouensis Ngo & Bauer, 2008
by having LDRT 18-20 (vs. 9-10 smooth tubercles in takouensis); ventral scales 45—54
(vs. 39-40 in takouensis), SDLF4 18-20 (vs. 16—17 in takouensis), SDLT4 20-23 (vs.
18-20 in takouensis), and dark brown canthal stripe absent (vs. present in rakouensis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. taynguyenensis Nguyen, Le, Tran,
Orlov, Lathrop, MacCulloch, Le, Jin, Nguyen, Nguyen, Hoang, Che, Murphy & Zhang,
2013 by having supralabials 11-13 (vs. 8-9 in taynguyenensis), precloacal pits in females
present (vs. absent in taynguyenensis), SDLF 18-20 (vs. 13—18 in taynguyenensis), top of
head with yellow spots (vs. dark brown blotches in zaynguyenensis), and dark brown body
bands (vs. black irregular blotches margined by light brown in zaynguyenensis).

Cyrtodactylus phnomchiensis sp. nov. differs from C. yangbayensis Ngo & Chan,
2010 by having SDLT4 20-23 (vs. 15-17 in yangbayensis) and lacking enlarged sub-
caudal scales (vs. present in yangbayensis).

Cyrtodactylus phnomchiensis sp. nov. is most closely related in mitochondrial DNA
to C. ziegleri Nazarov, Orlov, Nguyen & Ho, 2008 (Fig. 2), but differs in morphol-
ogy from C. ziegleri by having SVL 76.1-80.7 mm (vs. 84.6-93.0 mm in ziegleri),
paravertebral tubercles 31-36 (vs. 38—46 in ziegleri), ventral scales 45-54 (vs. 33—45
in ziegleri), HeadL/SVL 0.287-0.305 (vs. 0.263-0.284 in ziegleri), ESD/SVL 0.116—
0.123 (vs. 0.103-0.113 in ziegleri), CrusL/SVL 0.172-0.200 (vs. 0.140-0.168 in zie-
gleri), AG/SVL 0.451-0.481 (vs. 0.390-0.444 in ziegleri), eyeD/SVL 0.059-0.067
(vs. 0.053-0.057 in ziegleri), top of head with yellow spots (vs. dark brown spots in
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ziegleri), large dark brown nuchal loop (vs. narrow in ziegleri), distinct, broad yellow
band on anterior margin of dark brown nuchal loop (vs. absent in ziegleri), and dark
brown body bands bordered by yellowish white or light brown bands about half the
width of dark brown bands (vs. light yellow or light brown body bands about same
width as dark brown body bands in ziegleri).

Discussion

Mitochondrial DNA serves as a useful but imperfect tool for delimiting species within
the C. irregularis complex (Nguyen et al. 2017; Pauwels et al. 2018). Two divergent mi-
tochondrial lineages occur within C. ziegleri, with both lineages found at its type local-
ity of Chu Yang Sin National Park, Dak Lak Province, and one lineage at Nam Nung
Nature Reserve, Dak Nong Province, central Vietnam (Figs 1, 2; Nguyen et al. 2013,
2017; Ziegler et al. 2013; Schneider et al. 2014; Pauwels et al. 2018). Thus, from a
matrilineal perspective, some individuals of C. ziegleri at Chu Yang Sin are more closely
related to those at Nam Nung than to other individuals at Chu Yang Sin. Likewise,
two divergent mitochondrial lineages occur within C. cattienensis (Fig. 2; Nazarov et
al. 2012; Nguyen et al. 2013, 2014, 2017; Schneider et al. 2014; Pauwels et al. 2018),
and both lineages of C. cattienensis can be found in sympatry at Ta Kou Mountain,
Binh Thuan Province, southern Vietnam (Nguyen et al. 2017). The mitochondrial
divergences within C. ziegleri and C. cattienensis are uncorroborated by divergences
in morphology (or in one or two nuclear markers; Nguyen et al. 2017; Pauwels et
al. 2018), and therefore these each continue to each be treated as single species that
harbor considerable intraspecific mitochondrial DNA variation (Nguyen et al. 2017;
Pauwels et al. 2018). The processes that resulted in the formation of these divergent
mitochondrial lineages within C. ziegleri and C. cattienensis are unknown, but might
be a consequence of a period of past separation of populations by geological or climatic
events, the subsequent accumulation of mutations in the mitochondrial genome dur-
ing isolation, and eventually recontact of these separated populations that today ex-
hibit homogeneous morphology but persistent, divergent mitochondrial genomes (i.e.,
ancestral polymorphism). Similarly, Nguyen et al. (2017) preferred an explanation of
allopatric divergence and subsequent migration into sympatry, rather than sympatric
divergence, to explain the co-occurrence of the two mitochondrial lineages of C. caz-
tienensis at Ta Kou Mountain. Importantly for this study, the divergent and unique
mitochondrial lineage of C. phnomchiensis sp. nov. is corroborated by a divergence in
morphology from C. ziegleri and all other members of the C. irregularis complex, and
so we posit that C. phnomchiensis sp. nov. should be recognized as a distinct species.
Unfortunately, our phylogenetic analysis of the COI gene does not resolve the
relationships among C. phnomchiensis sp. nov. and the two subclades of C. ziegleri (sub-
clades Z1 and Z2; Fig. 2). This means that the resulting polytomy renders C. ziegleri as
non-monophyletic in our analysis (Fig. 2). This polytomy could be a consequence of a
near-simultaneous divergence among these three lineages (i.e., short internodes), but
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is more likely to be a result of insufficient molecular data (Brennan et al. 2017). Un-
fortunately, most members of the C. irregularis complex have been represented by mi-
tochondrial DNA in previous studies only with <700 bp of the COI gene (Brennan et
al. 2017), and hence we were limited in our analyses by available comparative sequence
data. Additional sequence data for members of this complex are needed. Specifically,
additional mitochondrial data may resolve the polytomy found here among the two
subclades of C. ziegleri and C. phnomchiensis sp. nov., and additional nuclear data can
be used to test species boundaries that have been hypothesized from morphological
and mitochondrial data (one or two nuclear markers have provided some, but limited,
phylogenetic utility; Nguyen et al. 2017; Pauwels et al. 2018).

Phnom Chi consists of an isolated small rocky mountain (peak of 652 m elevation)
and a few associated smaller hills, altogether encompassing an area of approximately
4,464 ha within the Prey Lang Wildlife Sanctuary in Kampong Thom and Kratie prov-
inces, Cambodia. The base and lower elevations of Phnom Chi have dry and mixed de-
ciduous forest, whereas upper elevations have large dipterocarp-dominated evergreen
and semi-evergreen forest. The current habitat remains in relatively good condition,
but this long-overlooked site needs urgent conservation attention. Local communities
utilize Phnom Chi for resource extraction, notably the tapping of liquid resin from
large dipterocarp trees on the mountain, and small-scale, illegal gold extraction around
the base, in addition to forest burning during the dry season (possibly by resin tap-
pers). A small pagoda at the base of the mountain and the scenic beauty of the area
(Fig. 7) attracts local and domestic tourists, and will likely attract international tourists
in the near future. A second species of lizard, the scincid Sphenomorphus preylangensis
Grismer, Wood, Quah, Anuar, Poyarkov, Neang, Orlov, Thammachoti & Hun, 2019,
was also recently described from Phnom Chi. Phnom Chi is the only feature with any
significant topographic relief in Prey Lang Wildlife Sanctuary, other than some isolated
limestone karst blocks in the northern section that have not yielded Cyrrodactylus dur-
ing field surveys (TN, unpublished data). As such, C. phnomchiensis sp. nov. may be
endemic to the immediate vicinity of Phnom Chi, and together with S. preylangensis,
underscores the importance of the area for biodiversity conservation. Due to having a
small area of occupancy, being relatively uncommon, and experiencing ongoing con-
servation threats, an assessment of C. phnomchiensis sp. nov. by the IUCN Red List of
Threatened Species IUCN 2020) is urgently warranted.

Species diversity of Cyrtodactylus in Cambodia is likely to be significantly underes-
timated. Recently, five species were described within the C. intermedius complex from
the Cardamom Mountains of southwestern Cambodia (Murdoch et al. 2019), and
an additional undescribed species in this complex has been reported from northern
Cambodia near the Thai border (Geissler et al. 2019). The species diversity of the C.
irregularis complex in Cambodia is even less known. Stuart et al. (2006) and Nazarov
etal. (2008, 2012) referred to unstudied specimens in the C. irregularis complex from
Mondolkiri and Ratanakiri Provinces in hilly eastern Cambodia, and those from Ra-
tanakiri Province were later referred by Stuart et al. (2010) to C. pseudoquadrivirgatus.
The rapid rate of taxonomic partitioning within the C. irregularis complex during
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the past decade, underscored by the realization that many of these newly-recognized
species have very narrow geographic ranges, suggests that re-evaluation of the species
identities of the Mondolkiri and Ratanakiri specimens is needed.
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